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Introduction

Welcome to the Nexperia MOSFET and GaN FET Application Handbook, the second
edition of our successful design guide. Written by engineers for engineers, this
unique collection of technical materials and application notes provides essential
and up-to-date information for anybody tasked with integrating MOSFETs and

GaN FETs into real-world systems. In the following pages we share expertise and
learnings that Nexperia's engineering teams have built up over many years of
helping customers in a variety of sectors take their applications from initial concept,
through prototyping and on into final production.

The knowledge contained in this guide could not be more relevant or timely. Never
before has there been such pressure on engineers to create products and systems
that not only deliver high levels of performance and functionality but do so within
increasingly restrictive size and power constraints. What's more, the requirement
for cost-effective and efficient power conversion and electrification is only going to
intensify as society looks to reduce energy costs, drive down greenhouse gas
emissions and make the most of renewable resources while meeting the increased
demands of a growing population and an explosion in the number of applications
reliant on electricity.

From consumer products to automotive electronics, data centres to industrial
automation, and communication infrastructure to medical equipment, no
application area is untouched by the need for components that switch, convert and
manage power and engineers who know how to deploy those components to
optimal effect.

At the lower end of the power spectrum, loT, consumer and other mobile
electronic devices rely on high-efficiency configurations to support the best
possible user experience in tandem with minimizing form factor and maximizing
time between charge or battery replacement. Reliance on electronics for safety,
comfort and infotainment combined with a shift to autonomous, connected
vehicles and hybrid and fully electric powertrains makes power design a critical
factor in the automotive sector. For data centres significant cost and environmental
benefits can be realized by even small efficiency gains when extrapolated across
millions of servers. In modern factory automation systems where output in
kilowatts for motor drives is now common, effective use of power is the
cornerstone of efficient and accurate motion control. And when it comes to
communications infrastructure, 5G roll-out is set to generate major demand for
technologies that deliver high-density, ultra-efficient, ultra-reliable power use.

What is clear is that, irrespective of the application, no longer can power be seen as
an afterthought, something to be addressed only after the design and prototyping
of a product or system’s core functionality. What's more, with efficient and
effective power management at or near the very top of the design agenda, not
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only is the role of the power engineer more relevant than ever before but other
engineers are having to broaden their skillset to address power and efficiency
challenges. Which means gaining an understanding of discrete semiconductor
technologies such as power MOSFETs, small-signal MOSFETs and GaN FETs and
knowing how best to use these devices to both meet demanding product
specification and performance requirements and deliver the efficiencies expected
by customers and legislators.

For mains- and battery-powered applications, advances in power MOSFET
structures and packaging continue to drive forward system efficiency and
performance. In addition to fast and efficient switching for power supplies, many
power MOSFETs are now designed with particular applications in mind. Such
application-specific MOSFETS (ASFETs) may include, for example, optimised
parameters to address soft-start, live insertion, short-circuit resilience, avalanche
ruggedness and advanced thermal management.

Today's low-current, small-signal MOSFETs are deployed in applications that range
from DC-DC conversion and load switching to level shifting in bi-directional bus
systems. Among the trends for these devices are high-speed switching and
advanced packaging that supports the performance, power density and
miniaturization needs of high-component-density applications such as mobile
battery-powered electronics and wearables.

More recent additions to the portfolio of power discretes include those fabricated
from wide bandgap (WBG) materials such as gallium nitride, which have already
achieved great success in RF power. Now, thanks to a combination of ultra-low
Ros(on) at high voltages, excellent switching FOM (figure of merit), thermal stability,
high-frequency operation and reducing price points they are becoming important
for a growing number of high-power, high-density, ultra-high-speed switching
applications — including hard-switched topologies where silicon super-junction FETs
cannot be used. Offering options for automotive, telecommunications, computing
and industrial market sectors, the power GaN technology covered in this Handbook
targets the needs of AC-DC and DC-DC conversion, power factor correction (PFC),
automotive on-board charging and electric drive applications.

Itis interesting to note that the patent for the first field effect transistor was filed
by Polish-American physicist Julius E. Lilienfeld in 1926 and the first super-junction
FET was patented back in 1984. Although FET technology has clearly moved on
significantly in the last few decades (not least in terms of switching speeds - some
of the latest MOSFETSs switch in the time it takes light to move just 3 m), many of
the key issues that engineers must consider remain the same. Understanding the
impact of switching, conduction and avalanche losses on system efficiency, for
example, is critical in most designs, as are techniques for ensuring EMC compliance,
optimised thermal management and reliability. A range of other factors will need
to be taken into account for applications based on emerging GaN FET technology.
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Furthermore, as product choice grows, so too does the challenge of narrowing
down the plethora of FET options to those that are most likely to match the
requirements of a given use case, comparing those devices on a ‘like-for-like’ basis
and then deciding which will deliver the ‘real-world’ performance demanded by the
target application. This challenge is not made any easier by a lack of consistency
between suppliers regarding the conditions used for rating key parameters.

This Application Handbook provides useful guidance on all of these topics and
many other issues that the design engineer is likely to encounter when working
with MOSFETs and GaN FETs. By providing insight into their sometimes confusing
and complex behaviour —including information necessary to solve common
problems and avoid potential pitfalls — Nexperia's belief is that the Handbook will
become a ‘go-to’ reference for anybody tasked with delivering optimised power
and small-signal switching, power conversion and power management.

To supplement the handbook, further product information and the most
up-to-date application notes can be found at www.nexperia.com
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Chapter 1

Understanding power
MOSFET data sheet
parameters

Application Note: AN11158
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1 Introduction

This chapter describes the content of power MOSFET data sheet parameters. The
goalis to help an engineer decide what device is most suitable for a particular
application.

Itis important to pay attention to the conditions for which the parameters are
listed, as they can vary between suppliers. These conditions can affect the values of
the parameters making it difficult to choose between different suppliers.

Throughout this document, the data sheet for BUK7Y3R5-40H is used as an
example. BUK7Y3R5-40H is an automotive-qualified partin a SOT669 (LFPAKS56)
package, with a voltage rating of 40 V.

The layout of this data sheet is representative of the general arrangement of
Nexperia power MOSFET data sheets.

Nexperia Power MOSFETs are designed with particular applications in mind. For

example, switching charge is minimized where switching losses dominate, whereas

on-resistance is minimized where conductive losses dominate.

« General description, describing the technology used, the package and relevant
qualifications, e.g. AEC-Q101

» Features and benefits, listing important features of the MOSFET and the benefit
they offer.

» Applications, listing the applications for which the MOSFET is particularity
suited.

The product overview is followed by these technical sections:
» Quick reference data

» Pinning information

« Ordering information

+ Limiting values

» Thermal characteristics

* Electrical characteristics

» Package outline

2 Data sheet technical sections

Nexperia power MOSFET data sheets begin with an overview of the device, giving

the designer the key information regarding device suitability. The overview consists

of:

» General description, describing the technology used, the package and relevant
qualifications, e.g. AEC-Q101
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» Features and benefits, listing important features of the MOSFET and the benefit
they offer.
» Applications, listing the applications for which the MOSFET is particularity suited.

The product overview is followed by these technical sections:
» Quick reference data

» Pinning information

» Ordering information

« Limiting values

» Thermal characteristics

* Electrical characteristics

» Package outline

2.1 Quick reference data

The quick reference data table contains more detailed information and the key
parameters for the intended application. An example of a quick reference data
table is shown in Table 1 “Quick reference data”.

Table 1: Quick reference data

Symbol Parameter Conditions
Vpbs drain-source voltage 25°C<T;j<175°C - - 40 V
I drain current Ves =10V, Trmp = 25°C n - - 120 A
Figure 1
o Tap=25°G _ )
Piot total power dissipation Figure 2 115 W

Static characteristics

R drain-source on-state  Vgs=10V;Ip=20A; T;
DS(om)  resistance =25°C

Dynamic characteristics

- . |D:20A;VD5:44V; _
Qcp gate-drain charge Vee= 10V 6 15 nC

Source-drain diode

Is=25A; dls/dt =-100
Q: recovered charge AJUsNgs =0V, - 16 - nC
VDS =20V

[1] 120 A continuous current has been successfully demonstrated during application tests.
Practically the current will be limited by PCB, thermal design and operating temperature.
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The general format for describing a parameter is to provide the official symbol and
then the correct parameter name. Any relevant conditions and information are
listed after the parameter names. The values and units of the values are entered in
the remaining columns. Generally, measurement methods are as described in
IEC60747-8.

The quick reference data parameters are described in more detail in the
characteristics section of the data sheet. The following list is an introduction to
some of the key symbols together with a description of the parameter each
represents:

* Vps - the maximum voltage between drain and source that the device is
guaranteed to block in the off state. This section of the data sheet deals with the
most commonly used temperature range, as opposed to the full temperature
range of the device.

* lp - the maximum continuous current the device can carry with the mounting
base held continuously at 25 °C with the device fully on. In the example provided
in Table 1, I requires a Vgs of 10 V.

* Pt - the maximum continuous power the device can dissipate with the
mounting base held continuously at 25 °C.

* Rps(on) (drain-source on state resistance) - the typical and maximum resistance of
the device in the on-state under the conditions described. Rps(on) Varies greatly
with both Tj and the gate-source voltage (Vgs). Graphs are provided in the data
sheet to assist in determining Rps(on) under various conditions.

* Qqcp (gate-drain charge) - an important switching parameter that relates to
switching loss, along with Qgs and Qg o). Qap is inversely proportional to Rps(on),
therefore choosing an appropriate balance between Rps(on) and Qgp is critical for
optimal circuit performance.

» Q (recovered charge) - the total amount of charge recovered from the anti-
parallel diode when it is switched from its conducting state to its reverse biased
state under controlled conditions. Q; is an important factor involved in voltage
spiking when interacting with external inductances and an important
consideration when investigating EMC and efficiency. Generally the higher the Q,
value the larger the voltage and current spikes at switch off leading to longer
damping times. Nexperia includes stored charge Q. as well as output charge Qoss
in its stated value for Q; such that Q; = Qs + Quss.
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2.2 Pinning information

This section describes the internal connections and general layout of the device.
Note that the symbol is for an enhancement mode n-channel MOSFET with the
source and body tied together, and a parallel diode between the source and drain.
The parallel diode is known as the body diode and is inherent in power MOSFETSs.
N-channel power MOSFETs have the body diode between drain and source, as
shown in Table 2.

Table 2: Pinning Information

Pin Symbol Description Simplified outline Graphic symbol
1S source mb
¢ Y D
2 S source | T
a
3 S source | | T G
gyug
4 G gate 1234 mbb076 S
. LFPAK56; Power-
mounting base; '
mb D connected to drain S08 (SOT669)
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2.3 Ordering information

The ordering section provides information on how to order the device. The package
version and decription are given as well as any commonly used package name.

2.3.1 Marking

Depending on the device package, the data sheet may include a marking section.
This provides the marking code which is printed onto the device during manufacter,
(else the device name will be printed).

2.4 Limiting values

The limiting values table provides the range of operating conditions allowed for the
MOSFET. The conditions are defined in accordance with the absolute maximum
rating system (IEC 60134). Operation outside of these conditions is not guaranteed,
so it is recommended that these values are not exceeded. Doing so runs the risk of
immediate device failure or reduced lifetime of the MOSFET. The avalanche
ruggedness conditions, when given, describe the limited conditions for which the
Vps rating can be exceeded.
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To calculate how the limiting values change with temperature, they are read
together with the derating curves provided.

The limiting values table for the BUK7Y3R5-40H is given as an example of a
standard limiting values table, in Table 3.

Table 3: Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134).

Symbol Parameter Conditions Min Max Unit
Vpbs drain-source voltage  25°C<T;<175°C - 40 \Y,
Vs gate-source voltage -10 20 V
Ptot total power dissipation Tpp =25 °C; - 115 W
I drain current \F/icgsu:r;?\/; Tmb = 25°C; 1] - 120 A
TR0 5
[ peak drain current gglosgd; to <10 S, Trb = - 526 A
Tstg storage temperature -55 175  °C
T junction temperature -55 175  °C
Source-drain diode
Is source current Tmp=25°C [1] - 120 A
Ism peak source current pulsed; tp < 10 us; Tmp = - 526 A

25°C

Avalanche ruggedness

Ip=120A; Vsup <40 V;

non-repetitive
Eosays  drain- source
avalanche energy

RGSZSOQ;VGSZ1OV; [][3] :
Tiinin = 25 °C; unclamped;

45

mJ

Figure 3

[1] 120 A continuous current has been successfully demonstrated during application tests.
Practically the current will be limited by PCB, thermal design and operating temperature.

[2] Single-pulse avalanche rating limited by maximum junction temperature of 175 °C.

[3] Referto application note AN10273 for further information.

* Vps (drain-source voltage) - the maximum voltage the device is guaranteed to
block between the drain and source terminals in the off-state for the specified
temperature range. For the BUK7Y3R5-40H, the temperature range is from
+25°Cto +175 °C. For operation below 25 °C, the Vps rating reduces due to the
positive temperature coefficient of avalanche breakdown. This is covered in
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Section 2.4.1 of this document.

* Vgs (gate-source voltage) - the maximum voltage the device is specified to block
between the gate and source terminals. Some Nexperia data sheets specify
different values for DC and pulsed Vgs. In these cases the DC value is a constant
gate voltage over the lifetime of the device at the maximum Tj, whilst the
higher-value pulsed-rating is for a shorter, specified accumulated pulse duration
at the maximum specified T;.

Gate-oxide lifetime (refer to AN90001 (chapter 2 of this book) - Designing in
MOSFETs for safe and reliable gate-drive operation) reduces with increasing
temperature and/or increasing gate voltage. This means that Vs lifetimes or
ratings quoted for lower junction temperatures are significantly greater than if
specified at higher temperatures. This can be important when comparing data
sheet values from different manufacturers.

* Vpgr (drain-gate voltage) is typically the same value as the Vpsrating. This
parameter appears in the data sheets of older devices but is not quoted for
newer devices such as in the BUK7Y3R5-40H data sheet.

 lp (drain current) - the maximum continuous current the device is allowed to
carry under the conditions described. This value can be related to either package
construction, or the maximum current that would result in the maximum T;. As
such it depends on an assumed mounting base temperature (Tnp), the thermal
resistance (Rg,) of the device, and its Rps(on) at maximum T;. Note that some
suppliers quote the "theoretical" silicon limit, while indicating the package
limited value in the characteristic curves.

» Ipm (peak drain current) is the maximum drain current the device is allowed to
carry for a pulse of 10 ps or less.

* Pyot (total power dissipation) is the maximum allowed continuous power
dissipation for a device with a mounting base at 25 °C. The power dissipation is
calculated as that which would take the device to the maximum allowed junction
temperature while keeping the mounting base at 25 °C. In reality, it is difficult to
keep the mounting base at this temperature while dissipating the 105 W that is
the calculated power dissipation for the BUK7Y3R5-40H. In other words, Pt
indicates how good the thermal conductivity of the device is, and its maximum
allowed junction temperature.

Note that some other semiconductor vendors quote performance when
mounted on a copper PCB usually 1 inch square. In practice, this information is
rather meaningless as the semiconductor vendor has no control over how the
device is cooled. See AN10874 - (chapter 9 of this book) - LFPAK MOSFET thermal
design guide. AN10874 describes different techniques that can be used during
the design phase to ensure that the PCB layout provides optimum thermal
performance.

+ Tsg (Storage temperature) is the temperature range in which the device can be
stored without affecting its reliability. Long term storage should be in an inert
atmosphere to prevent device degradation, for example, by tarnishing of the
metal leads.

+ T; (Junction temperature) is the operational temperature range of the device.
Typically, Tjis the same as the storage temperature. Outside of this range, device
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parameters are outside the range of the data sheet and device lifetime is
reduced.

» Ig (source current) - the maximum continuous current of the MOSFET body
diode, which is briefly discussed in Section 2.2. The same considerations apply as
for Ip.

« Ism (peak source current) - the maximum current pulse that the MOSFET body
diode is diode is guaranteed to carry. The same considerations apply as for Ipwm.

+ Eps(as (non-repetitive drain-source avalanche energy) - the maximum allowed
single overvoltage energy pulse under the conditions specified. For this example,
the conditions are the maximum continuous drain current allowed for a
mounting base temperature of 25 °C. The avalanche energy allowed is the
energy pulse that would raise the device temperature from 25 °C to its maximum
allowed Tj, while the mounting base temperature is held at 25 °C.

The avalanche energy is specified for the maximum continuous drain current.
Some vendors specify the avalanche energy for a different current and higher
inductive load, which can increase the apparent avalanche energy for an inferior
performance. An example is given with the derating curve as described in
Section 2.4.3 of this document.

+ Eps(aur (repetitive drain-source avalanche energy) - the maximum amount of
energy allowed in each avalanche event when more than one avalanche event
occurs. The thermal constraints imposed for repeated avalanche operation is
given by curve 3 of Figure 3 in Section 2.4.3 of this document. There are also the
standard thermal requirements in addition to the energy requirements for
repetitive avalanche events. These requirements are assessed with the thermal
characteristic curves as described in Section 2.5. Avalanche performance is
covered in detail in application note AN10273 (Chapter 4 of this book) - Power
MOSFET single-shot and repetitive avalanche ruggedness rating.

This parameter is only listed on Nexperia data sheets where the repetitive
avalanche capability has been assessed. It is not shown in Nexperia data sheets
where it has not been assessed, for example non-automotive MOSFETS.
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2.4.1 Derating curves

The derating curves are provided immediately after the tabulated limiting value
data, and help the designer calculate how the limits change with temperature.

2.4.1.1 Continuous drain current

The following procedure serves as an example to calculate the maximum
continuous drain current for the BUK7Y3R5-40H. Assume an application with a
mounting base temperature T of 75 °C.

Refer to the graph depicted in Figure 1 which depicts the continuous drain current
as a function of mounting base temperature.
Figure 1 shows that for a Ty, of 75 °C, the maximum continuous drain current has
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reduced from 120 A, listed at 25 °C, to 105 A, see Equation (1) and Equation (2)
below.

The maximum current at any T, is the current that increases T; to the maximum
allowed temperature (175 °C). P = I? x Rps(on) represents the power dissipation at Tj,
where the Rps(on) used is the maximum value for the maximum T;. Therefore, the
allowed current is proportional to the square root of the allowed power
dissipation.

The power dissipation allowed for a given T is proportional to the allowed
temperature increase. This means that the derating curve shown, is based on the
following equations:
Tj — Tmb [1]
Tj—25°C

o Tj— Tmb 2]
Ip (Tmb)= 1D (25°C) x | ———— [
" (25055 =25

At the maximum allowed junction temperature of 175 °C, this current has
decreased to zero

1D%(Tmb ) ot

150

(A)

125 N

100 AN

75
50

. \
o Yas >10

0 25 50 75 100 125 150 175 200
Tmb (°C)

22a-026228

(1) 120 A continuous current has been successfully demonstrated during application tests. Practically
the current will be limited by PCB, thermal design and operating temperature.

Figure 1| Continuous drain current as a function of mounting base temperature
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2.4.2 Power dissipation

Power dissipation varies with different temperatures. However, in this case, the
power dissipation curve is normalized. The allowed power is presented as a
percentage of the allowed power dissipation at 25 °C, as opposed to an absolute
value.

Example:

By observing the curve in Figure 2, the allowed power dissipation for a Ty, of 75 °C
is approximately 66 % of that allowed at 25 °C. The graphic data in Figure 2, shows
the maximum continuous power dissipation (Py) at 25 °Cis 105 W.

This means that the maximum power dissipation allowed at 75 °C, is 66 % of 105 W
which is 70 W.

Equation (3) is the equation to calculate power dissipation:
7}'_ Tmb
Prot (Tmp) = Prot (25°C) x ————————— [3]
T- 25°C

Where Tj = Tj(max), usually 175 °C.

120

Pder
(%)

N

N

50 200
Tmb (°C)
03na19

Figure 2 | Normalized total power dissipation as a function of mounting base temperature

The curves provided in Figure 1 and Figure 2 are read in conjunction with the
limiting values tables. The information extracted, assists in calculating the
maximum current allowed and the power dissipation with respect to temperature.
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2.4.3 Avalanche ruggedness

Avalanche ruggedness is covered in detail in AN10273 (chapter 4 of this book) -
Power MOSFET single-shot and repetitive avalanche ruggedness rating.

103 - .
AL 1rgaox'lArr;um‘]‘atvsalanche pulse
or . S
(A) TR
I T
14 avalanche pulse
102 i 40 Afor 150 pis £
i i
T Q)
Nl TT ™
N I
10 i S =
I S (2)
™~
I L N
vl T
! I InNE) T
: 1 ]
I
I ' b
1071 0 !
103 102 10! 1 10
taL (ms)

23a-026229

Figure 3 | Avalanche current as a function of avalanche period

A simple example for the BUK7Y3R5-40H, using the information in AN10273, is
extracted from the limiting values Table 3:

With Ip = 120 A, Vsyp < 40V, Rgs = 50 Q, Vs = 10 V and Tjgniy = 25 °C unclamped, the
maximum Epsay)s is 45 mJ.

An avalanche event has a triangular pulse shape, so the average power is calculated
as (05 x Vpg x |DS)~

AN10273 states that the assumed breakdown voltage is 130 % of the rated
voltage, in the case of the BUK7Y3R5-40H thisis 52 V (40 V x 1.3).

Figure 3 shows a maximum current of 120 A at 25 °C (the limiting values Table 3
confirms this value). The time for the maximum avalanche energy can be read from
Figure 3 as 14.5 ps.

This means that the maximum avalanche energy allowed is:
0.5x(40V x1.3) x 120 Ax 14.5 uys=45.24 mJ.

However the limit value quoted in Table 5 of the data sheet is rounded to 45 mJ.
If a competitor quotes avalanche energy at 40 A, the graph shows that the
avalanche time for the BUK7Y3R5-40H has increased to 150 ps. The avalanche
energy is now

0.5 % (40V x 1.3) x 40 A x 150 us = 156 mJ, which is much higher than data sheet
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limiting value. Ruggedness events lie outside the Safe Operating Area (SOA).

2.4.4 Safe Operating Area (SOA)

The Safe Operating Area (SOA) curves are some of the most important on the data
sheet.

108

Ip L
(A) Limit Rpson= Vps / Ip =
B T~
102 _— Be =10
R e2 10’ni
]
10 S N
E =
| Spirito effect (uneven die heating) occurs when a longer
T pulse causes a larger current to develop and is evident 1ms
E by a gradient change in the SOA curve S~ 10
f Y Y B f f 100 m
A Y I B | | [
. [ [ [ TTTT] [ ] [
101 1 10 102
Vps (V)
3aa-026230

Figure 4 | Safe operating area; continuous and peak drain currents as a function of drain-source
voltage

The SOA curves show the voltage allowed, the current and time envelope of
operation for the MOSFET. These values are for an initial T, of 25 °C and a single
current pulse. This is a complex subject which is further discussed in the appendix
(Section 3.1).

2.5 Thermal characteristics

This section describes the thermal impedance as a function of pulse duration for
different duty cycles. This information is required to determine the temperature
that the silicon reaches under particular operating conditions, and whether it is
within the guaranteed operation envelope.

The thermal characteristics are shown in Table 4. The thermal impedance changes
with pulse length because the MOSFET is made from different materials. For
shorter durations, the thermal capacity is more important, while for longer pulses,
the thermal resistance is more important.

The thermal characteristics are used to check whether particular power loading
pulses above the DC limit would take T; above its safe maximum limit. Repetitive
avalanche pulses must be considered in addition to the constraints specific to
avalanche and repetitive avalanche events.
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Table 4: Thermal characteristics

Symbol Parameter Conditions Min Typ Max Unit
thermal resistance from
Rih(-mb) junction to mounting Figure 5 - 1.18 1.3 K/W
base
10
Zih(j-mb)
(K/W)
1=
5'=0:
0: il
0T T ——
i 0.0!
0:02 =i 1,
single sh P
I~ P 5= -
102
ol |t
ek
103
106 105 104 103 102 101 1
to (s)
23a-026231

Figure 5 | Transient thermal impedance from junction to mounting base as a function of pulse
duration.

Thermal resistance (Ry,) and thermal impedance (Zy,) are related because the
thermal resistance is the steady-state measure of how the device blocks heat flow.
Thermal impedance is how the device responds to transient thermal events. It
involves different thermal capacities of parts of the device and the thermal
resistances between these parts. Under DC conditions, Z, is equal to Rep.

Equation (4) represents the temperature rise for a particular power dissipation:

AT; = [Zip(j - mby] X Power [4]

A worked example is discussed in the appendix (Section 3.1.2).
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2.6 Electrical characteristics

This section is used to determine whether the MOSFET would be suitable in a
particular application. This section differs from the previous two sections that are
used to determine whether the MOSFET would survive within the application. The
examples in this section are taken from the data sheet for the BUK7Y3R5-40H
unless otherwise stated.

2.6.1 Static characteristics

The static characteristics are the first set of parameters listed in this section and an
example is shown in Table 5:

Table 5: Static characteristics

Symbol Parameter Conditions Min Typ Max Unit
lo=250 pA; Vgs=0V; Tj=25°C 40 42.7 - V
drain-source
V(BR)DSS breakdown Ib =250 LJA, Ves=0V; Tj =-40°C - 401 - V
voltage
Ip =250 PA; Vgs=0V; Tj=-55°C 36 39.7 - \Y
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Ip=1mA; Vps =Vcs; Tj =25 OC;

Figure 6; Figure e S 6

gate-source Ip = 1 MA; Vps =Ves ; Ty = -55 °C;

Vasiry  threshold Figirele - 43 V
voltage -
Ip=1mA; Vps :VGS;Tj]: 175 °C; 1 _ _ vV
Figure6
VDS =40V;Vgs=0V; TJ' =25°C - 0.03 1 LA
drain leakage o
|DSS current 9 VD5:16V; VGSZOV,' Tj: 125°C - 1 10 UA
VD3=4OV;VGS:OV;TJ'=175°C - 37 500 LJA
Ves=20V; Vps=0V; T;=25°C - 2 100 nA
less gate leakage s L
current
v Ves=-10V; Vps=0V; Tj=25°C - 2 100 nA
Ves=10V;1p=25A; T;=25°C 2 29 35 mQ

Vas=10V; Ip=25A; Tj=105°C;

drain-source 27 41 52 mQ

R on-state Figure9
DS(on) - _ L T or.
resistance V_GS =10V;Ip=25A;Tj=125°C 29 45 56 mQ
Figure9
V65:1OV;|D:25A;TJ':175°C; 3.4 54 6.7 mo
Figure9 ) ) )

Rg gate resistance f=1MHz; Tj=25°C 032 0.8 2 Q
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* Vgr(pss) (drain-source breakdown voltage) - an expansion of the parameter listed
and explained in Section 2.4. This section lists the minimum voltage the device is
guaranteed to block between the drain and source terminals in the off-state over
the entire MOSFET temperature range. The temperature range is from -55 °C to
+175 °C. The current between the drain and the source terminals of the BUK7Y3R5-
40H when testing V(grypss is 250 PA at the temperatures stated. V(grypss is 40 V or
less if the device is cooler than +25 °C and 40 V if the device is between +25 °C and
+175°C.

The effect of temperature on the off-state characteristics is twofold. The leakage
current increases with temperature, turning the device on. Competing against the
leakage current increase, the breakdown voltage also increases with temperature.
* Ves(eh) (gate-source threshold voltage) is important for determining the on-state
and the off- state of the MOSFET. Vs is defined where Vps = Vs, although it is
sometimes quoted for a fixed Vps (e.g. 10 V). Note that the definition of the
threshold voltage for a particular current where the gate and drain are shorted
together, can differ from examples in textbooks. The parameter in textbooks
describes a change in the physical state of the MOSFET and is independent of the
MQOSFET chip size. The parameter used in the data sheet is for a specified current
and is dependent on the chip size, as the current flow is proportional to the chip
area.

The threshold voltage in the data sheet is defined in a way that is best for routine
measurement, but not how the actual device would typically be used.
Consequently, the graphs provided in Figure 6 and Figure 7.

2 Ca———=———=—————=—
Vas(m) b
V) Ny @ \ Y (0 A i |
4 102 %
L e ===
=<0 T — -
T=+a T\ 3 in_ | Typ [ Max
3 TP I~ 10
~ Steo ——
\ ~ _ 1 ] 1
~ -~ . —
2 RN 104 %
Min | N j=——=
[ E——
1 105 '/
==
I T
/ T
0 106 a
60 30 0 30 60 90 120 150 180 0 1 2 4
T, (°C) Ves (V)
Ip=1mA; Vps = Vas Tj=25°C;Vps =5V
33a-018139 33a-018138

Figure 7 | Subthreshold drain current as a
function of gate-source voltage

Figure 6 | Gate-source threshold voltage as a
function of junction temperature

Figure 6 shows the variation in the threshold voltage for the typical and limit
devices over the rated temperature range. All the MOSFETSs are guaranteed to have
a threshold voltage between the lines.
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Consequently, for the BUK7Y3R5-40H at 65 °C, if Vps and Vgs are both less than 2 V,
all devices carry less than 1 mA. Also, all devices carry more than 1 mA if Vpsand Ves
are both greater than 4 V. At 175 °C, the lower limit has fallen to 1V, while the
upper limit has fallen to 2.4 V. The lower limit is usually more important as it
determines when the device is guaranteed to be turned off, and the gate driver
performance an application needs.

Figure 7 shows how the device turns on around this threshold voltage. For the
BUK7Y3R5-40H, the current increases 100,000 times for an increase in gate voltage
of less than 1 V. An example is given for the situation when the drain-source
voltage is fixed at 5 V.

¢ Ipss (drain leakage current) guarantees the maximum leakage current that the
device passes at its maximum rated drain-source voltage(40V in this case) during
the off-state. It is important to note how much higher Ipss is at high temperature,
which is the worst case.

* lgss (gate leakage current) guarantees the maximum leakage current through
the gate of the MOSFET. The Igss is important when calculating how much current is
required to keep the device turned on. Because it is a leakage current through an
insulator, this current is independent of temperature, unlike 1P,

* Rps(on) (drain-source on-state resistance) is one of the most important
parameters. The previous parameters guarantee how the device functions when it
is off, how it turns off and what leakage currents could be expected. These factors
are important when battery capacity is an issue in the application.

Ros(on) is 3@ measure of how good a closed-switch the MOSFET is, when turned-on. It
is a key factor in determining the power loss and efficiency of a circuit containing a
MOSFET. The on-resistance Rps(n) X Ip2 gives the power dissipated in the MOSFET
when it is turned Fully on. Power MOSFETSs are capable of carrying tens or
hundreds of amps in the on-state.

Power dissipated in the MOSFET makes the die temperature rise above that of its
mounting base. Also when the MOSFET die temperature increases, its Rps(on)
increases proportionally. Maximum recommended junction temperature is 175 °C
(For all Nexperia packaged MOSFETSs).

Using the BUK7Y3R5-40H data sheet as an example:

Ring-mb) temperature rise per Watt between junction (die) and mounting base =
1.3 K/W (1.3 °C/W).

Maximum power dissipation for temperature rise of 150 K (Tmp = 25°C, Tj= 175 °C)
=150/1.3=115.38 W, note data sheet P is rounded to 115 W.

Maximum Rps(on) at a die temperature (Tj) of 175°C=6.7 mQ.

Therefore, at steady state with Ty =25°Cand Tj=175°C; P= 11538 W = Ip2 x
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Ros(on)(175 °C). Therefore:

) :\/P(W)775 °C \/ 11538 W

" 175°c V0.0067Q

=131. Zf/ﬂ)rounded down to 120 Ain the data sheet).

Note this value appears on the curve for Ip vs T in Figure 1 but only 120 A is
claimed in the data sheet. Practically, limitations are placed on MOSFET

performance due to PCB, thermal design and operating temperature, which will all
act together to raise the mounting base temperature.

Figure 8 shows the dependency of Rps(on) 0N the gate-source voltage for a standard
level MOSFET (e.g. BUK7Y12-55B); the red dashed line shows the curve for a hot
device and is indicative of how the dependency changes at a high temperature.

35
Rpson
(mQ)
28
1
21 15
A
LY
3
< Hot Rpson
14 = R T S T .
~N
\\
7
0
" 8 12 16 20

Ves (V) 222002470
This diagram is for illustrative purposes only and not to be taken as an indication of hot Rps(on)
performance for any device.

Figure 8 | Drain-source on-state resistance as a function of gate-source voltage at 25 °C and high
temperature

If an application requires good Rps(ory performance for lower gate-source voltages,
then MOSFETs are made with lower threshold voltages, e.g. the BUK9Y12-55B
(logic level MOSFET). However, the lower threshold voltage of such a device means
that it has a lower headroom for its off-state at high temperature. This lower
headroom often means that a device with a higher threshold voltage is needed.

Figure 9 shows how the ratio of Rps(on) £0 Rps(on) at 25 °C typically varies with
junction temperature for BUK7Y3R5-40H.
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a3a-018451

Figure 9 | Normalized drain-source on-state resistance factor as a function of junction temperature

R (gate resistance) is the internal series resistance presented to the gate pin.

In most applications an external “gate stopper” resistance of a larger value is
employed to mitigate gate oscillation and, dependent on value chosen, decrease
output slew rate.
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2.6.2 Dynamic characteristics

The dynamic characteristics determine the switching performance of the device.
Several of these parameters are highly dependent on the measurement conditions.
Consequently, understand the dynamic characteristics before comparing data
sheets from suppliers with different standard conditions. Table 6 is a sample
dynamic characteristics table.

Table 6: Dynamic characteristics
List of constants and limitations relating to the table i.e. voltages, currents and temperatures
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Symbol Parameter Conditions Min Typ Max Unit
total gate

Qa(tot) charg?e lo=25A;Vps=32V;Vgs=10V; - 31 53 nC
gate-source ]

Qas charge 10 15 nC
gate-drain ]

Qcp charge 6 15  nC

] input _

Ciss capacitance 2294 3441 pF
output Vps =25V;Vgs=0V; F=1MHz T;

Coss capacitance  =25°C; 682 954 pF
reverse

Cres transfer - 112 247 pF
capacitance
turn-on delay

Lo time - 10 - ns

Vos=30V; R =1.2Q; Vgs = 10 V; Reexty

£ rise time =50 . 3 i ns
turn-off dela

Ld(off) time g - 19 - ns

L fall time ) 9 _ ns

Source-drain diode
source-drain _ PRy . ]

Vsp voltage Is=25A;Ves=0V;Tj=25°C 08 12 V
reverse

t i 25 - ns

" recovery time | = 25 A: dls/dt = -100 V/ps; Vs

q =20V,
Q recovere ) 6 .

charge
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2.6.2.1 Gate charge

Qq(tot) Qas, and Qgp are all parameters from the same gate charge curve. They
describe how much gate charge the MOSFET requires to switch, for certain
conditions. This is particularly important in high frequency switching applications.
Much of the power loss occurs during switching, when there are significant voltage
and current changes simultaneously between the drain, gate and source. In the
blocking state, there are significant voltages but negligible currents. In the full-on
state, there are significant currents and small voltages.

The gate charge parameters are dependent on the threshold voltage and the
switching dynamics as well as the load that is being switched. There is a difference
between a resistive load and an inductive load.

An example of a gate charge curve is shown in Figure 10:

Ve

- ‘
‘ ‘ Qsoy

|
T T
| Qgs (plateau)

/I “T~Qeo

Qgs (plateau | Qaitot)

|
|
|
|
I/QGS (plateau)
/.

/ |
Qas(th)
AT 23a-002471

Figure 10 | Gate charge curve also showing drain-source currents and voltages

Due to capacitance variation with voltage and current, it is better to look at the
gate charge data rather than the capacitance data when determining switching
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performance. This is especially true if the gate-driver circuit for the MOSFET is
limited to a particular current, and a rapid switch is required

The gate charge curve describes what happens to a MOSFET which has a drain
supply limited to a particular current and voltage. The operation of the test circuit
means that during the gate charge curve, the MOSFET is provided with either a
constant voltage or a constant current.

During this time, the drain-source voltage begins to fall because the increased
charge on the MOSFET allows easier conduction. Consequently, although the
gate-source voltage is constant, the drain-gate voltage is falling.

Eventually the capacitance stops increasing and any further increases in gate
charge increase the gate-source voltage. This characteristic is sometimes referred
to as the "Miller plateau” as it refers to the time during which the so-called Miller
capacitance increases. The Miller plateau is also known as the gate-drain charge

(Qcp)-

During this period, there are significant currents and voltages between the drain
and source, so Qgp is important when determining switching losses.

Once the end of the Miller plateau is reached, the gate-source voltage increases
again, but with a larger capacitance than before Qgs had been reached. The
gradient of the gate charge curve is less above the Miller plateau.

The gate-charge parameters are highly dependent on the measurement conditions.
Different suppliers often quote their gate-charge parameters for different
conditions, demanding care when comparing gate charge parameters from
different sources.

Higher currents lead to higher values of gate-source charge because the plateau
voltage is also higher. Higher drain-source voltages, lead to higher values of
gate-drain charge and total gate charge, as the plateau increases.

The drain-source currents and voltages during the gate charge switching period are
shown in Figure 10.

If the MOSFET starts in the off state (Vgs = 0 V), an increase in charge on the gate
initially leads to an increase in the gate-source voltage. In this mode, a constant
voltage (Vps) is supplied between the source and drain.

When the gate-source voltage reaches the threshold voltage for the limiting
current at that drain- source voltage, the capacitance of the MOSFET increases and
the gate-voltage stays constant. This is known as the plateau voltage and the onset
charge is referred to as Qgs. The higher the current is, the higher the plateau
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voltage (see Figure 11). This relates to the transfer characteristic, see Figure 15.
The transfer curve shows the dependency of drain current on gate voltage. The
higher the voltage on the gate the higher the charge applied, (Q = C x V), hence
making it the easier for the MOSFET to conduct.

L[ /DA

vV ‘ / Q
v) reduced Vps /1 // tot

NP AN
/17
/ / /reduced Ips
X/

/ Vplateau

Qg (nC)
a3a-002472

Figure 11 | Features of gate charge curve

2.6.2.2 Capacitances

Capacitance characteristics are generally less useful than the gate charge
parameters, for the reasons already discussed. However, they are still listed on data
sheets. The three capacitances that are normally listed are as follows:

» Cis (input capacitance) is the capacitance between the gate and the other two
terminals (source and drain).

» Coss (Output capacitance) is the capacitance between the drain and the other two
terminals (gate and source).

» Cs (reverse transfer capacitance) is the capacitance between the drain and the
gate. See Figure 13.

Semiconductor capacitances generally depend on both voltage and the frequency
of the capacitance measurement. Although it is difficult to compare capacitances
measured under different conditions, many suppliers specify a measurement
frequency of 1 MHz. Consequently, the capacitances vary with drain-source voltage
(see Figure 12). However, the capacitances also vary with gate-source voltage,
which is why the gradients in the gate-charge curve vary for different voltages (see
Figure 10).

The relationship between charge, voltage and capacitance in the gate charge curve
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is: AQ = AC x AV. For different gradients at different gate voltages, the capacitance
changes significantly with gate-source voltage.

104
: L
(PF) @
GD | |
Ciss |« NMOS
N 7] = —=Cps
108 s
HH @
c’OSS 1 -|- €
™N -
N Ciss = Cas + Cap
\\._ —_
102 ———Crss LLL| Coss = Cps + Cap
Crss = Cap
10
101 1 10 102
Vps (V)
Vgs=0V;f=1MHz
233-026238 3a3a-02233
Figure 12 | Capacitances as a function of drain source Figure 13 | MOSFET capacitance
voltage parameters

2.6.2.3 Switching times

Most manufacturers quote resistive load switching times. However, extreme care is
needed when comparing data from different manufacturers, as they are highly
dependent on the resistance of the gate drive circuit used for the test and in the
case of logic level devices, the gate voltage applied.

In devices for fast switching applications, the gate resistance of the MOSFET is
often quoted as capacitive time constants which are equally dependent on
resistance and capacitance.

2.6.2.4 Diode characteristics

The diode characteristics are important if the MOSFET is being used in the so-called
"third quadrant”. The third quadrant is a typical arrangement where the MOSFET
replaces a diode to reduce the voltage drop from the inherent diode forward
voltage drop. In such a situation, there is always a small time period when the
MOSFET parasitic diode is conducting before the MOSFET turns on. For such
applications, the diode switching parameters are important. In addition, diode
reverse recovery (Figure 14) contributes to the power losses as well as oscillation
and voltage spikes, which can cause EMC concerns.
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Ip
(A)
ter
dli/dt fin , tp
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Figure 14 | Reverse recovery waveform definitions

2.6.2.5 Transfer characteristics

Figure 15 shows the transfer characteristics of the MOSFET which indicate the
theoretical drain current that can be handled by the device as a result of applied
gate to source voltage. The graph shows the temperature dependency of the
characteristic. The convergent point indicates where the current is dependent only
on gate voltage and not temperature hence the MOSFET's Zero Temperature
Coefficient point |_ZTC. Gate charge test current and plateau voltage (refer to
Figure 10) can be directly read from the transfer curve.

200
Ip
(A)

160 l

120

80 /

175°C ///
p //l
/f 25°C

Tj=-55°C

0
0 1 2 3

4 5
Vps =12V Hesl

22a-026234

Figure 15 | Transfer characteristics; drain current as a function of gate-source voltage; typical values
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3 Appendices

3.1 Safe Operating Area (SOA) curves

To highlight the key features, Figure 16 provides an idealized SOA curve for a
hypothetical MOSFET. Data for a hypothetical MOSFET for a single pulse length, is
shown to highlight the region where it deviates from the ideal curve.
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Maximum pulsed drain current (Ipg is constant)
Maximum pulsed power dissipation (Vps X Ipg is constant)
Maximum allowed voltage (Vps is constant)

Linear mode derating - a departure from the ideal behavior shown in (3) due to
operation within a regime of positive feedback, and potential thermal runaway
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Figure 16 | Idealized SOA curve at a single time pulse for hypothetical MOSFET

The dashed line (5) is to emphasize where the curve deviates from the ideal. In
reality, there is a single curve with a change of gradient where the linear mode
derating becomes important.




w
[
[
ohd
[
E
(L)
[
(1]
Q
ohd
[
()
=
v
L]
whed
0
O
[
w
LL
0
o
=
[
[}
3
o
a
(=]
=
=
c
]
a
n
[
()
O
[
=)

Nexperia | A Power Design Engineer's Guide

RDS(on) limit
Ros(on) is region (1) of the graph and Equation [6] represents the limiting line:

Vbs
— = RDS(on)(max) (7 7500 (6]
Ips

The limit is when the MOSFET is fully on and acting as a closed switch with a
resistance that is no greater than the hot Rps(on)-

Constant current region

The constant current region is region (2) of the graph. It is the maximum pulsed
drain current, which is limited by the device manufacturer (for example, the
wire-bonds within the package).

Maximum power dissipation (linear mode) limit

In this region, the MOSFET is acting as a (gate) voltage-controlled current source.
This means that there are significant voltages and currents applied simultaneously,
leading to significant powerdissipation. Line (3) shows the idealized curve, whereas
the dotted line (5) shows where it deviates from the ideal.

The limiting factor for the SOA curve in region (5), is the heating applied during a
rectangular current and voltage pulse. Even in the ideal situation, this curve
depends on the transient thermal impedance of the MOSFET, which is covered in
Section 2.5.

The transient thermal impedance varies with the pulse length. This is due to the
different materials in the MOSFET having different thermal resistances and
capacities. The differences create a thermal equivalent to an RC network from the
junction (where the heat is generated) to the mounting base. Equation (7) is the
calculation used to determine the ideal curve in this region.

7;’(max)_ 7Vrnb
P=lpxVps= ———————— = Constant (7]
Zth(j-mb)

The ideal situation accurately describes the situation for sufficiently high current
densities. However, it is overly optimistic for low current-densities, i.e. towards the
bottom right of region (3). Low current densities and high voltages can lead to
thermal runaway in the linear mode operation. Thermal runaway is discussed in the
following section.
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Thermal runaway in linear mode

Power MOSFETSs are often considered to be immune to thermal runaway due to the
temperature coefficient of resistance, which means that as temperature rises,
current falls.

This is only true for MOSFETSs that are fully on (i.e. in region 1), but it is not the
whole story.

When a MOSFET is turned on, there are two competing effects that determine how
its current behaves with increasing temperature. As the temperature rises, the
threshold voltage falls. The MOSFET is effectively turned on more strongly, thereby
increasing the current. In opposition, the resistance of the silicon increases with
increasing temperature, thereby reducing the current. The resultant effect for a
constant drain-source voltage, is shown in Figure 17. This situation occurs when the
gate-source voltage of a MOSFET is being used to control the current, or when the
MOSFET is switched sufficiently slowly.

Ip

A) 25°C

negative temp.
coefficient

ZTC point

positive temp.
coefficient

Vas (V)
aa3a-02474

Figure 17 | Transfer characteristics for a hypothetical MOSFET, showing regions of positive and
negative temperature coefficient

The resistance increase dominates at high currents, meaning that localized heating
leads to lower currents. The threshold-voltage drop dominates at low currents,
meaning that localized heating lowers the threshold voltage. This condition
effectively turns on the device more, leading to higher currents and a risk of
thermal runaway.

Consequently, for a given Vps, there is a critical current below which there is a
positive-feedback regime and a subsequent risk of thermal runaway. Above this
critical current, there is negative feedback and thermal stability. This critical current
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is known as the Zero Temperature Coefficient (ZTC) point.

This effect reduces the SOA performance for low currents and high drain-source
voltages. The constant power line must be reduced as shown in region (5). For
short switching events, this effect is insignificant. However, as the duration of the
switching event becomes longer, for example to reduce electromagnetic
interference, the effect becomes more important and potentially hazardous.

Voltage-limited region

The device is limited by its breakdown voltage Vps which is shown in region (4). The
quick reference data provides values for Vps at temperatures of 25 °C and above. In
the hypothetical MOSFET shown in Figure 16, the rating is 100 V. For the
BUK7Y3R5-40H, the voltage is 40 V.

3.1.1 Safe operating area for temperatures above 25 °C
When reading from the SOA curves there are two main considerations:

1. The mounting base temperature is at 25 °C
2. The MOSFET is exposed to a rectangular power pulse

The SOA curves indicate the pulse power required to raise the MOSFET junction
temperature, Tj, from 25 °C to its maximum rating of 175 °C, Tj(max.The assumption
being T; is at the mounting base temperature T, = 25 °C when power dissipation
begins.

Under DC conditions, where a product has been operating for some time (thermally
soaked), T; will be close to the mounting base temperature, Trmp.

Under high power short duration pulse conditions T, can be much greater than Tmp.

A reduction in MOSFET power handling capability results if the initial Ty > 25 °C, so
it is important to establish an accurate temperature for Ty, to determine T which is
non-trivial activity.

The majority of automotive power applications thermally link the MOSFET
mounting base via the PCB footprint and an electrically isolating barrier to a
metallic mass (e.g. product housing) to act as a heatsink. Heatsink temperature Ths
isin turn thermally linked to the product’s ambient temperature, Tomp, Which may
be 85 °C for in-cabin (inside the driver compartment) or 105 °C for under the hood
(near and around the engine). In some automotive applications where, for example,
the housing is mounted directly to the power train the customer may specify a
temperature directly on the heatsink where Ts > 105 °C.
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Unless the offset relationship Tmp > Tamp is well defined by thermal flow modelling
and test verification, the designer can only estimate Tp.

Itis important to remember that in a product which has been operating for some
time (thermally soaked) MOSFETs which have similar thermal linkages to the same
heatsink will have a similar Trp, whether the MOSFET is switched on or switched
off.

Calculation to determine the rise in die temperature above mounting base
temperature is given below, see Equation (8).

7;’(rise) = 7;’(max) - Tj(rnb) =P, peak . Zth(t) [8]

Where:
Ppeak is the peak power, as this is a rectangular pulsed waveform.

Zin(y Is the thermal impedance value between junction and mounting base for a
pulse of t seconds duration.

Note: In DC applications, (where the MOSFET is not pulsed), use Rin(mb) instead of
Zin-mb)- Generally, for pulses above 100 ms, Zy, is indistinguishable from Rep.
Equation 8 assumes heating is uniformly spread across the whole die. A
combination of higher Vps with lower Ips and pulse durations = 100 ys can cause
hot spotting (uneven heating) to occur known as the Spirito effect. Refer to
TNO00008 Section 5 (chapter 13 in this book) - Power and small-signal MOSFET
frequently asked questions and answers.

3.1.1.1 Example calculations
Calculate the max DC Ips for BUK7Y3R5-40H, with Vps = 10V at 25 °C
Rewrite Equation (10) to bring out Ips as the main subject (Power is substituted by

Ips x Vps). Since Equation (10) is being used for a DC situation, the Zyny parameter
used in Equation (8) and Equation (9) is replaced by the Ry, steady state condition.

Titrise) = Ips * Vios % Zin(e) Ti(rise) o]
7}'(rise)
7777777777777777 =Ips [10]
Vs x Ren
175°C-25°C
---------------- =113A (1]

10Vx 1.3 K/W
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When making these calculations always refer to the Safe Operating Area Curve for
the device. The SOA curve for the BUK7Y3R5-40H is Figure 4 which can be found in
Section 2.4.4. The intersection of Ip = 11.3 A and Vps = 10 V occurs above the DC
curve and therefore this condition exceeds device capability. The reason being heat
distribution is non-uniform within the die. In other words hot spotting is present,
otherwise known as the Spirito effect.

The BUK7Y3R5-40H SOA curve shows for a DC condition the Spirito effect for this
device (the point at which a gradient change occurs) is evident at Vps = 0.94 V for
Ip=120 A. As Ip reduces, the allowable Vps increases and by Ip = 11.3 Athe
maximum permissible Vps = 4.4 V. Thermal consideration are discussed further in
Section 3.1.2.

3.1.2 Example using the SOA curve and thermal characteristics

Consider the following application during linear mode operation:
* lpuise =20 A

* Vpulse = 30V

e f=2kHz

* Lpuise = 100 ps

e Tamp=25°C

3.1.2.1 Calculation steps

The SOA curve (Figure 4) is initially checked to see whether any single pulse would
cause a problem. Observing the SOA curve, it can be seen that the 20 A, 30 V pulse
lies between the 100 ps and 1 ms lines. This indicates that the pulse lies within
acceptable limits.

The duty cycle for the pulses is now calculated using a frequency of 2 kHz for
100 ps pulses. These values give a duty cycle of 0.2. The Z, curve (Figure 5)
indicates that for 100 ps, the line with the duty cycle (6) has a transient thermal
impedance of 0.35 K/W.

The power dissipation for the square pulse is 20 A x 30 V, which equals 600 W.
Using Equation (8), the temperature rise for the 100 us pulse is calculated as being
600 W x 0.35 K/W, which equals 210 K. With a starting temperature of 25 °C, the
temperature rise results in a finishing temperature of 235 °C. As the MOSFET
junction temperature must not exceed 175 °C, the MOSFET is not suitable for this
application.

If the application requires a single pulse, then the curve shows that the transient
thermal impedance for a 100 s pulse is 0.12 K/W. As a result, the temperature rise
is 600 W x 0.12 K/W which equals 72 K. The finishing temperature is then 97 °C for
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a starting temperature of 25 °C. The device is able to withstand this, thereby
confirming what the SOA curve already indicated.

3.1.2.2 Derating for higher starting temperatures

The example Safe Operating Area calculations were performed for a mounting
base temperature of 25 °C. At higher mounting base temperatures, the SOA curves
must be de-rated, as the allowed temperature rise in the junction is reduced. The
allowed power of the pulse is reduced proportionally to the reduced temperature
rise. For example, with a mounting base temperature of 25 °C, the allowed
temperature rise is 150 °C. At 100 °C, the allowed temperature rise is half of that
(75 °C). The allowed power is half of that allowed at 25 °C.

The allowed drain current is de-rated while the allowed drain-source voltage is
maintained.

The Ip derating of the SOA curve at 100 °C is shown in Figure 18.

103

E 8V,30Aat Typ=100°C
= is above the 1 ms curve - outside SOA

Ip Pt
A) Limit Rps(on) = Vos / Ip ==
S T
102 I o tp=10us
30Aat 100 °C \%
:

—Z oc
30 Aat Typ =25 °C

below the 1 ms curve - inside the SOA \4§ ims
10

100 ms ———

®
<

0.5Aat 100 °C

=

0.05Aat 100 °C —prg | L]

1071 1 10 102
Vbs (V)

Tmb = 25 °C; Ipwm is a single pulse

3aa-02475

Figure 18 | SOA curve showing derating from Ty = 25 °C to Ty = 100 °C

Example:
Isa 1 mspulse of 30 Aand 8V allowed at 100 °C?

See Figure 18, the intersection of the blue lines of the rectangular power pulse Ip =
30 A*Vps =8V below the 1 ms curve indicates that the device can safely handle
this pulse with T, = 25 °C.

Power handling capability halves with T, = 100 °C. In Figure 18 the red text shows
Ip at 100 °Cis half the value at 25 °C.

The intersection of the red lines of the rectangular power pulse Ip=30A*Vps=8V
above the 1 ms curve indicates the device cannot handle this pulse at Ty, = 100 °C.
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The MOSFET gate-source threshold voltage Vgs(ry and maximum gate-source
voltage (Vgs.max) are key parameters that are critical to the reliable operation of
MOSFETs. The threshold voltage represents the voltage at which the MOSFET
starts to turn on, whilst the maximum gate-source voltage is the maximum
gate-source voltage that the MOSFET can withstand safely. Vs.max ratings vary
between suppliers and between MOSFETs, which can make it difficult to choose
appropriate MOSFETs for the application. This chapter aims to provide the designer
with enough knowledge to appreciate these differences and to select an
appropriate MOSFET. We also present a new methodology demonstrating where
higher Vs max ratings voltages may be applied for Nexperia's automotive grade
MOSFETs.

1 Introduction

The MOSFET can be considered as a voltage-controlled switch. Applying a voltage
(Vgs) across the gate and source terminals enhances the MOSFET allowing current
to flow through the MOSFET-channel between the drain and source terminals.
Vesehy is defined as the Vs for a pre-defined drain current, commonly 1 mA.
Increasing the Vgs further causes the MOSFET to become fully enhanced. This
allows more current to flow for a given drain-source voltage. A fully enhanced
MOSFET will also have achieved close to its rated on state resistance Rps(on).
Increasing the voltage beyond the full enhancement level will only result in a small
reduction in Rps(on). INcreasing the Vgs further to a level beyond the Vis max Will have
direct implications for the MOSFET's reliability. This could lead to destruction of the
MOSFET. The design engineer can review the MOSFET data sheet to help ensure
that the MOSFET's reliability is not impaired and that it operates

as expected. The data sheet gives limits and guidelines, but often the design
engineer needs more detail to select a MOSFET.

This chapter aims to bridge this gap. It will provide an overview of what is currently
included in the data sheet concerning V¢s ratings and it aims to answers questions
that may arise when designing in power MOSFETSs.

In addition a brief introduction to the physics behind the Vs ratings and the role of
the gate-oxide is included. This will provide an appreciation of the reasoning behind
the ratings and give confidence in the methodology employed by Nexperia to test,

to qualify and to rate the MOSFET's gate-oxide capability.

An analysis of common Power MOSFET applications is also presented. This will
highlight the demands imposed on the MOSFET gate-oxide by the application.
Different applications have been analysed to develop a mission profile for the Vcs.
This states what levels of Vs the MOSFET will be exposed to, for how long and at
what temperature. This information can then be used to select the correct MOSFET
for the application, thus ensuring optimum and reliable operation.
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2 Data sheet Vs ratings

In Nexperia data sheets there are typically two main parameters concerning the
gate- source voltages. The first being the Vs threshold value or Ve The second
is the Vgs rating, which in this application note will be called Vgs.max-

Some MOSFET data sheets include a value for the plateau (Miller) voltage. This is

the V¢s voltage during switching events. Its level is poorly defined as it depends on
several interdependent electrical and environmental factors. It is not important for
MOSFET selection or circuit design and will not be further discussed in this chapter.

2.1 Vgs threshold voltage - Vgs(ch)

Figure 1 shows an example of data sheet Vs values; it highlights the voltage
required across the gate and source terminals to start to turn the MOSFET on. The
conditions for which the Vg is defined are specified here as the Vs necessary for
1 mA of current to flow through the drain terminal. The Nexperia data sheet gives
the Vesh) for a range of temperatures. It also provides minimum and maximum
values to account for process variation.

The Vgs(h is the start of MOSFET enhancement, an increase in Vs is required to
enhance the MOSFET further. Depending on whether a device is logic-level or
standard- level, a MOSFET can be considered fully-enhanced (or fully on) when the
Vgsis 5V or 10 V respectively. By this point the MOSFET has achieved its rated

RDS(on)-

Symbol Parameter Conditions Min Typ Max Unit

Ip =1 mA; Vps = Vgs; Tj =25°C;
Figure 9; Figure 10

|D =1 m; VDS = Vgs,' Tj =-55 OC;

2.4 3 4 \

gate-sourced

Vasiehy  threshold ) : 45 v
voltage Figure 9

Ip=1mA; Vps =Ves; Tj=175°C i _ v
Figure 9

Figure 1| Vs threshold values for a Nexperia automotive grade standard level device
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Symbol Parameter Conditions Min Typ Max

|D =1 mA, VDS = VGS; Tj =25 OC;
Figure 9; Figure 10

Ip=1m; Vps =Vgs; TJ' =55 °C;

1.4 1.7 2.1 \

gate-sourced

Vasehy  threshold Figure 9 - 245 V
voltage
|D:1 mA, VDS:VQS; Tj: 175 DC; _ _
Figure 9 0.5 v

Figure 2 | Vs threshold values for a Nexperia automotive grade logic level device

Other differences between standard-level and logic-level devices can be observed
in their threshold-voltage values (Figures 1 and 2). It is important to consider these
values when selecting a MOSFET for an application. Two questions need to be
answered to choose an appropriate MOSFET.

1. Can the gate-driver turn the MOSFET (fully) on?
2. Can the gate-driver turn the MOSFET (fully) off?

To answer these questions, it is necessary to take the worst case conditions in each
circumstance. In order to assess question 1 we need to know what is the highest
value of Vgs(r) that the device may have. From Figures 1 and 2, we can see this
occurs at the lower temperature limits. For a standard level device this can be as
high as 4.5 V. If the gate-driver outputis only 5V, then a standard level device may
not be suitable. This is because the MOSFET is only beginning to turn on and
therefore may not operate correctly in the application. A logic level MOSFET with a
maximum Vesh of < 2.45 V would be more suitable.

Itis important to note that Vgs(ry has a Negative Temperature Coefficient (NTC): as
the junction temperature increases, the V¢s for a given Ip decreases. If channel
current flows because the Vgsis not low enough to drive the MOSFET fully OFF, Ip
will increase as die temperature rises. This thermal runaway effect can ultimately
cause MOSFET destruction.

Conversely, the designer must consider the upper temperature limit for turning the
MOSFET off. At 175 °C a logic level device may conduct channel current at a

Vs = 0.5 V. The gate-driver may have a minimum output voltage of 0.6 V. This is not
low enough to ensure that a logic level MOSFET is turned fully off. At Vgs = 0.6 V
channel current could still Flow. In this situation it is better to select a standard level
device.



MOSFET & GaN FET Application Handbook

(NN)

2.2 The maximum V¢s ratings - Vgs-max

Vismax IS the absolute maximum gate-source voltage that can be applied to the
device. These values illustrated in Figures 3 and 4 conform to the International
Electrotechnical Commission’s IEC60134 document -“Rating systems for electronic
tubes and valves and analogous semiconductor devices”. Referencing paragraph 4
of IEC60134 titled “Absolute maximum rating system” it states [1]:

"Absolute maximum ratings are limiting values of operating and environmental
conditions applicable to any electronic device of a specified type as defined by its
published data, which should not be exceeded under the worst probable conditions.
These values are chosen by the device manufacturer to provide acceptable serviceability
of the device, taking no responsibility for equipment variations, environmental
variations, and the effects of changes in operating conditions due to variations in the
characteristics of the device under consideration and of all other electronic devices in
the equipment.”

This defines the worst case conditions and highlights the responsibility of the
designer to ensure that the absolute maximum value is never exceeded. It does not
explicitly place any obligations on the manufacturer in terms of long term
reliability.

Symbol Parameter Conditions Min Max Unit

Ves gate-sourced voltage Tj< 175°C; DC -20 20 \Y,
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Figure 3 | Maximum Vgs rating for a Nexperia automotive grade standard level device

Symbol Parameter Conditions Min Max Unit

Tj< 175°C, DC -10 10 \

Vas gate-sourced voltage
T,< 175 °C; Pulsed M2l -15 15 v

Notice there is an additional pulsed value limited to an accumulated duration of up
to 50 hours.
Figure 4 | Maximum Vgs rating for a Nexperia automotive grade logic level device
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3 Life Testing

For automotive MOSFETs, AEC-Q101 qualification is required. AEC-Q101 is a list of
endurance tests the MOSFET must pass. Each test takes a sample of MOSFETs and
places them under various electrical stresses and temperatures. The sample size is a
minimum of 77 MOSFETs; each endurance test is repeated 3 times on a different
sample of 77 MOSFETs to represent a different process batch. Surviving the
endurance tests grants the tested product type Q101 accreditation, allowing the
MOSFET to be used in automotive applications [2]. This can be found on all
Nexperia automotive qualifed MOSFET data sheets (Figure 5).

Figure 5 | Front page of a typical Nexperia automotive data sheet, showing the MOSFET is
automotive by highlighting that it is Q101 compliant

To qualify the Vs max ratings for Q101 the devices undergo a specified life-test
procedure. The devices are placed in a chamber at the maximum rated temperature
(Tjmax) With gate biased at 100% of the data sheet maximum voltage rating for
1000 hours. These tests are performed by Nexperia to ensure that the data sheet
ratings of Vgs.max are within specification.

However, life-testing alone is inherently incapable of determining the actual
capability of a MOSFET in terms of expected failed parts per million (ppm). In order
to satisfy AEC-Q101 criteria no sample devices during the Q101 bias tests should
fail. It is possible to extrapolate a failure rate from such data, but the maximum
confidence it can provide is in the order of 11000 ppm (based on zero failsin a
population of 240 devices under test and using a confidence interval of 95%). With
this level of confidence it is not trivial to determine what to specify as the
maximum voltage rating. Especially when in addition, Nexeria's own requirements
target a sub 1 ppm defectivity level.
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To achieve sub-ppm levels Nexperia has developed its own additional testing
methodology. Using this, Nexperia can confidently rate the devices to satisfy the
AEC-Q101 criteria, while also achieving sub 1 ppm defectivity rates (3). In order to
understand this methodology an explanation of the role of a MOSFET's gate-oxide
is required and is detailed below.

4 The Gate-oxide

The methodology to determine and qualify the maximum Vgs rating of a device is
based upon characterisation of the gate-oxide. This is the layer of oxide that
insulates the gate polysilicon from the source of the MOSFET and is critical to its
operation. Figure 6 shows the location of the gate-oxide in the MOSFET.

Trench Channel Source Metal

Gate Oxide ‘ Gate Polysilicon

Drain 222-026548

Figure 6 | Cross-section of a power MOSFET at approximately 25,000 magnification showing where
the MOSFET channel forms and the location of the gate-oxide. The gate-oxide is present both sides
of the trench and a channel forms next to both oxides. Current flows vertically from Drain to Source
through the MOSFET channel.
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When designing power MOSFETSs, there are two conflicting constraints with respect
to the gate-oxide thickness. Achieving a low Rps(on) at a low applied level of Vs
requires a thin gate-oxide, conversely withstanding high maximum V¢s requires a
thick gate-oxide. In most cases, both requirements can be met and gate bias life
testing can be performed at 100 % of the absolute maximum rating. However,
there are some instances where this is not possible. Logic level devices are
designed to provide a guaranteed Rps(on) at Vs = 5 V. This implies a need for a
gate-oxide that is thinner than for a standard level device. Consequently a logic-
level gate-oxide is not capable of achieving the same maximum Vgs.max rating as a
standard-level gate-oxide. For Nexperia's automotive MOSFETSs, this is typically 10 V
logic-level and 20 V for standard-level devices at the maximum rated temperature,
typically 175 °C.

However, caution should be exercised when comparing other manufacturers’ data
sheets. The Vgs.max rating is not always given at the maximum rated temperature;
instead it is often given for 25 °C. The rating given for a temperature of 25 °C may
be higher than one given for 175 °C. This will make that MOSFET appear more
capable on first review. Because MOSFET gate-oxide reliability decreases with
increasing temperature, Nexperia's data sheets show the capability of the MOSFET
at maximum rated junction temperature.

Exceeding the Vis.max rating for the gate-oxide does not mean the device will
immediately fail in the application. Applying a Vgs to a MOSFET will develop an
electric field across the internal gate-oxide (Eox). The oxide electric field strength is
a function of oxide thickness (Tox) and Vcs.

Eox=Vss/ Tox

If the oxide electric field strength reaches a sufficiently high level, the gate-oxide
insulation will break down and will be destroyed. However, for electric field
strengths below this critical value the gate-oxide may degrade over time and
ultimately fail. The rate at which this occurs depends on both the operating-
temperature and the strength of the electric field within the gate-oxide. Expected
oxide life-time decreases with increases in either temperature or oxide electric-field
stress.

Gate-oxides need to be rated to survive for operating periods of not less than 10
years. Testing for 10 years to assess the reliability of the gate-oxide is not practical.
Nexperia performs life tests under accelerated conditions to achieve quicker test
results. For assessing the gate-oxide, Nexperia places a group of MOSFETs with
known gate-oxide thickness under high temperatures and high oxide field strength.
The MOSFETs will therefore degrade much quicker than can be expected in the
application. The MOSFETs are monitored until the point of failure, which is
observed as a low impedance measurement between the gate and source
terminals. This is termed Time Dependant Dielectric Breakdown (TDDB).
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Nexperia uses the test data from TDDB to correlate to other operating-
temperatures and oxide field-strengths to determine the capability of the oxide in
actual application operating conditions. This is applicable to MOSFETs with
different gate-oxide thicknesses because the testing characterises oxide
field-strength, not Vgs.

A gate-oxide production process aims to create a gate-oxide of consistent thickness
throughout manufacture. However, in any real fabrication process variation will
occur. This means the V¢s rating needs to be applicable to the MOSFET with the
thinnest gate- oxide that leaves the factory. Production screens are in place that
set a lower limit, which corresponds to the MOSFET with the thinnest gate-oxide.
Using this value of gate-oxide thickness and the characterisation data from the
accelerated TDDB tests, this MOSFET can now have its oxide rated for Vs max and
temperature for a given expected operating life.

For automotive MOSFET the operating requirement is outlined within AEC-Q101;
1000 hours at Vgs.max and maximum temperature. Taking this profile into account,
and knowing the thinnest oxide that can be supplied, Nexperia can confidently
place Vgs.max ratings in the data sheet.

Again, for further detail on the mechanics of gate-oxide wear out and Nexperia's
methodology towards rating its gate-oxides please refer to [3].

5 Alternative operating profiles

The mission or operating-profile of a MOSFET in an actual application is rarely at
the data sheet maximum temperature and at the maximum Vgs for 1000 hours as
dictated by AEC-Q101. This combination is formulated as a compromise to allow
realistic life-testing times that would protect automotive applications. The ultimate
rating of a MOSFET Vcs. max that meets AEC-Q101 may not meet the application
requirements. For example the application may require 12 V Vgs but this exceeds
the MOSFET of choice’s 10 V rating, at first pass this MOSFET cannot be used in the
application. However, if the operating profile of the application is outlined with
greater detail it may be that the 12 V rating is required for temperatures less than
175 °C and for a cumulative lifetime duration of less than 1000 hours. Here the
application criteria can be compared with the true capability of the oxide and
therefore be confidently selected for the application.

This chapter assesses several common MOSFET topologies in order to provide an
understanding of Vs behaviour. From this it is possible to generate an estimate for
what Vs will be applied to the MOSFET and for how long; a Vs profile. Using the
Vs profile along with operating-voltage profiles and temperature profiles a full
mission profile can be created. An example is shown in Table 1. The mission profile
can be used to assess the MOSFET's suitability for the application against the TDDB
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data.

The Ffirst set of analyses presented considers steady state stress on the gate-oxide
due to a constant gate-source bias from either an external gate-driver or as a result
of the steady state voltages that appear on the gate and source terminals of a
MOSFET. Further analysis attempts to estimate the contribution to gate stress from
transient gate- source voltages. This could result from capacitive coupling through
the Miller capacitance or conduction through the MOSFET body diode. Both require
detailed analysis of the application to verify compatibility with the MOSFET
features.

Table 1. Example MOSFET mission profile, showing the time spent in hours
at a particular Vgs and MOSFET junction temperature

Time (hours)

T;=-40°C Tj=105°C T;=125°C

2V 10 50 100 10 2
5V 1000 2500 5000 50 10
10V 100 200 300 100 5
20V 2 10 5 2 1

5.1 Application assessments

This section assesses several common topologies featuring MOSFETs and focuses
on the Vgs behaviour. This information will help to produce the mission profile as
shown in Table 1.

5.1.1 Single MOSFETs

Starting with the three application topologies shown in Figure 7. Figure 7a and 7b
can be considered similar in behaviour as they are both driven gate to source.
However, Figure 7c shows the MOSFET being driven gate to ground. It is possible to
drive the MOSFET in this manner by ensuring the gate voltage is higher than
whatever voltage is currently at the source terminal. However, it is highly recom-
mended not to do so as will become apparent throughout the discussion.
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a). b).
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Figure 7 | a) Low side MOSFET b) High side MOSFET driven Gate to Source c) High side MOSFET
driven gate to ground

In Figure 7¢, when a Vg is applied, first assumptions may be that the voltage across
the load resistor will be close to Vpp due to the low on-state resistance of a
MOSFET compared to the load. However, the V¢s of the MOSFET is Vs = Vg — Vs,
where Vs is the voltage developed across the load in this example. This means that
as Vg rises so, will Vs thus reducing the overall Vs across the MOSFET. The result is
a MOSFET that is not fully enhanced and therefore taking a significant portion of
the Vpp across its drain and source terminals. The MOSFET is now dissipating a
considerable amount of power and operating in linear mode, which may have
thermal runaway implications. In addition, the load may not behave as expected
due to it no longer having the full Vpp across it.

In Figure 7a the MOSFET source and gate-driver supply are both grounded and
therefore provides a true Vgs supply. Likewise in Figure 7b, now the gate-drive is
able to float above the source voltage and apply the full drive to the gate-source
terminals of the MOSFET. Both the circuits in Figure 7a and 7b the MOSFETs are
easily turned fully on and can achieve the low Rps(on). This allows the full Vpp to be
applied across the load and ensures correct operation of the application.
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5.1.2 HalF, Full and Three-Phase Bridges

Other application examples include half bridges and by extension full bridges and
three phase bridges which can be found in DC-to-DC convertors and motor drives.
Here, in any individual leg two MOSFETs are placed in series. When the MOSFETs
are off the resistance across the drain-source terminals is not infinite and leakage
paths exist. For simplification, these can be treated as resistances across the
drain-source terminals. Referencing Figure 8 it can be seen that the Vs on the high
side (HS) MOSFET can be -Vpp/2. The time the MOSFET Vs is at Vpp/2 V may be
significant due to this occurring whenever the application is off and connected to
the supply voltage. This will need considering in the mission profile and the
MOSFET will need to be specified to meet this requirement.

Vbbp
HS MOSFET |}« HS MOSFET Vgs:
l_‘
v N Ves =Vg- Vs
G\ Vpp2  Vgs=0-Vpp/2
Ves = - Vpp/2

LS MOSFET
+
ves (D

7T

a2a-026550

Figure 8 | Half bridge MOSFET configuration showing leakage paths and potential issues if driving
High Side MOSFET with respect to ground

When the MOSFETs are driven with respect to ground the required gate-drive
needs to be at least the required V¢s for the MOSFET summed with the maximum
voltage at the MOSFET's source terminal. For example, an automotive application
typically uses a lead acid battery. Potentially the application could see 18 V from
the battery and therefore the same voltage may appear on the source terminal of
the high side MOSFET. This means to drive a typical SL MOSFET a gate voltage of 28
V (18 V + 10 V) with respect to ground is required to ensure the MOSFET is fully
enhanced. Now the gate-drive is fixed at 28 V. However, the battery voltage may be
as low as 6 V. This means the Vgs will be 22 V (28 V - 6 V). For a SL MOSFET this is
outside its safe operating limits and has the potential to reduce its reliability in the
application.

within half bridges the extremes of the Vgs have been considered but the source
voltage of the high side MOSFET does not depend solely upon the battery-voltage:
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load conditions which are variable with temperature and supply-voltage result in
not knowing accurately what the source-voltage will be during considerable periods
of operation of the application. This makes it very difficult to assess the Vs
requirement of the MOSFET when driving them with respect to ground. It is
preferred and advisable to have the gate- driver referenced to the source of the
MOSFET and not ground. Now, when the source voltage changes the gate-drive will
be referencing this and the V¢s will be controlled. However, even when driving the
MOSFET with respect to source there are still times when the Vs is not fully
dictated by the gate-driver. An assessment of transient analysis is required next.

All the applications discussed and their Vgs behaviour have been assessed under
steady-state conditions, the next few paragraphs take into consideration the
dynamic behaviour whilst the MOSFET is switching or commutating currents. In the
example figures already shown the gate-drivers have been idealised as perfect
voltage sources. However, all gate-drivers will have output impedances and drive
current limitations adding to the complexity of transient behaviour for the
application. In addition to this the PCB layout will be a factor, with track
impedances contributing to the application behaviour. It is beyond the scope of this
application note to discuss best layout practices beyond noting that gate-drivers
should be placed as close as possible to the MOSFET it is driving. Some of these
issues have been addressed in application note AN11599 (chapter 3 of this book) -
Using power MOSFETSs in parallel.

The transient operation of the half bridge is now reviewed, here solely the case
where the MOSFET is driven gate to source is considered. The load is inductive,
representing half bridges (DC to DC convertors for example) and three-phase
bridges (Brushless DC motors for example). The full operation of these applications
is not considered but in each, during the switching of the MOSFETs, the
considerations to the gate-drive are similar.

Before describing the application behaviour, it is important to note that all
MOSFETs have parasitic capacitances that couple each of the terminals, gate, drain
and source (Figure 9). They are Cgs, Cop and Cps and exist as part of the MOSFET
structure, playing a critical role in the transient behaviour of MOSFETs and
therefore the application.

CeD
MOSFET

T7T

== CDS

-|-CGs
333-026551

Figure 9 | Internal parasitic MOSFET capacitances
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In half-bridges during an example transient event, one MOSFET is turned off and
the second is turned on, this causes the switch node voltage to rise and fall. The
switch node is where the source of the high side and the drain of the low side
MOSFETs are connected. The dV/dt on the switch node can couple through the Cgp
of a MOSFET and charge or discharge that MOSFET's C¢s, appearing as Vs.
Whether the Vs is positive or negative depends on the sign of the dV/dt. It is the
function of the driver to compensate for this change in Vs by charging/discharging
the Vgs to the set level. How effective the gate-driver is at this depends on a couple
of factors, the rate of the dv/dt and how well the driver is coupled to the gate and
source (how much impedance is between them). Again, being aware that the total
impedance is a sum combination of package, resistance and inductances, trace
parasitics and intentionally placed components (which have even more parasitics).
This behaviour is shown in Figure 9. The consequences of this gate-bounce are
biasing of the gate for a cumulative time which needs to be considered in any
mission profile and worse, potentially causing cross conduction where both
MOSFETSs are on simultaneously.

(=cdv
i=C at 18
16 i
=
% 14 Vs “bounces
MOSFET g 12 dV/dt across the high bac.k up
L = —{ side FET causes a during the dVv/dt
’ == CDS > capacitive current to ~ gl
10— charge Cgp = /
8 T
[
SR @ — HSVGS (V) \ \ / V
i a — LSVGS (V) \l/
J MOSFET X —— Switch Node (V) \ fK
0 N
2 4 6 Time (us) 8
Some of this charge is sunk by the driver but some will
charge Cgs and Vgg will increase. Both MOSFETs can
potentially be on at the same time causing a short
circuit and current to shoot through the MOSFETs 333-026552

Figure 10 | Dynamic behaviour of a MOSFET half bridge

5.1.3 High side MOSFETs with Inductive loads

Other applications where Vgs behaviour may not be as first expected, are when
driving inductive-loads. Take again the examples in Figure 7 but now replace the
restive-load with an inductive one. The difference in driving methodology, that is
with respect to ground or to the source, could result in either the MOSFET
operating in linear mode or entering avalanche respectively. Consider now the
situation where the gate-drive is referenced to ground. Also assume there is
sufficient drive on the gate to compensate for an increase in source voltage, thus
allowing the MOSFET to be fully enhanced.

When the MOSFET is turned on current will increase through the inductor, and
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energy will be stored in its magnetic field. Then the gate-driver is turned off, the
inductor starts to demagnetise and produces a back-EMF in order to maintain
current flow. As one end of the inductor is grounded this back-EMF appears as a
negative voltage on the source. The voltage will continue to decrease until the Vgs
is great enough such that the MOSFET is partially turned on, maintaining the
inductive current flow. Here the MOSFET is in linear mode, the Vgsis somewhere
between off and fully on and the Vps is significant; remembering that the source is
now negative. See Figure 11 for an illustration.

§ 10 /\ Inductor
& Current
A l
© 0
0 20 40 60  Time (us) 80
VoD W
S 20 Gate drive
Gate H 910 “ l turns off l
[ MOSFET > [
= 0
0 20 40 60 Time (us) 80
\ 20
g — Inductor forces source
Source 10 I / voltage negative \
Inductor L g’ 0 L 1 1 W
Current -10 l l
0 20 40 60 Time (us) 80
12 T
= 8 Whilst the inductor
v » / discharges the Vgg is ~3 V
O 4 F— i
>
0 20 40 60 Time (us) 80

33a-026553

Figure 11 | Circuit and waveforms showing the V¢s behaviour whilst driving an inductive load and the
gate of the MOSFET is driven gate to ground

Taking the previous example of driving an inductive load but with the gate being
driven with respect to the source, the behaviour is similar until the MOSFET is
turned off. Again the V; will go negative until current flow is maintained, however
the source is tied firmly to the gate by the driver which is operating at 0 V. No
matter how negative the source goes (within operational limits) the MOSFET will
stay off. Instead, the V; will continue to decrease and therefore the Vps will
continue to rise. Ultimately the Vps will reach the breakdown voltage of the
MOSFET's internal body diode and avalanche (Figure 12). As with linear mode the
power dissipation is considerable due to there being voltage and current presentin
the MOSFET, but avalanche is a preferable method of absorbing the inductive
energy. Compared to linear mode, avalanche operation is better at sharing this
power dissipation across the silicon die. Further information avalanche can be
found in a MOSFET's data sheet and in more detail in application note AN10273
(chapter 4 of this book) - Power MOSFET single-shot and repetitive avalanche
ruggedness rating.
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Figure 12 | Circuit and waveforms showing the V¢s behaviour whilst driving an inductive load and the
gate of the MOSFET is driven Gate to Source

5.1.4 Motor Loads

One final application to be considered is driving motors with a single high side FET.
Again the designer is recommended to drive the MOSFET with respect to ground to
ensure full control of the MOSFET and application behaviour. Driving with respect
to ground and the source voltage will be near Vpp due to motor back EMF; all the
previous considerations to driving respect to ground apply.

6 Application assessment summary

This chapter has summarised some common application behaviours and their
impact on the MOSFET's V¢s. The application note has shown that driving a
MOSFET with respect to ground causes numerous issues and difficulties. These
include operating in linear mode and not knowing what the Vs may be at any point
in time. This makes it difficult to formulate a mission profile to select the correct
MOSFET. However, driving the gate with respect to source does not remove all of
the issues; there are transient events that can induce positive or negative voltages
on the Vgs that are not fully controlled by the gate-driver. We are still short,
however, from producing the mission profile to ensure the correct selection of a
MOSFET. The correct MOSFET should not be over-specified and should still operate
reliably in the application for its intended life. We now need to create a mission
profile.
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7 Creating a mission profile

An example mission profile is shown in Table 1, it is a distribution of Vs voltages at
arange of temperatures and for how long. However, before generating a profile,
several pieces of information need to be gathered. These include but are not
limited to:

» How long the application is in operation
—On and Off times
— Possible fault conditions
» The distribution of operating temperatures
» The distribution of supply voltages

Along with an understanding of the application as outlined is the previous sections,
this information can be used to create a mission profile. The mission profile can be
assed against the TDDB data for a given MOSFET, thus determining the MOSFET's
suitability for the application.

7.1 Example - Full H-bridge motor drive

An example automotive application is brushed Direct Current (DC) motors such as
windscreen wiper motors or seat control motors. For this worked example the
MOSFETSs are driven with respect to their source terminals and not to ground.

The first part of the exercise is to gather information on how long the application
will be operating for. This information can then be translated into how long the
MOSFETs are on for and therefore how long they will have a Vs applied. In this
instance it is common for the Original Equipment Manufacturer (OEM) to stipulate
the usage profile of the system and it may look like (Table 2).

Table 2: Number of motor operations and the total time spent in operation

Total operation time at 0.5 s

Operations

per actuation (hours)

180,000 5

Other times when there may be a voltage present at the gate of the MOSFET is
when the engine is off but the electronics are on. In the case of the motor, the two
high side MOSFETs may be switched on to brake the motor. This time will add
cumulatively to the mission profile (Table 3).
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Table 3: Battery voltage whilst the engine is off and the time spent at this
voltage whilst the electronic systems are connected to the battery

Vs (V) Time (hours)

‘12.5 6,000

Table 3 provides the first piece of information required to build our V¢s profile. We
need to convert the information in Table 2 into the same. To do so, we need to
know the Vs the MOSFET will be driven at. The Vgs may be set at 10 V by a power
supply or alternatively the MOSFET may be driven directly by the battery voltage.
The battery voltage will have its own distribution (Table 4). Using Table 2 and Table
4 we get Table 5.

Table 4: Battery voltage distribution of the life time of the application

egltttaegrz Distribution
14.5 7%

16 15%

17 5%

18 3%

Table 5: Vs profile based on battery voltage distribution and application
operation time, including the Vs applied to the MOSFET whilst the engine
is of f

12.5 6000
14.5 19.25
16.0 3.75
17.0 1.25
18.0 0.75
20.0 0.00825
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Table 5is now a Vgs profile, it shows the time spent at each Vs value. However,

it is missing the temperature profile to make it into a full mission profile to be
assessed against the TDDB data. To generate a temperature profile the OEM and
the application designer need to work together. Remember that the MOSFET may
be operating a little hotter than its ambient (due to self-heating) so engineering
margin may need to be added. An example is shown in Table 6.

Table 6: Ambient and junction temperature distribution of the expected
life time of the application

The junction temperature is arbitrarily increased by 50 °C, this can be changed based on
engineering judgment or calculation when better informed of the systems operational
parameters.

Tamb (°C)  T;(°C) Distribution
-40 10 6%

23 73 20%

40 90 65%

75 125 8%

80 130 1%

Table 5 contains the Vgs values, and Table 6 has the temperature distribution.
These two together contain the information to make Table 7, the full Vs profile.
For example, for 6% of the time the MOSFET junction temperature is at 10 °C. By
multiplying the hours at each Vs (from Table 5) by 6% the T;= 10 °C column in
Table 7 is populated. It may be the case that the higher Vs voltages only occur at
the lower temperatures. The profile in Table 7 will need to be updated to reflect
this but can only be done so by the application designer working with the OEM.
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Table 7. Full mission profile showing the time in hours for a given V¢gs
voltage and MOSFET junction temperature

Time at Vgs and Temperature (hours)

Tj=10°C  T;=°C Tj=90°C
12,5 360 1200 3900 480 60
14.5 1.155 3.85 12.5125 1.54 0.1925
16 0.225 0.75 2.4375 03 0.0375
17 0.075 0.25 0.8125 0.1 0.0125
18 0.045 0.15 0.4875 0.06 0.0075

The profile in Table 7 shows that for a time the MOSFET will see a Vs of 18 V at
elevated temperatures. Using solely the datasheet ratings a logic-level MOSFET's
Vs max rating of 15V would seem to exclude it from use in this application.
However, working with Nexperia to compare the profile to the logic level MOSFETs
TDDB data it can be shown that the MOSFET is more than capable of operating
reliably in the application. This is because the time spent at these conditions is
short.

Once the design engineer has generated a Vs mission profile they are encourage
to contact their local Nexperia representative to receive support. Working with
Nexperia, the profile can be assessed against the TDDB data and a suitable MOSFET
can then be suggested.

8 Summary

The gate-source lifetime and the gate-source turn-on voltage are highly dependent
on temperature so one needs to be careful in comparing datasheets from different
suppliers where the stated temperature conditions for the gate-source voltages
are different.

For devices that do not see the maximum gate-voltage at maximum temperature
throughout their intended life, Nexperia has a methodology to provide a better
assessment of the required gate-oxide rating for such an application. This would
often allow better performance in other parameters without compromising
reliability in the application.

This does require the so-called mission profile of the MOSFET in the application, as
described in this chapter.
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Chapter 3

Using power
MOSFETs in parallel

Application Note: AN11599
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Increasing the capability of a MOSFET switch element by using several individual
MOSFETs connected in parallel can be useful. However, when designing switch
elements careful consideration of the circuit requirements and the MOSFET
characteristics and behavior must be applied. This chapter explores some of the
problems that can be experienced when several MOSFETs are operated in a
paralleled group. It also suggests ways to avoid the problems and minimize their
effects.

1 Introduction

One much publicized benefit of power MOSFETs (compared to other
semiconductor devices) is that it is easy to parallel them to create a group with
increased capability. Although this feature is superficially true, there are several
potential problems that can catch out the unwary circuit designer.

A MOSFET consists of a group of paralleled ‘cells’ fabricated on the surface of a
silicon die. All the cells are created at the same time under the same conditions.
When the MOSFET is fully enhanced and conducts channel current, the
temperatures of all the cells are very similar. As the cells are structurally and
thermally closely matched, they share current and power well and the parameters
of the MOSFET can be well-defined.

There is a range of values for the parameters of the MOSFET dies on a wafer. There
is a wider range for MOSFET dies on different wafers in the same production batch.
The range is even wider for all batches even though the MOSFETSs are the same
type. MOSFETs with parameter values outside the data sheet limits are rejected.

The MOSFETs in a paralleled group should all be the same type, but their
parameters could be anywhere within the data sheet range. Their die temperatures
are unlikely to be the same. Consequently their power sharing is not perfect.

This chapter contains guidelines on how to design a group of MOSFETs to get the
best performance from them. The design must accommodate MOSFET variations
within the data sheet limits. It must also allow for MOSFET parameter variations
over the range of electrical and environmental conditions. If all the MOSFETs in the
group work within their safe maximum limits, the paralleled group of MOSFETs
operates reliably.

It is technically and commercially undesirable to have to select MOSFETs and it
should be unnecessary. The circuit should be designed to accommodate any
MOSFET within the worst case Rps(on) range.

The key data sheet limit which must not be exceeded is the maximum junction
temperature Tjmax of 175 °C.
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2 Static (DC) operation

This situation is the simplest condition where current flows through a group of
paralleled MOSFETSs that are fully enhanced (switched ON). A proportion of the
total current flows through each MOSFET in the group. At the initial point of turn
on, the die temperatures of all the MOSFETs in the group are the same. The drain
current Ip flowing in each MOSFET is inversely proportional to its Rps(on) (the
drain-source voltage Vps across all the MOSFETSs is the same).

The MOSFET with the lowest Rps(or) takes the highest proportion of the current and
dissipates the most power (power dissipation P = Vpg x Ip).

All the MOSFETs heat up, but the MOSFET with the lowest Rps(orn) heats up most
(assuming the Rey(.q) OF all the MOSFETS is the same).

MOSFET Rps(on) has a positive temperature coefficient. Rps(on) increases as T,
increases. The die temperatures and Rps(on) Values of all MOSFETSs in the group rise,
but the die temperature of the lowest Rps(on MOSFET increases disproportionately.
The effect of this behavior is to redistribute the current towards the other higher
Ros(on) MOSFETSs in the group.

Stable thermal equilibrium is reached after a period of operation. The lowest Rps(on)
MOSFET is the hottest, but carries a lower proportion of the current than it did
initially.

The Positive Temperature Coefficient (PTC) of Rps(on is a stabilizing influence that
promotes power sharing between the MOSFETSs in the group. However, as stated
earlier the most important criterion is that the maximum junction temperature of
any MOSFET in the group must not exceed 175 °C.

The cooling of each MOSFET in the group depends on its thermal resistance from
junction to ambient. Die temperature influences the heat flow from adjacent
MOSFETs. Rather than considering the thermal resistance paths between the
MOSFET dies, the main influence is the temperature of the common heatsink. All
the MOSFET mounting bases are bonded electrically and thermally to this heatsink.

The lowest Rpson) MOSFET could be located anywhere in the group. The thermal
resistance from mounting base to ambient of all the MOSFETs in the group should
be as similar as possible and as low as possible. Cooling is optimised and
independent of location.

This thermal resistance solely depends on the thermal characteristics and design of
the assembly [Printed-Circuit Board (PCB) or heatsink] to which the MOSFET is
thermally bonded.
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Sometimes a value for Rin-) is given in data sheets but this parameter is of very
limited value. It cannot be treated as a well-defined parameter because it also
depends on other external factors such as PCB construction, PCB orientation and
air flow. The only guaranteed thermal parameter is the thermal resistance from the
MOSFET junction to mounting base Rep-mb)-

2.1 Worked examples for static operation
The worked examples that follow are based on the BUK764R0-40E.

Table 1: Thermal characteristics

Symbol Parameter Conditions

thermal resistance
Reng-mby  from junction to - - 0.82 K/W
mounting base

thermal resistance
Rih-a) from junction to
ambient

minimum footprint;

mounted on a PCB = i K/w

A typical group of MOSFETSs has a range of Rps(on) values. The distribution has a
peak at around the typical data sheet Rps(on) value; none should have an Rpson)
higher than the data sheet maximum. The Rps(on) Of about half of the samples is less
than the typical value.

Minimum Rps(on) IS NOt given in the data sheet, but a good estimate is

RDS(on)(m/’n) ~ RDS(on)(max) - Z(RDS(on)(max) - RDS(on)(typ)) [1]

The Rps(on) value range means that a group of typical MOSFETs is very unlikely to
share power equally when they are operated in parallel.

The worst case would be when one of the MOSFETs has the minimum Rps(ony and all
the others have the maximum Rps(on).

Modeling of the electro-thermal system is complex because its electrical and
thermal characteristics are mutually dependent. However, an electro-thermally
convergent Excel model can be used to estimate the performance characteristics
of a paralleled group. As an example, in a worst case situation three BUK764R0-40E
MOSFETs are connected in parallel; two have maximum Rps(on) Of 4 mQ. The other
has a lower than typical Rps(on) of 2.6 MQ.

The MOSFET with the lowest Rps(on) Value takes the highest proportion of the
current. It therefore has the highest power dissipation.
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w

The target is to keep the junction temperature of the hottest MOSFET below
175 °C under worst case operating conditions.

These estimations are simplified illustrations. The thermal representation of the
MOSFET group is less complex than a real application. In a real application, there
are other factors such as neighboring components and orientation that would
influence cooling. However, they show the approximate behavior of the group with
two different Rep(.q) values.

The first scenario shows the system with the thermal resistance from junction to
ambient for each MOSFET (R -a) = 20 K/W; Tamp = 125 °C).
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Rth(j-a) = 20 KIW
electrical Vo |!"' Rl thermal
MitiEe BUK764R0-40E Rpson)2s°c) = 4.0 mQ itEnEes
M2
Rth(j-a) = 20 KIW
— Tamb = 125 °C
D2
iy
BUK764R0-40E Rps(on)(25°C) = 4.0 mQ
M.
B Rﬂ-,(j_a) =20 KIW
-
|!-<-1 D3
Vs
BUK764R0-40E Rps(on)(25°C) = 2.6 mQ aaa-016409

Figure 1 | Electrical and thermal schematic diagram of the three paralleled BUK764R0-40E MOSFETs

Table 2 shows the maximum safe limits of Vg, Ip, P and T; for all the MOSFETs at
thermal equilibrium. At this point, the junction temperature of the hottest MOSFET
is almost 175 °C.

R Initial Initial
(ZD;(‘?E)) Rops(on) current
[mo] (125 °C) Ip
[mQ] [A]
M1 0.1 20 2.6 4.16 42.31
M2 0.1 20 4 6.4 27.50
M3 0.11 20 4 6.4 27.50
Initial Final Final
power current power
share P
[%] [w]
4.65 43.5 492 22.36 2.46 174 42.3
3.03 28.3 7.21 15.26 1.68 159 28.9

3.03 28.3 7.21 15.26 1.68 159 28.9
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Total initial power P(M1 + M2 + M3) = 10.70 W
Total final power P(M1 + M2 + M3) =5.82 W

The second scenario relates to the same electrical system, but with ideal thermal
characteristics. The thermal resistance Rip.o) of each MOSFET is 0.82 K/W. This
situation corresponds to the ideal but unrealistic situation where each MOSFET is
perfectly thermally bonded to an infinite heatsink (a heatsink with zero thermal
resistance).

M1

Vb Rin(j-a) = 0.82 K/W
T
electrical v |I'|: 2l thermal
interface ' G interface

BUK764R0-40E Rps(on)(25°c) = 4.0 mQ
M2

]
=
(4]
([
(5]
Q
=
v
=
w
LL
7]
o
=
(=
v
3
o
-
[=)]
£
v
=)

Rth(j-a) = 0.82 KIW

|

| D2 1 Tamb = 125 °C

BUK764R0-40E Rps(on)(25°C) = 4.0 mQ
M3 Rth(j-a) = 0.82 K/W

|

D3 | S

Vs

BUK764R0-40E Rps(on)(25°Cc) = 2.6 mQ 233-016503

Figure 2 | Electrical and thermal schematic diagram of the three paralleled BUK764R0-40E MOSFETs
with ideal thermal conditions

Table 3 shows the values of Vps, Ip, P and Tjfor all the MOSFETSs at thermal
equilibrium. At this point, the junction temperature of the hottest MOSFET is
almost 175 °C.

Table 3: MOSFET maximum conditions for Rh(.a) = 0.82 K/W
and Tymp = 125 °C

Ros(on) Initial Initial
DI(]))
o Rps(on) current
Ezmsmc) (25 °C) Io
[mQ] [Al
M1 0.55 0.82 2.6 4.16 211.54
M2 0.55 0.82 4 6.4 137.50

M3 0.55 0.82 4 6.4 137.50
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Table 3: continued...

Initial Final Final

power current power

share Ip P

[%] [A] [w]
116.35 43.5 4.92 111.79 61.48 174 42.3
75.63 28.3 7.21 76.28 41.96 159 289
75.63 28.3 7.21 76.28 41.96 159 289

Total initial power P(M1 + M2 + M3) = 267.60 W
Total final power P(M1 + M2 + M3) = 14539 W

Note: This scenario is ideal and unrealistic. It is included to illustrate the benefit of
reducing Ren(-) to maximize the usage of the MOSFET capabilities.

In practice, Rng-o) is always greater than Riymp). The thermal bonding between the
MOSFET mounting base and the heatsink is never perfect and an infinite heatsink
does not exist in the real world.

In this case, the drain current (Ip) of the MOSFETs becomes the limiting factor (the
data sheet maximum Iy is 75 A).

To optimize MOSFET utilization, the MOSFETs must be able to dissipate as much
power as possible. At the same time, the junction temperature of the hottest
MOSFET must remain below the maximum safe temperature of 175 °C.

The following conclusions can be drawn from Table 2 and Table 3:

1. Itis beneficial to reduce Rn(-s) @5 much as possible to optimize the MOSFET die
cooling.

2. Itis beneficial to reduce the maximum ambient temperature to increase the
available thermal 'headroom'.

3. As aresult of Table 2 and Table 3, it is clear that junction temperature difference
between the MOSFETs depends only on their Rps(on) values (assuming the Rin-a) for
each MOSFET is the same).

4. When the paralleled (fully enhanced) MOSFETs heat up during use, their power
distribution changes such that the cooler MOSFETSs take a greater proportion of the
power. This effect is due to the PTC of Rps(on) and it acts to promote thermal
stability.
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3 MOSFET mounting for good thermal
performance and power sharing

To get the most from the MOSFET group, the individual MOSFET should be
mounted in a way that causes their mounting base temperatures to be as similar as
possible and also as low as possible.

To realize this goal, the thermal resistance between each MOSFET (mounting base)
and the mounting bases of all the other MOSFETSs in the group should be matched
and minimized. They should be mounted symmetrically and as close together as
possible on a thermally conductive surface.

Heat flow can be considered to be analogous to electric current flow; so the
thermal bonding points of the MOSFETs (usually the drain tabs) should be on a
thermal ‘ring main’. The low thermal resistance path allows heat to flow easily
between the MOSFETs. When heat flows easily between all the MOSFETs in the
group, their mounting base temperatures track together closely.

Note: This arrangement does not promote equal current sharing, but promotes
better die temperature matching. The temperatures of all the MOSFETs in the
group can rise more before the temperature of the hottest MOSFET reaches
175 °C. Hence the power dissipation capability of the group is maximized.

There are practical limits to the physical extent of the thermal ring main; ideally
each MOSFET should be next to all its neighbors. This condition limits the group to
two or three MOSFETs.

This layout suits standard packaged MOSFETs (e.g. D?PAK, LFPAK and TO-220). The dark shaded area corresponds to the
drain tab of the device.

3a3a-016511

Figure 3 | A layout for six paralleled MOSFETs to promote good power sharing
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33a-016512 3aa-016513 3aa-016514
a. Two paralleled MOSFETs b. Two paralleled MOSFETs c. Three paralleled MOSFETs
where both devices are where the devices are where the devices are
located directly opposite located next to each other on located in a symmetrical loop
each other on the two faces the same face of a PCB other on one face of a PCB

of a PCB

Figure 4 | Good layout arrangements for two paralleled MOSFETs and three paralleled MOSFETs

A good way to parallel a pair of MOSFETs is to locate them on opposite faces of a
PCB forming a PCB ‘sandwich’ as in Figure 4a. Thermal vias between the copper
‘land’ areas on the PCB reduce the electrical and thermal resistances between their
mounting bases.

To parallel a pair of MOSFETs on the same face of a PCB, they can be mounted next
to each other as in Figure 4b.

A good way to parallel three MOSFETs is in a ring as in Figure 4c. This arrangement
allows all the MOSFET sources in the group to be connected to a ‘star’ point. The
electrical and thermal paths between the MOSFET drains match due to their
symmetrical connections to the drain loop.

Minimizing and matching the electrical impedances in the source paths is more
important than matching the electrical impedance in the drain paths. This
difference is because their gate drives are related to the sources. Good impedance
matching in both drain and source is more important in high frequency switching
circuits.

If similar electrical and thermal matching can be achieved, larger paralleled groups
could be considered. Groups of more than four or five become unwieldy so
grouped sub groups should be used.
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aaa-016511 a3a-016518

a. Six paralleled MOSFETs based on two sub groups b. Nine paralleled MOSFETs based on three
of three MOSFETs sub groups of three MOSFETs

Figure 5 | Layouts using sub groups of three MOSFETs

In this group of 9 (3 groups of 3), there is a natural drain star point at the center of
the group. There are separate source star points at the centers of each sub group.
The source star points can be connected on a layer of a multi-layer PCB.

There is a compromise between optimizing layout for power sharing and
maximizing PCB usage.

Electrically and thermally optimised layouts always use more PCB area than the
minimum possible, but utilization of MOSFET capability should be better. Areas of
PCB that are unoccupied by MOSFETSs or gate drive components are useful for
thermal interfaces with heat sink or cooling air.

4 Power sharing in dynamic operation [pulse
and Pulse Width Modulation (PWM) circuits]

Many MOSFET circuits are designed to operate in systems where they are switched
repetitively (such as DC-to-DC converters). Paralleled MOSFETs can be used as the
switching elements in the system, but in addition to the guidelines set out for
optimal steady state power sharing. Some additional points must be considered so
that the MOSFETs share current during the switching transitions.

Good circuit and layout design is important. It influences the proportion of current
carried by each MOSFET in the group during and after the switching event.
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M1 M2 M3
H H
4 D1 D2 4 D3
H H

R4 R5 R6
gate driver output
L1 L2 L3
R1 R2 R3

source star point
23a-016505

Figure 6 | Schematic diagram showing the stray source inductances and source resistances

o

/
/
J

L] [

2aa-016507 33a-016508
a. MOSFET drain current distribution immediately b. The same MOSFET drain current distribution as in
after turn on. The time base scale is Figure 7a showing the changes as time progress.
100 ns/division. The time base scale is 100 ps/division.

Figure 7 | Oscilloscope plots showing the MOSFET drain currents (black, red and blue) and drain
source voltage (yellow) after turn on

Figure 7a and Figure 7b show how the current distribution in three paralleled
MOSFETs initially depends on the source inductances in the MOSFET current paths,
namely L1, L2 and L3. As time progresses the resistances in the MOSFET current
paths, namely Rpsen)+ R1, Roson) + R2 and Rps(on)+ R3 determine the current
distribution.

The same principles hold about impedance matching of the current paths to the
MOSFETs in the group. In this case, it is more important for the rates of change of
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current in the MOSFETSs to match. The source inductances are the key impedance as
they affect the gate-source voltages (gate drives) of the MOSFETs in the group.

This effect dominates more in high frequency and short duty cycle applications (e.g.
switched-mode power supplies). It may be insignificant in lower frequency
applications such as motor drives.

5 Partially enhanced (linear mode) power
sharing

If a group of MOSFETs must operate in linear (partially enhanced) mode, great
caution is needed. MOSFETs simply paralleled together as they are for fully
enhanced conduction are very unlikely to share power or current well.

This behavior is due to the Negative Temperature Coefficient (NTC) of gate
threshold voltage Vs th). As the group of MOSFETSs starts to enhance, the MOSFET
with the lowest Vs starts to conduct channel current first. It dissipates more
power than the others and heat up more. Its Vs decreases even further which
causes it to enhance further.

This unbalanced heating causes the hottest MOSFETs to take a greater proportion
of the power (and get even hotter). This process is unsustainable and can result in
MOSFET failure if the power is not limited. Great care is needed when designing
paralleled power MOSFET circuits that operate in the partially enhanced (linear
mode) condition.

If all the MOSFETSs in the group operate within their Safe Operating Area (SOA),
they work reliably. The SOA must be adjusted for the worst case mounting base
temperature that occurs in the application. Remember that the data sheet SOA
graph applies only if the MOSFET mounting base temperature is 25 °C or less.

Adding external source resistors (R1 to R4 in the schematic; see Figure 8) provides
the negative feedback needed for stable operation. The gate-source voltage
applied to Vgs (M1) = Vg = Ip (M1) x R1.

If the MOSFETs must also operate in fully enhanced mode (e.g. in ‘Hot Swap’ or
‘Soft Start’ applications), the inclusion of these resistors is an efficiency
disadvantage.

As the MOSFET channel current increases, its gate drive voltage reduces.

As the MOSFETs are operating in partial enhancement (where MOSFET Rps(on) is NOt
important), there is no adverse effect caused by including these resistors. If the
MOSFETs must operate in both modes (as with active clamping after fully enhanced
conduction), the inclusion of source resistors does have a negative impact.
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=
RL _ ) Vsup

M1 M2 M3 M4
R5 | R6 | R7 - R8
D1 D2 D3 D4
Ve R1 R2 R3 R4
v
a3a-016519

Figure 8 | Schematic diagram of a group of four paralleled MOSFETs intended to operate in linear
mode

MOSFETs developed specifically for linear mode operation are available from
Nexperia. They can simplify the design of paralleled groups of MOSFETs intended
for linear mode operation.

6 Gate drive considerations

Itis preferable to fit low value gate resistors between the gate driver and the gate
of each MOSFET in the group.

Their main function is to decouple the MOSFET gates from each other so they all
receive similar gate drive signals. Without these resistors, at turn on the Miller
plateau of the MOSFET with the lowest threshold voltage would act to clamp the
gate-source voltages of the other MOSFETSs in the group. This clamping effect
tends to inhibit and delay the turning on of the other MOSFETs in the group. At
turn off a similar process occurs.

Without these resistors, the MOSFET with the lowest threshold voltage would
switch on first and switch off last. The consequences of this effect may be insignifi-
cantin low frequency high duty cycle applications. In higher frequency PWM
applications, it could cause a significant power imbalance between the MOSFETs.
Positive feedback also occurs in this case which increases the imbalance and could
ultimately cause MOSFET failure.

Gate resistors also help to damp out oscillatory transients on Vgs. They also swamp
any effects caused by variations in the internal gate resistance Rginy) of the
MOSFETs.
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6.1 Should individual gate drivers be used for
each MOSFET in the group?

Using individual gate drivers for each MOSFET in the group is usually unnecessary.
They may be necessary in applications where fast switching of a large group of
large die MOSFETSs is needed. Here the MOSFETs should be arranged in smaller sub
groups, each sub group driven by an individual gate driver. Care should be taken to
balance the circuit so the propagation delays of all the gate drivers are similar. This
matching ensures that the switching of all the MOSFETs in the group is synchro-
nized. Usually it is sufficient to drive the gate of each MOSFET in the group from
the same gate driver. However, it is important to have a gate resistor between the
gate driver output and the gate of each MOSFET as mentioned earlier.

7 MOSFET packaging considerations for
paralleled groups

Conventionally packaged surface-mounted MOSFETs (DPAK and D2PAK) are the
most widely available types so they are considered first for paralleled groups.
However, KGD and LFPAK (power SO8) MOSFETs could offer better solutions.

7.1 Bare die (KGD) MOSFETSs

These MOSFETs offer the densest and most flexible options for paralleled groups;
they are designed to suit a specific application. The die aspect ratio and gate pad
location can be designed specifically to suit the application. More source wire
bonds can be fitted to the die than can be fitted in a conventionally packaged
MOSFET, so overall Rps(on) can be reduced. Maximum drain current can be increased
to achieve better performance from a paralleled group of MOSFETSs. Special
manufacturing facilities are required for KGD assembly.

7.2 LFPAK MOSFETs

The power SO8 (LFPAK) MOSFETs offer the opportunity to manufacture the
paralleled MOSFET circuit conventionally. Higher component density and power
capability are possible (approaching that of KGDs). The connections to the source
and gate are made using copper clips which give better electrical and thermal
performance than aluminum wire bonds in conventional packages.
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8 Inductive energy dissipation in paralleled
MOSFETs

8.1 Avalanching - low side MOSFET group
driving a high side inductive load

If the group of paralleled MOSFETSs is driving an inductive load, energy stored in this
load must be safely dissipated when the current is switched off. A good way to
manage this energy is to connect a 'freewheel diode’ across the load; see Figure 9.
Current flowing in the MOSFET channel diverts into the diode when the MOSFETs
switch off and the energy is dissipated in the circuit resistances. However, it is not
always possible and energy must then be dissipated safely in the MOSFETSs.

If the battery polarity (Vsp) is reversed, the low impedance path through the
freewheel diode and the body diode can carry large damaging currents. Freewheel
diodes are often not used for this reason.

When the group of MOSFETSs is switched off, the back e.m.f. from the inductive load
may be high enough to cause the drain-source voltage across the group of
MOSFETs to exceed the drain-source breakdown voltage Vgrjpss of one of the
MOSFETSs. It likely that MOSFETs in the group have a range of Vggypss values (even
though they are the same type). The current then flows through the body diode of
the MOSFET with the lowest V(ggjpss in reverse (avalanche) conduction. This
condition causes high-power dissipation and temperature rise in the MOSFET die

(P =lp x Vigrypss)- If the maximum 175 °C junction temperature is exceeded, the
thermal stress on the die could degrade or destroy the MOSFET.

In the worst case, all the current which was flowing through the group of MOSFETs
could be diverted into the body diode of one MOSFET in the group. If this scenario
is possible, it is vital that a single MOSFET in the group can safely handle the total
avalanche current under worst case thermal conditions. V(grypss has a positive
temperature coefficient which tends to redistribute the current towards other
MOSFETs with higher V(ggjpss values.
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Figure 9 | Low side MOSFET group driving a high side inductive load

8.2 Active clamping - high side MOSFET group
driving a low side inductive load

This configuration (see Figure 10) is often used in automotive applications. This
topology is useful because the vehicle chassis can be used as the negative supply
return path to the battery.

M2 M3
R1 '—}k D2 R3 D3
+
gate drive

+
L1 Q Vsup

% 3aa-016521

TT
TTT

Figure 10 | High side MOSFET group driving a low side inductive load

In this circuit, the difference between the threshold voltages rather than Vgrypss
spread determines where the load current flows. The MOSFET with the lowest
threshold voltage conducts the greatest proportion of the current. The
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drain-source voltage across the MOSFET group is Veyp + Vs and the power
dissipation of the group is (Vsyp + Vis) x Ip. As with the avalanche case, all the
current (and hence all the power dissipation) could be diverted into a single
MOSFET in the group.

This situation is worse than the avalanche case because MOSFET threshold voltage
has a negative temperature coefficient. This characteristic tends to direct the
current flow initially to the hottest MOSFET. This MOSFET then gets even hotter so
that it retains the current.

9 Summary

1. It is better to use a single large MOSFET rather than a group of smaller MOSFETSs.

2. The power capability of a group of n MOSFETs never achieves n times the power
capability of a single MOSFET.

3. Ifitis necessary to use paralleled MOSFETs, use the lowest number possible as
the basic group size (3 maximum).

4. If alarger number is needed, use a group of basic groups i.e. 4 = 2 groups of 2;
6 =2 groups of 3.

5. The circuit layout is a very important factor determining how well a group of
paralleled MOSFETs share power dissipation, particularly in higher frequency
repetitive switching circuits.

6. Consider LFPAKs (for repetitive switching applications) because of their small
size, good thermal performance and low package impedances.

7. Special care is needed when designing groups of MOSFETs that could operate in
avalanche or active clamping mode.
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11 Figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.
Figure 6.

Figure 7.

Figure 8.

Figure 9.
Figure 10.

Electrical and thermal schematic diagram of the three paralleled

BUK764R0-40E MOSFETS ..ottt ettt 87
Electrical and thermal schematic diagram of the three paralleled
BUK764R0-40E MOSFETs with ideal thermal conditions..........ccccceveenne. 88
A layout for six paralleled MOSFETs to promote good power

SPATING coeiee ettt 90
Good layout arrangements for two paralleled MOSFETs and three
PATALELEA MOSFETS ..ottt nans 91
Layouts using sub groups of three MOSFETS ......cccveeeveeeeeeeeeeeeeeneans 92
Schematic diagram showing the stray source inductances and

SOUMCE TESISLANCES .ttt ettt et esesesena 93

Oscilloscope plots showing the MOSFET drain currents
(black, red and blue) and drain source voltage (yellow) after

EUTTI ON ettt ettt s et e s s s e e ssesenn 93
Schematic diagram of a group of four paralleled MOSFETs intended

to operate in IN@Ar MOE .......covvieeeeeeeeeee e
Low side MOSFET group driving a high side inductive load
High side MOSFET group driving a low side inductive load

w

]
=
(4]
[
n
Q
=
v
-
w
LL
7]
o
=
(=
v
3
o
-
(=)}
£
v
=)




Nexperia | A Power Design Engineer's Guide

< 6ujes ssaupabbni ayouejeae aA13139dal pue Joys-9)buls 1 J4SOW Jamod




Chapter 4

Power MOSFET single-shot
and repetitive avalance
ruggedness rating

Application Note: AN10273
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1 Introduction

Power MOSFETs are normally measured based on single-shot Unclamped Inductive
Switching (UIS) avalanche energy. This chapter describes in detail, the avalanche
ruggedness performance, fundamentals of UIS operation and appropriate
quantification method for the safe operating condition.

Electronic applications have progressed significantly in recent years and have
inevitably increased the demand for an intrinsically rugged power MOSFET. Device
ruggedness defines the capacity of a device to sustain an avalanche current during
an unclamped inductive load switching event. The avalanche ruggedness
performance of a power MOSFET is normally measured as a single- shot Unclamped
Inductive Switching (UIS) avalanche energy or Eps(ays. It provides an easy and quick
method of quantifying the robustness of a MOSFET in avalanche mode. However, it
does not necessarily reflect the true device avalanche capability (see Ref. 1, Ref. 2
and Ref. 3) in an application.

This chapter explains the fundamentals of UIS operation. It reviews the appropriate
method of quantifying the safe operating condition for a power MOSFET, subjected
to UIS operating condition. The chapter also covers the discussions on repetitive
avalanche ruggedness capability and how this operation can be quantified to
operate safely.

2 Single-shot and repetitive avalanche
definitions

Single-shot avalanche events are avalanche events that occur due to a fault
condition in the application such as electrical overstress. The application does not
have an avalanche designed into its operation.

However, repetitive avalanche refers to the applications where avalanche is an
intended operation mode of the MOSFET. Here, avalanche is a designed function
and has a limited number of operations to ensure reliability of the MOSFET over its
life. The number of allowed events is a function of the avalanche energy and can be
determined from the data sheet charts found on repetitive avalanche specific parts
—ending in suffix R e.g. BUK9K51-60R.

Any customer wishing to operate outside the current avalanche ratings may be
considered on an application basis. Contact your local sales team for more
information.
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3 Understanding power MOSFET single-shot
avalanche events
The researchers and the industry have established single-shot avalanche capability

of a device (see Ref. 1, Ref. 2 and Ref. 3). The test is carried out on a simple
unclamped inductive load switching circuit, as shown in Figure 1.

| | gate

gate voltage R source T Vpp

(T

001aaj764

Figure 1| Unclamped inductive load test circuit for MOSFET ruggedness evaluation

3.1 Single-shot UIS operation

Avoltage pulse is applied to the gate to turn on the MOSFET, as shown in Figure 2.

It allows the load current to ramp up according to the inductor value (L) and the
drain supply voltage (Vpp). The phenomenon is shown in Figure 3 and Figure 4. At
the end of the gate pulse, the MOSFET is turned off. The current in the inductor
continues to flow, causing the voltage across the MOSFET to rise sharply. This
overvoltage is clamped at breakdown voltage (Vgg) until the load current reaches
zero, as illustrated in Figure 3. Typically, Vggr is:

VBR = 1.3x V(BR)DSS (1]

The peak load current passing through the MOSFET before turn off is the non-
repetitive drain- source avalanche current (Ips(ays) of the UIS event. Ips(aus is
illustrated in Figure 4. The following expression is used to determine the rate at
which the avalanche current decays, which is dependent on the inductor value:

d/DS(AL)S _ VBR — VDD
dt, L 2]

The peak drain-source avalanche power (Pps(apywm) dissipated in the MOSFET is
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shown in Figure 5. It is a product of the breakdown voltage (Vggr) and the non-
repetitive drain-source avalanche current (Ips(ans); see Figure 3 and Figure 4. The
avalanche energy dissipated is the area under the P, waveform and is estimated
from the following expression:

P DS(AL)M X tar 3]
Epsiar)s = - >

or

1 VBR [4]

- 2
Epsaus = 2 vgr—vep * L psws

Another crucial parameter involved in a MOSFET avalanche event is the junction
temperature. After the avalanche event (7) has begun, the following expression is
used to determine the transient junction temperature variation during device
avalanche at a given time:

T

dZpa-t) 5
ATi(r) = J Pat) fg;’ d, Bl
0

where Z, is the power MOSFET transient thermal impedance. Alternatively, the
following expression approximates the maximum AT;:

.2
ATima) = 5 Posuam £thean/2 6]

Assuming that Tjimax 0Ccurs at ta /2, “N(tAL) 2 is the transient thermal impedance
measured at half the avalanche period ty . Note, the Zy, value used for the
avalanche calculation is more conservative than the one published in data sheets
due to the nature of avalanche.

Therefore, the maximum junction temperature resulting from the avalanche event
is:
Timax) = Aljmay + T; 7]

where Tjrefers to the junction temperature prior to turn off.
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3.1.1 Single-shot UIS waveforms

Vbs
Vas
VBR
V(BR)DSS
ON OFF Vbp ‘ Vbp
I
I
time ! i time
001aaj765 taL 00133766
Figure 2 | Gate-source voltage,Vcs Figure 3 | Drain-source voltage, Vps
p |
I
|
Pps(aL) - -
area in Pps(aL) triangle
= avalanche energy
(Eps(aL)s) dissipated
|
time ! ! time
001aaj767 taL 001aaj768
Figure 4 | Drain current, Ip Figure 5 | Peak drain-source avalanche

power, Pps(aim

Tj
Tjmax) f--————————+ ~c—-——-———
ATj(max)
Tj 77777777
time
001a3j769

Figure 6 | Transient junction temperature profile of MOSFET during an avalanche event

3.2 Single-shot avalanche ruggedness rating

The failure mechanism for a single-shot avalanche event in a power MOSFET is due
to the junction temperature exceeding the maximum temperature rating. In such a
case, catastrophic damage occurs to the MOSFET. If the transient temperature
resulting from an avalanche event, as shown in Figure 6, rises beyond a
recommended rated value, the device risks being degraded. The recommended
rated value is de-rated from the maximum temperature for optimum reliability.

Blackburn (see Ref. 2) has discussed a general guideline in detail, on the
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appropriate method of quantifying the single-shot avalanche capability of a device.
It takes the avalanche current and initial junction temperature into consideration.
The maximum allowed avalanche current as a function of avalanche time defines
the safe operation for a device single-shot UIS event. The maximum allowed
avalanche current is set so that a safe maximum junction temperature, Tjimax of
175 °C, is never exceeded. Using Equation 7, Figure 7 is plotted.

102
laL
(A)
\\\
10 I
N
N
K]
1
101
103 102 101 1 10
taL (ms)

3aa-031581

Figure 7 | BUK9K51-60R avalanche rating; avalanche current as a function of avalanche time

Figure 7 shows the SOA curve of a device single-shot avalanche capability. The

25 °Cjunction temperature curve shows the maximum allowable IAL for a given ta.
at an initial T; of 25 °C. This maximum I, results to a maximum allowable junction
temperature Tj(max of 175 °C, which means a ATjmax) of 150 °C. The area under the
SOA curve is the Safe Operating Area (SOA).

The maximum junction temperature resulting in catastrophic device avalanche
failure is approximately 380 °C, which is in excess of the rated Tj(max of 175 °C.
However, operating beyond the rated Tj(max may induce long-term detrimental
effects to the power MOSFET and is not recommended.

4 Understanding power MOSFET repetitive
avalanche events
Repetitive avalanche refers to an operation involving repeated single-shot

avalanche events, as discussed earlier. Until recently, most manufacturers have
avoided the issues pertaining to the power MOSFET repetitive avalanche capability.
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Itis primarily due to the complexity in such operations and the difficulties in
identifying the underlying physical degradation process in the device.

Due to the traumatic nature of the avalanche event, a repetitive avalanche
operation can be hazardous for a MOSFET. It is hazardous even when the individual
avalanche events are below the single-shot UIS rating. This type of operation
involves additional parameters such as frequency, duty cycle, and thermal
resistances Rn(-a) and Ren(-mp) OF the system during the avalanche event. However, it
is possible to de-rate the single-shot rating to define a repetitive avalanche SOA.

4.1 Repetitive UIS operation

The repetitive UIS test circuit is shown in Figure 1. The gate is fed with a train of
voltage pulses at a frequency (f) and for a duty cycle as shown in Figure 8. The
resulting breakdown voltage (Vgg) and drain current (Ip) passing through the load
are the same as for a single-shot UIS. However, the peak Ip is now denoted as
repetitive drain-source avalanche current (Ips(ai)r), as shown in Figure 9.

The repetitive drain-source avalanche power (Ppsa)r) resulting from the repetitive
UIS operation is shown in Figure 10. For finding the value of Pps(apr, it is necessary
to first calculate Epsea)s for a single avalanche event using Equation 3. This
resultant value of gps(anysis substituted in the following expression, to calculate the
value of Pps(anr:

Posaur = Epsaus X f (8]

4.1.1 Repetitive UIS waveforms

Vas
e time
time taL
001a3j771 001aaj772
Figure 8 | Gate pulse, Vs Figure 9 | Drain-source voltage, Vps and repetitive

drain- source avalanche current, Ipsair
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Figure 10 | Repetitive drain-source avalanche Figure 11| Transient junction temperature
power, Pps(anr components of MOSFET during repetitive
avalanche

4.2 Temperature components

The temperature rise from the repetitive avalanche mode in the power MOSFET is
shown in Figure 11.

The temperature (Tjgniy) comprises the mounting base temperature (Trp) and the
temperature rise resulting from any on-state temperature difference (AT,,).

7}'(init) =Tmp +ATop [9]

In addition, there is a steady-state average junction temperature variation (AT))
resulting from the average repetitive avalanche power loss.

AT; = Ppsaur X Rengia) [10]

where Rin(-) is the thermal resistance from junction to ambient of the device in the
application. The summation of Equation 9 and Equation 10 gives the average
junction temperature, Tjay) of a power MOSFET in repetitive UIS operation.

Tieav) = Tjinit) + AT [11]

5 Repetitive avalanche ruggedness rating

Our investigations show that there is more than one failure or wear-out mechanism
involved in repetitive avalanche. Temperature is not the only limiting factor to a
repetitive avalanche operation. However, by limiting temperature and the
repetitive drain-source avalanche current (Ips(ai)r), an operating environment is
defined such that the avalanche conditions do not activate device degradation. It
allows the power MOSFET to operate under repetitive UIS conditions safely.
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Figure 12 shows the repetitive avalanche SOA curve of BUK9K51-60R, where for
each avalanche event the Tjrise is limited to 30 K.

102
IAL
(A)

10-1
103 102 101 1 10
taL (ms)

23a-031582
Figure 12 | Repetitive avalanche rating; avalanche current

The three conditions which must be satisfied for safe operation of a power
MOSFET under repetitive avalanche mode are:

1. liay should not exceed the repetitive avalanche SOA curve
2. Tjshould not exceed 175 °C
3. The number of cycles should not exceed the avalanche cycle limit chart

The number of allowable cycles can be determined through a second chartin the
avalanche MOSFET's data sheet, (see Figure 13).

1010 ~
No. Events

109

108

1 10 102
Eps(aL) Per Event (mJ) aaa-031584

Figure 13 | Repetitive avalanche rating; maximum number of avalanche events as a function of
avalanche energy
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N

6 Conclusion

Power MOSFETs can sustain single-shot and repetitive avalanche events. Simple
design rules and SOA regions are provided.

7 Examples

The following examples examine cases of avalanche operation acceptance:

7.1 Single-shot avalanche case

* Device: BUK9K51-60R; see Figure 7
e L=30puH

° IAL= 18 A

* Runga=5K/W

* Virpss =60V

° VDD =0V

7.1.1 Calculation steps

1. Using the above information, ta. can be determined using Equation 2, which
in this case is 7 ps. Transferring the In_and ta. conditions onto Figure 12, the
operating point is under the SOA curve. It suggests that the operating
condition may be feasible.
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7.2 Repetitive avalanche case

»  Device: BUK9K51-60R; see Figure 12 and Figure 13

e L=30pH

° I(AL): 10A

e f=3kHz

* Ringa =S K/W
e To=100°C

* V@Rrpss =60V
° VDD =0V

7.2.1. Calculation steps

1. From the above information, ty can be determined using Equation 2, which
in this case is approximately 4 ys. Transferring the I and ta conditions onto
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Figure 12, the operating point is under the boundary of the ‘Rep. Ava’ SOA
curve. It suggests that the operating condition is acceptable. Therefore,
condition 1 is satisfied.

2. Calculate the non-repetitive drain-source avalanche energy (Eps(ai)s) using
Equation 3 Eps(a)s = 1.56 mJ).

3. Calculate the repetitive drain-source avalanche power (Pps(ap)r) Using Equation
8 (PDS(AL)R =4.68W).

4. Calculate the average ATj rise from repetitive avalanche (ATj) using Equation 10
(ATj=123.4°0).

5. Determine the average junction maximum temperature in repetitive avalanche
operation (Tjeav) using Equation 11 (Tjay) = 153 °C). Therefore, condition 2 is
satisfied.

6. Finally based on the energy we can determine the limit number of operations at
these conditions from Figure 13, (No. events = 8e°)

Based on the above calculations, the operating conditions meet the repetitive
avalanche requirements with a limited number of repetitive events of 8e°.

D0

M. &%

e

1 watch video

LFPAK33 Automotive Single shot avalanche Electrification of the
MOSFETSs in powertrain ruggedness of MOSFET powertrain introduction
applications

[£] Visit blog [E] visit blog [&] visit blog
LFPAKS56D taking the Talking 48 volts and Trench 9 LFPAK33
heat out of engine robust MOSFETs at MOSFETs drive
management systems EEHE Conference powertrain systems up

to 300 W
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9 Figures
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Chapter 5

Using RC
Thermal Models

Application Note: AN11261
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1 Introduction

Analysis of the thermal performance of power semiconductors is necessary to
efficiently and safely design any system utilizing such devices. This chapter presents
a quick and inexpensive way to infer the thermal performance of power MOSFETs
using a thermal electrical analogy.

The thermal behaviour of power semiconductor devices can be predicted using RC
thermal models. The model types presented in this chapter are known as Foster
and Cauer models, consisting in networks of resistors and capacitors. Foster and
Cauer models are equivalent representations of the thermal performance of a
MOSFET and they can be used within a SPICE environment. This chapter provides
some basic theory behind the principle, and how to implement Foster and Cauer RC
thermal models. For convenience, Foster and Cauer RC thermal models are
referred to as RC models in the rest of this application note. Several methods of
using RC thermal models, including worked examples, will be described.

2 Thermal impedance

RC models are derived from the thermal impedance (Z,) of a device (see Figure 1).
This figure represents the thermal behavior of a device under transient power
pulses. The Zi, can be generated by measuring the power losses as a result of
applying a step function of varying time periods.

A device subjected to a power pulse of duration > ~1 second, i.e. steady-state, has
reached thermal equilibrium and the Z, plateaus becomes the R, The Zy,
illustrates the fact that materials have thermal inertia. Thermal inertia means that
temperature does not change instantaneously. As a result, the device can handle
greater power for shorter duration pulses.

The Z, curves for repetitive pulses with different duty cycles, are also shown in
Figure 1. These curves represent the additional RMS temperature rise due to the
dissipation of RMS power.

To assist this discussion, the thermal resistance junction to mounting base R -mb)
from the BUK7S1R0-40H data sheet, has been included in Table 1. The Z, in Figure
1 also belongs to the BUK7S1R0-40H data sheet.

Table 1: Steady state thermal impedance of BUK7S1R0-40H

Symbol Parameter Conditions Min Typ Max Unit

thermal resistance from
Rehgmb) junction to mounting base ) 035 04 K/w
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1

Zih(j-mb) i
(KIw) I
5= 0. —— 1]
=
10 =
0. =
0 = Th
— Tl
0.05~ ] L—T
,/’/— i §
102 [0:02 1 lsingle.sho P 5=?p
ARl
T
103
106 105 104 103 102 10-1 1

tp (s)
a3a-028930

Figure 1| Transient thermal impedance from junction to mounting base as a function of pulse
duration for the BUK7S1R0-40H

3 Calculating junction temperature rise

To calculate the temperature rise within the junction of a power MOSFET, the
power and duration of the pulse delivered to the device must be known. If the
power pulse is a square, then the thermal impedance can be read from the Z,
chart. The product of this value with the power gives the temperature rise within
the junction.

If constant power is applied to the device, the steady state thermal impedance can

be used i.e. Ry Again the temperature rise is the product of the power and the Ry.

For a transient pulse e.g. sinusoidal or pulsed, the temperature rise within the
MOSFET junction becomes more difficult to calculate.

The mathematically correct way to calculate Tjis to apply the convolution integral.
The calculation expresses both the power pulse and the Zy, curve as functions of
time, and use the convolution integral to produce a temperature profile (see Ref.
2).

4 d
Titise) S Py == 5 Zin (T-£) d t (1]
0

However, this is difficult as the Ziyy is not defined mathematically.
An alternative way is to approximate the waveforms into a series of rectangular
pulse and apply superposition (see Ref. 1).

While relatively simple, applying superposition has its disadvantages. The more
complex the waveform, the more superpositions that must be imposed to model
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the waveform accurately.

To represent Zy, as a function of time, we can draw upon the thermal electrical
analogy and represent it as a series of RC charging equations or as an RC ladder.
Zw can then be represented in a SPICE environment for ease of calculation of the
junction temperature.

4 Association between Thermal and Electrical
parameters

The thermal electrical analogy is summarized in Table 2. If the thermal resistance
and capacitance of a semiconductor device is known, electrical resistances and
capacitances can represent them respectively. Using current as power, and voltage
as the temperature difference, any thermal network can be handled as an electrical
network.

Table 2: Fundamental parameters

Type Resistance Potential Energy Capacitance
Electrical R = resistance _ | = current C = capacitance
R=V/) (Ohms) V=PD(Volts)  (amng) (Farads)
Thermal Reh = thermal E;éfg:izrature W = dissipated f;%:é?;?:l
(Ren = K/W) resistance (K/W) (el power (Watts) .

5 Foster and Cauer RC thermal models

Foster models are derived by semi-empirically fitting a curve to the Z,, the result of
which is a one-dimensional RC network Figure 2. The R and C values in a Foster
model do not correspond to geometrical locations on the physical device.
Therefore, these values cannot be calculated from device material constants as can
be in other modeling techniques. Finally, a Foster RC model cannot be divided or
interconnected through, i.e. have the RC network of a heat sink connected.

R4 R2 Rn
C1 C2 Cn
I I I oy I I = 23a-010334

Figure 2 | Foster RC thermal models
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Foster RC models have the benefit of ease of expression of the thermal impedance
Zw as described at the end of Section 2. For example, by measuring the heating or
cooling curve and generating a Z, curve, Equation 2 can be applied to generate a
fitted curve Figure 3:

Zing =5 Rie[1-exp(-4)] 2]

Where:ti=Ri*Ci (3]

The model parameters R;and C; are the thermal resistances and capacitances that
build up the thermal model depicted in Figure 2. The parameters in the analytical
expression can be optimised until the time response matches the transient system
response by applying a least square fit algorithm.

The individual expression, “i”, also draws parallels with the electrical capacitor
charging equation. Figure 3 shows how the individual R; and C; combinations, sum
to make the Z;, curve.

= —
= Zi Curve = »
E overlaid with éz;@g
E  summed RC E 7
= -

Zih ) %
Hi=—
77 ﬁ ~
// /
F— A
4 4:
7 i N i
AL - H
e = — RC Model =

7 4,' > H | Zth |

7/'/4 e+
# === RC curves, H
2 A : representing 3

T {—1 ! I RC elements ]

¥ V1 1 [] kit

e 222-010335

Figure 3 | Foster RC thermal models

Foster models have no physical meaning since the node-to-node heat capacitances
have no physical reality. However, a Foster model can be converted into its Cauer
counter-part by means of a mathematical transformation (see Ref. 4).

An n-stage Cauer model can be derived from an n-stage Foster model and they will
be equivalent representations of the device thermal performance.

As seen for the Foster model, the Cauer Model also consists of an RC network but
the thermal capacitances are all connected to the thermal ground, i.e. ambient
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temperature as represented in Figure 4. The nodes in the Cauer Model can have
physical meaning and allow access to the temperature of the internal layers of the
semiconductor structure.

R1 R2 Rp

T T

Figure 4 | Cauer RC thermal models

3a33-031516

Nexperia provides Foster and Cauer RC models for most of their Automotive Power
MOSFET products on the Product Information Pages. The models can be found
under the Support tab, demonstrated below with BUK7S1R0-40H, see Figure 5.

Figure 5 | Nexperia RC thermal model documentation

Foster and Cauer RC thermal models allow application engineers to perform fast
calculations of the transient response of a package to complex power profiles.

In the following sections several examples of using RC thermal models will be
presented. Foster models and Cauer models are equivalent representations of the
device thermal behaviour but in the described examples Cauer models will be used
as more representative of the physical structure of the device.

As shown in Figure 8, a schematic file is available on Nexperia website for
BUK7S1R0-40H Cauer model. Other products may not have this schematic file
available and may be provided with a netlist file for the Cauer network as shown in
Figure 6:
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*Part: BUK7S1R0-40H

.subckt cauer 167

R1 1 2 0.00272144
R2 2 3 0.0220255
R3 3 4 0.00713124
R4 4 5 0.185679
R5 5 6 0.182443

c1 1 7 9.29451e-05
2 2 7 0.000514739
c3 3 7 0.00195047
c4 4 7 0.00305028
c5 5 7 0.0279554
.end cauer

Figure 6 | BUK7S1R0-40H Cauer model netlist

The netlist describes the same Cauer network as in Figure 8, and can be used to
build the same schematic. Pin 1 in the netlist can be identified as the junction
temperature pin T; in the schematic. Similarly pins 6, 7 as the T,mp pins in the
schematic.

In order to simulate only the MOSFET pins 6 and 7 will both be tied to the ambient
voltage source, as shown in Figure. 8.

However, one of the advantages of using Cauer models is to allow to add external
networks to the MOSFET model, for example to model PCBs, heatsinks etc. In order
to do so pin 7 will be tied to ambient and pin 6 to the first pin of the external Cauer
network. For correct results, it is fundamental to make sure that the end pin of the
external Cauer network is tied to the ambient source.

6 Thermal simulation examples

6.1 Example 1

RC thermal models are generated from the Z curve. This example shows how to
work back from an RC model and plot a Z, curve within a SPICE simulator. It allows
for greater ease when trying to read values of the Zy, curve from the data sheet.
This and subsequent examples use the RC thermal model of BUK7S1R0-40H. Trmp
represents the mounting base temperature. It is treated as an isothermal and for
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this example it is set as 0 °C.

A single shot pulse of 1 W power is dissipated in the MOSFET. Referring to Figure 7;
for a single shot pulse, the time period between pulses is infinite and therefore the
duty cycle 6 = 0. Then the junction temperature T; represents the transient thermal
impedance Z.

=)
AT
T > 333010337
Figure 7 | Single-shot pulse
Ti=Tmy +AT=0°C+AT=AT (4]
AT=PsZyy=1WeZy [5]

Equation 5 demonstrates that with P = 1 W, the magnitude of Z, equates to AT.
The following steps are used to set up and run simulations:

. set up the RC thermal model of BUK7S1R0-40H in SPICE as shown in Figure 8
. set the value of voltage source Vi to 0, which is the value of Trp

. set the value of the current source I1 to 1

. create a simulation profile and set the runtimeto 1s

. run the simulation

. Plot the voltage at nod

AU W=
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RIIK7R1RN_ANH

BUK7S1R0-40H

0.00272144

c1
1 0.00009295 ]-

c2 R2
0.0220255

R3
0.00713124

R4
0.185679

RS
0.182443

. .tran 1 uic

0=
33a-031522

Figure 8 | BUK7S1R0-40H thermal model setup in SPICE

The simulation result in Figure 9 shows the junction temperature (voltage at T))
which is also the thermal impedance of BUK7S1R0-40H. The values of Z at
different times can be read using the cursors on this plot within SPICE.

T =
(°C) =
1071 atl
-
=
T
f"/
102
-
103
106 105 104 103 102 101 1

t(s)
33a-031523

Figure 9| A plot of T; from simulation

The value of the current source in this example is set to 1 A to represent 1 W
dissipating through the device. It can be easily changed to represent any value of
power. The simulation command can be changed for any duration to represent a
range of square power pulses.
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6.2 Example 2

Another method of generating the power profile, is to use measurements from the
actual circuit. This information is presented to the SPICE simulation in the form of a
comma-separated value (CSV) file giving pairs of time/power values. It can be
generated either as a summary of observations showing the points of change or
from an oscilloscope waveform capture.

Two further methods of generating a power profile are discussed. One method is
using a PWL file. The other is to generate the power from an MOSFET electrical
circuit modeled in SPICE. The former is outlined first.

A source within a SPICE simulator can use a PWL file as an input. The contents of a
typical PWL file is shown in Table 3. It can list the current, voltage or in this
example, power over time. These files can be generated by typing values into a
spreadsheet editor and saving as a .csv file, or alternatively exporting waveforms
from an oscilloscope. The actual file itself should not contain any column headings.
To implement this procedure within a SPICE environment, follow the same steps as
described in Section 6.1 “Example 1", but with the exceptions:

1. Set the property value of the current source to read from a PWL FILE and point it
to a.csv file for example: C:\Pulse file\filepulse.csv, which contains the power
profile listed in Table 3

2. Set the mounting base Ty (Vimp) to 125 °C

3. Set the simulation run time to 0.6 s
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Table 3: Data example for use in a PWL file L.;
O

s

0.000000 0 —

0.000001 120 E

0.004000 120 o

0.004001 24 'J

0.004002 24 -

0.100000 24 E'

0.100001 24 3

0.100002 80

0.200000 80

0.200002 80

0.200003

0.300000

0.300001 80

0.315000 80

0.315001 24

0.400000 24

0.400001 0

0.500000 0

0.500001 120

0.515000 120

BUK7S1R0-40H

Tj

.tran 0.6 uic

PWL file=powerProfile.csv

C1
0.00009295
T >
Cc2
0.000514739
C3
0.0019547

R1
0.00272144

R2
0.0220255

R3
0.00713124

c4 R4
0.00305028 ]- 0.185679

C5 RS
0.0279554 0.182443

aaa-031526

Figure 10 | SPICE circuit implementing a PWL file with the thermal model of the BUK7S1R0-40H
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The simulation result is shown in Figure 11. The junction temperature and thermal
impedance values labeled in Figure. 11 demonstrate that the Zy, value at 4 ms, and
Reh value, are in line with Figure 12. It represents the thermal impedance waveform
shown in the BUK7S1R0-40H data sheet.

180

180
& ‘ § w
- - ,‘L | Rn=04kw 150

N~ N |
120 120
LY power %
60 60
30 30
|
. \ I P
0 0.1 02 03 04 05 06
t(s,
a) simulation results & 33a-031527
180 180
T Zin = 0.26 KIW P
(°C) W)
150 = 150
120 K 120
) %
60 0
power
30 30
[
0 ‘ 0
0 2 4 10
) t(ms)
b) first power pulse 23a-031528
Figure 11 | Simulation results and first power pulse
1 T ymas — ]
Zih(j-mb) = Rih= 0.4 KW |
(Kw) I 1
6=05 | Tl zin = 0.28 kW
107 oz
E o1 =
0.05 ==
102 1092 | Li+—single shot 5 o
T
o} Ji !
-
103
106 105 104 103 102 1071
to (s)
23a-028930

Figure 12 | Transient thermal impedance for BUK7S1R0-40H

The red lines highlight the thermal resistance and impedance for the example

shown in Figure 11



MOSFET & GaN FET Application Handbook

6.3 Example 3

The aim of this example is to show how to perform thermal simulation using the
power profile generated from a MOSFET circuit.

Following the steps in Section 6.1, set up the thermal model of BUK7S1R0-40H, and
set the mounting base temperature to 85 °C.

To set the power value in the current source, construct a MOSFET electrical circuit
as provided in Figure 13. The power supply is 12 V. The gate drive supply is assigned
avalue of 10 V. Itis set to run for 50 cycles with a 1 ms period and a 50 % duty
cycle.

The power dissipated in the MOSFET can be calculated from Equation 6 or for
greater accuracy; the gate current can be included into the calculation to give
Equation 7:

P=Vps*lp (6]
To improve accuracy:

P=Vpselp +Vis*lc (71
The current source into the thermal model can now be defined as:
1=Vipy =1 (Vo) + Vigy = 1 (Vi) 8]

Figure 13 demonstrates the link between the electrical circuit and the thermal
model circuit.

BUK7S1R0-40H
.tran 50m uic
.inc BUK7S1R0-40H.lib

1
81 ? 1= V(d)"I(Vd)+V(g)"I(Va)
"
0.

c1
00009295 ]-

c2
0.000514739 ]-

T

R1
000272144

3aa-031529

Figure 13 | SPICE circuit illustrating how to integrate an electrical circuit with a thermal model
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The resultant plot of Tjis shown in Figure 14. The maximum temperature of the
junction can once again be calculated from data sheet values by following the steps
outlined in Ref. 1.

0 0.1 0.2 0.3 0.4 0.5
t (ms)

3aa-031530

Figure 14| Inferred junction temperature (Tj) rise provided by Figure 12

7 Discussions

RC thermal models are not perfect. The physical materials used to build
Semiconductors have temperature-dependent characteristics. These characteristics
mean that thermal resistance is also a temperature-dependent parameter.
Whereas in Ohm'’s law, the Ohmic resistance is usually considered to be constant
and independent of the voltage. So the correspondence between electrical and
thermal parameters is not perfectly symmetrical but gives a good basis for
fundamental thermal simulations.

In power electronic systems, the thermal resistance of silicon amounts to 2 % to

5 % of the total resistance. The error resulting from the temperature dependence
is relatively small and can be ignored for most cases. To obtain a more accurate
analysis, replace the passive resistors in the RC model with voltage-dependent
resistors. In these resistors, the change in temperature can correspond to change
in voltage.

A further limitation of the models presented is that the mounting base
temperature of the MOSFET T, is set as an isothermal. This is rarely the case in
real applications where a rise in the mounting base temperature must be
considered. This rise is determined by calculating the temperature rise due to the
average power dissipation (i.e. the heat flow) from the mounting base through to
ambient. It means that the models are of limited use for pulses greater than 1s,
where heat begins to flow into the environment of the MOSFET. In this situation,
the thermal model for the MOSFETs, PCB, heat sink and other materials in
proximity must be included.
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8 Summary

RC thermal models are available for Nexperia power MOSFETs on the Nexperia
website. The models can be used in SPICE or other simulation tools to simulate the
junction temperature rise in transient conditions. They provide a quick, simple and
accurate method for application engineers to perform the thermal design.

1 watch video

RC thermal simulation of
power MOSFETs
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1 Introduction

This chapter describes the design of a simple “RC snubber circuit”. The snubber is
used to suppress high-frequency oscillations associated with reverse recovery
effects in power semiconductor applications.

2 Test circuit

The basic circuit is a half-bridge and shown in Figure 1.

| Vbb
HS driver Q1 % inductor
t
—
Vce
LS driver Q2
) ov 333-002741

Figure 1| The half-bridge circuit

Q1 and Q2 are BUK761R6-40E devices. The inductor could also be connected to 0V
rather than Vpp.

Inductor current is established in the red loop; Q2 is of f and current is flowing
through Q1 body diode. When Q2 is turned on, current “commutates” to the blue
loop and the reverse recovery effect occurs in Q1. We observe the effect of Q1
reverse recovery on the Vps waveform of Q2; see Figure 2.
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Figure 2 | Reverse recovery-induced oscillation in Q2 Vps

The equivalent circuit is shown in Figure 3.

stray
inductance (LK)

Q1
Coss
(CLK) () VbD
Q2
o\, 1o

2aa-002743

Figure 3 | Equivalent circuit
We are primarily interested in the parasitic elements in the circuit:

* Lkis the total stray or “leakage” inductance comprised of PCB trace inductance,
device package inductance, etc.

» The parasitic capacitance C g is mainly due to Cos of the upper (Q1) device.

Q2 is treated as a simple switch. The oscillation can be eliminated (snubbed) by
placing an RC circuit across Q1 drain-source; see Figure 4
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= Vbs
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Figure 4 | Equivalent circuit with snubber components Rs and Cs

3 Determining C; x and L .k

Before we can design the snubber, we must first determine C x and L k. We could
attempt to measure Cxand L g directly, but a more elegant method can be used.
For this LC circuit, we know that:

1

[1]
1Lk Crx

where faingo is the frequency of oscillation without a snubber in place; see Figure 2.
If we add an extra additional capacitor across Q1 (Caqq), the initial oscillation
frequency from fainco £O faingt (fringt < fringo) Will change. It can be shown that (see
Section 7 "Appendix A; determining C x from Caqq, fainco and fangt”):

fainco =

Cadd

Cix =
xz— 1

(2]

where:
(3]

leNGO

X =
leNG7

So if we measure fgingo (Without Caqq), then add a known Cygg and measure fanct,
we can determine C ¢ and Lk (two equations, two unknowns).

Cadd = 3200 pF was added in circuit, and fangs found to be 22.2 MHz (frinco
previously found to be 31.25 MHz; see Figure 2).

from Equation 3:

_ 3125 _
X 55 1.41 [4]

and from Equation 2:

_ 3200 pF _
Cui = 329928 = 3539 pF
1.41° 1 [5]
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Rearranging Equation 1:
1
Lk = —— 6]
(21 frnco) 2 Cix

So with fRINGO =31.25MHz and CLK =3239 pF:

1
Lix = =8.01x10°H=8.0nH [7]
(2xmx3.125x107)2 x3.239x 107

and with fangt = 22.2 MHz and (Cix + Caqq) = 3239 pF + 3200 pF = 6439 pF:
1
Lixk = 7.98x 10°H=8.0nH [8]
2xnx2.22x107)2 x6.439x 107

In other words, the calculated value of L x remains almost unchanged when we add
the additional 3200 pF capacitance. This is a good sanity check of the method for
determining C.x and Lik.

4 Designing the snubber - theory

If we replace Csin Figure 4 with a short-circuit, then we simply have the classic RLC
circuit found in text books. The response of this circuit to a step change in voltage

(that is Q2 turning on) depends on the degree of damping (C or zeta) in the circuit;
see Figure 5.

2.0

(1)

NI/
/4
)

// ) —
N \
/ o\ [/ \

0 1 2 3 4
(m
(1) ¢=o0. (5) £=0.7.
(2) ¢=0.1. ®) t=1.
(3) ¢t=0.2. (7) t=2.
(4) t=04. aaa-002745

Figure 5 | Step response of an RLC circuit for various values of zeta (¢)
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In theory the circuit oscillates indefinitely if { = zero, although this is a practical
impossibility as there is always some resistance in a real circuit. As {increases
towards one, the oscillation becomes more damped that is, tends to decrease over
time with an exponential decay envelope. This is an “underdamped” response. The
case (= one is known as “critically damped” and is the point at which oscillation just
ceases. For values of greater than one (overdamped), the response of the circuit
becomes more sluggish with the waveform taking longer to reach its final value.
There is therefore more than one possible degree of damping which we could build
into a snubber, and choice of damping is therefore part of the snubber design
process.

For this configuration of RLC circuit, the relationship between ¢, R, L x and Cik is:

(1) [k
- (ZRS)A [P g
The snubber capacitor Cs does not appear in Equation 9.

In some circuits, it is possible to damp the oscillations with Rsalone. However, in
typical half-bridge circuits we cannot have a resistor mounted directly across Q1
drain source. If we did, then Q1 is permanently shorted by the resistor and the
circuit as a whole would not function as required. The solution is therefore to put
Cs in series with Rs, with the value of Cs chosen so as not to interfere with normal
operation.

The snubber is a straightforward RC circuit whose cut-off frequency fc is:
1
Fe= [10]
ZTLRC‘CS

Again, we must choose which value of fc to be used, and there is no single correct
answer to this question. The cut-off frequency of the snubber must be low enough
to effectively short-circuit the undamped oscillation frequency fanco, but not so low
as to present a significant conduction path at the operating frequency of the circuit
(For example 100 kHz or whatever). A good starting point has been found to be
FC:fR/NGO
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5 Designing the snubber - in practice

We now have sufficient information to design a snubber for the waveform shown
in Figure 2. To recap:

CLK =3239 DF

Lik= 8.0 nH

fR/NGO= 31.25 MHz

1]
7

Fc= —— =famco [12]
ZnRCCg

The first task is to choose a value of damping (Figure 5). We have chosen (=1, that
is, critical damping. Rearranging Equation 11 we have:

(1) bk 1)/ 80x10°9 _
RS_(ZZ)AJCLK (2)«/3.239“079 0780 [13]
use 2 x 1.5 Qin parallel to give 0.75 Q.

Rearranging Equation 12 we have:
_ 1 _ 1
2rRs favco  2xmx 0.75x3.125x 107

use 4.7 nF + 2.2 nF to give 6.9 nF.

= 6.79 nF

Cs [14]

The snubber was fitted across Q1 drain source. The resulting waveform is shown in
Figure 6 together with the original (non-snubbed) waveform from Figure 2

Tek single qu I.OTOGS/s

Tek STT3E Single Seq 1.00GS/s
Ay ! i o
]
]
S e
|
|
]
]
1
]
|
|
1
1
|
|
I
|
|
|
]
1
500V M 200ns Ch2 Y 3.00V C1)
D 50.0n5 Runs After | sV B Soons Rums htter ¢
a. Without snubber b. With snubber
Vertical scale is 2 V/div. 2aa-002746 aaa-002747

Figure 6 | Q2 Vps waveform with and without snubber
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As seen in Figure 6, the snubber has almost eliminated the ringing in the Vpg
waveform. This technique could also be applied to the MOSFET in the Q2 position.

6 Summary

» Reverse recovery effects in power devices can induce high frequency oscillations
in devices connected to them.

« A common technique for suppressing the oscillations is the use of an RC
snubber.

« Design of an effective snubber requires the extraction of the circuit parasitic
capacitance and inductance. A method has been demonstrated for doing this.

» The snubbed circuit has been shown to be a variation on the classic RLC circuit.

» A method of determining values of snubber components has been
demonstrated. The method has been shown to work well, using the example of
BUK761R6-40E MOSFETSs

7 Appendix A; determining C,k from C.q44, friINGO
and fring1

We know that:
1

[, Cre [15]

where fango is the frequency of oscillation without a snubber in place and L xand
Cik are the parasitic inductances and capacitances respectively.

feinco =

If we add capacitor Caqq across Q1 drain-source, fanco is reduced by an amount “x”
where:

faivco _ 1 (6]
X YLk (Cret Cadd)

therefore

1 X [17]
2L Cre AL (Crx+ Cogd)

1 _ X [18]
JLkCix JLik(Cre+ Caga)

JL (Crpt+Coug)
m _ NTIK L)/: add [19]
Ct+C

Cix = LK - add [20]

X
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Coxx?=Crx = Caga
Cix(XP=1) = Cagq

C
C. = add
LK x2_ 1

where:

X = frinco
frine1

[21]
(22]

(23]

[24]
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impact on EMC
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1 Introduction

Measuring and improving MOSFET switching behaviour to meet EMC requirements
and optimize reliability and efficency in half-bridge switching circuits.

Modern switching converters for low voltages (< 100 V) predominantly use power
MOSFETs as the switching devices.

Switching converter applications includes inverters to synthesise AC waveforms, or
for use in DC-to-DC converters. The switching devices are often arrangedin a
simple half-bridge configuration. At some point in time one of the MOSFETs will be
actively switching (sometimes called the control FET in DC-to-DC applications) and
the other one will be switched off and acting as a diode during the commutation
event — this will be switched on once the switching event has finished and acts as a
synchronous rectifier, (in DC-to-DC converters this MOSFET is referred to as a
SyncFET).

The behaviour of the MOSFETs during the switching event strongly influences
efficiency and electromagnetic interference (emissions) goals.

In switch mode (PWM) designs, the switching behaviour of the MOSFET (or more
generally the switching power devices) can influence the efficiency and the
emissions from the system. This will apply to MOSFETs from any vendor, not just
those from Nexperia.

This application note describes a technique to measure the switching efficacy and
various measures that can be taken to improve the switching behaviour, thus
meeting efficiency, EMC requirements and reliability goals.

2 Double pulse testing

This is a relatively simple method of determining the switching behaviour of a pair
of MOSFETs in a half-bridge switching circuit. MOSFET Q1 is switched off and acts
only as a diode, MOSFET Q2 is actively switched on and off twice: hence "double
pulse testing". The behaviour at a particular current level and DC voltage level can
be analysed. This testing is useful for comparing MOSFETs from different suppliers,
since the detailed design — the technology - of the devices is unlikely to be exactly
the same. Figure 1 shows the simplified schematic diagram of the double pulse test
circuit.
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Figure 1| Simplified schematic diagram of the double pulse test circuit w
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Simplified switching behaviour is shown in Figure 2 g
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Figure 2 | Simplified switching behaviour

Three waveforms are shown in Figure 2: the top one shows the switch node
voltage, the middle one shows the gate driver waveform to the low-side MOSFET
and the lower waveform shows the current in the low-side device. The regions of
interest are at turn-off of the low-side switch and then at turn-on for the second
pulse. Assuming the gap between the first pulse and second pulse is relatively short
(but long enough to ensure proper switch off of the switched device before it

is switched on again) then the current will be maintained at the target level since
the diode will present a voltage of around 1V to the inductor, so di/dt will be low.

The MOSFET gate driver can be to the user’s choice however Nexperia uses a high
current driver so that the external gate drive resistor strongly determines the
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switching speed, rather than this being influenced by the gate driver IC itself.

2.1 Measurement system

Current sensing is a critical consideration. A high bandwidth sensor is required. A
coaxial shunt is used in Nexperia's test circuit since the bandwidth can be more
than 1 GHz however the additional circuit inductance is in the region of 5 nH. Other
methods of measuring current are possible such as Rogowski coils, Hall Effect
probes or current transformers but these also suffer from various compromises
either in bandwidth or significant additional circuit inductance. Some specialist
Rogowski based probes can reach ~80 MHz bandwidth. The goal is to have
sufficient bandwidth in the current sensor whilst minimising the additional circuit
inductance. It may also be a requirement to have isolation of the probe signal from
the circuit (especially if double pulse testing is performed on high voltage systems).

Here are a few tips regarding the measurement system: the current rise time may
be in the area of up to 5 ns, so the current signal bandwidth would be 70 MHz,

BW = 0.35/trise, see ref (1). A voltage rise time of 5 ns would also be of 70 MHz.
The probe BW should be 3x to 5x signal BW to take into account the 3 dB at the
quoted BW. The oscilloscope should therefore have an analogue bandwidth the
same or higher than the probes when used with x10 voltage probes (1 MQ input
impedance, note that the nominal oscilloscope bandwidth might quoted for a

50 Q input impedance). The probes should be correctly compensated before use.
The sampling rate needs to be at least 2.5x the analogue bandwidth for reasonable
resolution. In this example the probes and oscilloscope would need to be 200 MHz
analogue BW minimum and the sampling rate would need to be 500 Msamples/s
minimum.

Note also that it can take some time for signals to travel along probe cables so

the voltage probes and current probe cables should be the same length or the
difference in time delay compensated for: a cable difference of 0.5 m could
introduce a time difference of around 4 ns. This could have a significant effect on
the measurement of switching energy. It is always worth spending a little time to
make sure that the measurement system is correctly set up for accuracy, see ref (1).
In double pulse testing, the waveforms of interest are low-side Vps (switch node
voltage measured as close to the MOSFET terminals as possible), high-side Vps (may
be measured using a differential probe method using high-side Vp minus low-side
Vps ), low-side Vgs and low-side Ip. Ideally high-side V¢s should also be measured.
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2.2 MOSFET switching simulation

SPICE simulation is used to produce some example waveforms. The BUK7S1R0-40H
is used for most of this chapter, except where otherwise stated. The simulation
circuit is an approximate model of the physical double pulse test circuit with
parasitic elements added, see Figure 3. Nexperia has found that there can be a
good correlation between SPICE simulation and physical measurements of the

real circuit, as long as the device models are accurate (as is the case for Nexperia
MOSFET models) and the circuit is realistically modelled, see Appendix A.

Figure 4 shows the MOSFET turn-off event and Figure 5 shows the MOSFET turn-on
event.

L12 L1a L1s o
n in n
Lt L2 L3 L 5 L7 Ls
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m=3 m=3 m=3 m=3
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1 c2 cs ca s Ce cr < Vs
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me3 m=3 m=3 m=3
Ry Ry Ry []Ra Rs Re R7
(ceresr) | |(ceresr) (ceresr) | J(ceresr) eicoesr) | | etcoesr) (elcoesr) | | elcoesr)
m=3 m=3
i3 L1s L7
1n 1n in h
Double puise ()
a3a-031139

Figure 3 | SPICE simulation circuit for double pulse test circuit
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Figure 4 | Turn-off waveform
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Figure 5 | Turn-on waveform

2.3 MOSFET turn-off waveform description

These waveforms require some explanation as to why they look the way they do.
Reference is made to MOSFET capacitances, see Figure 7. Consider first the
turn-off waveform in Figure 6. This is divided into 6 time periods tg to ts.
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Figure 6 | MOSFET turn-off waveforms, showing reference time periods

During period t0, the low-side device is on and the high-side device is off. This is a
steady state condition. During time period t;, the device turn-off process begins as
the gate driver removes charge from the gate capacitance (Ciss = Cgs + Cop, see
Figure 7) of the device and the gate- source voltage starts to fall. Vps rises very
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slightly as the Rps(on) Of the device begins to increase, in accordance with the
“drain-source on-state resistance as a function of gate-source voltage”
characteristic found in Nexperia MOSFET data sheets.

[ ]

—

NMOS
= CDS

W-CGS

Figure 7 | MOSFET internal capacitances

aaa-022333

During t,, once Vgs falls to the minimum value required to sustain the output
inductor current (as determined by the output characteristic, see Figure 8), Vs is
approximately constant (this is the "Miller Plateau" and the Vgs value = V,). During
this time the gate driver current discharges Cqp (causing Vs to fall and Vpg to rise),
until the switch node voltage has risen to a voltage that allows the diode to
conduct current. At this point Vgs can fall to its threshold voltage (during ts) as
current is commuted from the low-side MOSFET to the high-side MOSFET body

diode.
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Figure 8 | Example of MOSFET output characteristics
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Towards the end of t, and moving into ts, the low-side MOSFET Vps reaches the
level of the DC supply voltage and continues to increase. At this point the body
diode of the high-side device can start to turn on and the Ip of the low-side MOSFET
can commutate to the high-side device.

The rate at which this happens is now controlled by the gate driver discharging Ciss
as in period t; and the incremental slope of the MOSFET transfer curve
(transconductance) of the MOSFET (the transfer curve can be found in Nexperia
Power MOSFET data sheets). The resulting rate of change of drain current dlp/dt
causes a voltage to be produced across all circuit inductances affected by the
change in Ip. Referring to Figure 3, the inductances affected by dlp/dt include L10,
L11,L20,L21,L22,L23 and L24, as well as any component package inductances (for
example L1, L2 and others not shown in Figure 3). This is known as the loop
inductance. This results in the large voltage overshoot seen on the low-side
MOSFET Vps, the overshoot is 14.5 V. The peak value corresponds to the peak
dlp/dt. The equal change of current in the high-side MOSFET source IS results in a
small negative voltage spike across the high-side device due to L20 and L21:

note that the measuring point for the voltages includes some circuit impedance
contribution in this example and that the MOSFET model includes package
parasitics.

This also adds to the voltage spike observed on the low-side MOSFET. The total
circuit inductance from the capacitors through both MOSFETSs is often referred to
as the loop inductance. The sum of the layout (PCB) inductancesis 10 nH in Figure 3
however another 1 nH comes from the device internal inductances, then there are
additional inductances coming from the DC link capacitors and layout which are not
so simple to describe. The peak dlp/dtis 1.1 A/ns in Figure 4 so 12.1 Vis due to the
inductances and the voltage overshoot is 13.0 V. Note that the high-side body
diode is conducting, so this accounts for about 0.7 V of the difference.

At the end of t3 and start of t4, Ip in the low-side MOSFET reaches zero. All the
current has transferred to the high-side MOSFET body diode. At this point, the
voltage across the low-side MOSFET is still more than 30 V given a supply voltage of
20 V. Oscillation is inevitable and a simple circuit model as shown in Figure 9
illustrates the situation.
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Figure 9 | Oscillation at MOSFET turn-off

Coss is the low-side MOSFET effective capacitance (Cps in parallel with Cep, Cgs is
shorted out by the gate driver). This is Vps dependant and the value at 32 V is used
in this example). Lparasitic is the loop inductance. If Coss is averaged to 1.6 nF and
Lparasitic is 11 nH then the oscillation frequency will be 37.9 MHz. This is quite close
to the observed oscillation frequency around 35 MHz. The damping resistance
which is due to the device construction and resistance due to the layout will reduce
the frequency and non-linearity of Coss results in a slightly bigger effective
capacitance being present.

In period ts, the MOSFET turn-off switching transition is complete. The low
frequency oscillation is due to resonance of the ceramic capacitors with the ESL of
the electrolytic capacitors and layout inductance. The resonant frequency is
approximately 2 MHz in this example. The ceramic capacitors are 100 nH and the
ESL of the electrolytic capacitor is 20 nH in the simulated example, on its own the
resonant frequency is calculated at of 3.6 MHz. Factoring in the layout inductance
would account for the discrepancy. See Section 3.2.1 for more details about low
frequency ringing.

The switching loss in the low-side MOSFET at turn-off, (over the t, and t3 time
periods), is given by:

JV(LsD)  I(Rsense)dt (1]

Where V(LsD) = low-side MOSFET drain to source voltage. The switching loss in the
high-side MOSFET is negligible.
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2.4 MOSFET turn-on waveform description

A typical turn-on waveform is shown in Figure 10. In time period tq the low-side
MOSFET is off. Current is flowing in the body diode of the high-side MOSFET.
During t4 the gate voltage on the low-side MOSFET starts to rise. Nothing happens
until the threshold voltage is reached.

- 0 T T %
(A)
50 ! A\ /\v/\V/‘V/\V 60
[ /I 7
40 I HE 30
I(Rsense) [ 1 Ifl I
% y ial A 0
20 Yilsiv), [ 1 J | H /\\ [\ /\ /\ /\V N\ -30
' 1R AWAW VAVAY
| ' -60
10 |
P ———
V(LsG) | ﬁ) LA~
0 __— e -90
0 V(HsD, HS‘S) : 11 : .
t ty t, 11
-20 L Y i AN ts -150
208 209 21.0 21.1 213 214 215 216
f3 t4 t(us)
I(Rsense) = low-side MOSFET drain current V(LsG) = low-side MOSFET gate to source voltage

V(LsD) = low-side MOSFET drain to source voltage V(HsD, HsS) = high-side MOSFET drain to source voltage
2a3a-031189

Figure 10 | MOSFET turn-on waveforms, showing reference time periods

At the start of time period t, the gate voltage continues to rise until significant
current starts to flow. The rate of change of drain current dip/dt increases and then
becomes more constant, as defined by the transfer characteristic (see Nexperia
MOSFET data sheet) dlp/dt is also dependant on gate driver current in Ciss. The
circuit inductances start to interact with the MOSFET. Notice how the MOSFET Vpg
falls and then plateaus at around 5 V in this example. This corresponds with the
highest dlp/dt observed, interacting with the loop inductance (see Section 2.3).
dlp/dtis therefore limited by the supply voltage and the loop inductance, rather
than the MOSFET capability.

Another limitation to dlp/dt is due to the device source and layout inductance to
the connection of the gate drive (represented by L23 in Figure 3). Packages with a
source clip such as LFPAK will have a higher dlp/dt capability compared to wire
bonded packages such as DPAK due to the package source inductance. Notice also
the high-side Vps shows a “hump” due to dip/dt interacting with L20 and L21 (see
Figure 3). Vs as observed at the pins of the low-side device is also affected due to
inductance of the source leg, the actual Vgs applied to the MOSFET die will be fairly
constant due to the MOSFET gate capacitance Cgs, however the voltage across the
package source inductance is added. This can just be observed in Figure 10. At the
end of period t, the low-side drain current reaches the load inductance current. The
low-side Vps doesn't fall at this point. This is because the high-side body diode
must be turned off first. Note that the low-side MOSFET is experiencing a relatively
high current and also a relatively high Vps, hence there will be some switching loss
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associated with this condition.

At the start of time period t3, the current in the low-side MOSFET increases beyond
the load current. The high-side MOSFET body diode is being switched off, a
negative current is flowing in it and the depletion layer inside the body diode is
forming in order to support reverse voltage, charge is being stored in the diode
junction. This can be considered as a capacitance (sometimes referred to as the
diffusion capacitance Cq, the associated charge may be referred to as Q). The
low-side drain current approaches its peak value.

Once the depletion layer begins to form, the high-side Vps will begin to increase.
This happens at the start of period ts. The low-side Vps will fall. The low-side drain
current will still increase a little further before reaching a peak, partly due to
charging the diffusion capacitance Cq but also due to charging the junction
capacitance Gjin the high-side body diode. The pn junction can be considered as a
parallel plate capacitor, with the distance between the “plates” containing the
depletion region as the dielectric material. There comes a point where the current
flowing into the depletion region becomes relatively small and the current flowing
into the junction capacitance dominates. This is just before the peak current is
observed in the low-side MOSFET. The junction capacitance characteristic
(especially with respect to Vps) now determines the rate of change of current
observed in the body diode and low-side MOSFET. It also determines the rate of
rise of the high-side Vps. This is unlike the situation seen during turn-off, where the
gate driver and Cgp control the dVps/dt, now this is controlled by the energy stored
in the loop inductance and Coss . The charge stored in Coss (C = Cps, Coss = Cps +
Cep) is referred to as Qoss. The process of switching off the high-side MOSFET body
diode during time periods ts and t4 is known as reverse recovery and is described in
ref (5) and other references.

The high-side Vps will usually exceed the nominal DC supply level due to the dlp/dt
and loop inductance. This is referred to as a Vps “spike” and can be problematic.
Notice also that the observed low-side Vs waveform shows some oscillations. Vps
oscillations are coupled into the MOSFET gate directly as a result of the capacitive
divider formed by Cgp and Cgs (see Figure 7). Secondly, the observed waveform is
affected by source lead and layout inductance, represented by L23.

In period ts, a high-frequency decaying oscillation is observed superimposed on a
lower frequency DC link oscillation. The high-frequency oscillation is due to the
resonance of the high-side Coss and the loop inductance Lygasitic. The low frequency
oscillation is due to the resonance of the DC link ceramic capacitors and inductance
of the electrolytic capacitors and circuit layout as discussed in the MOSFET turn-off
condition, (see Section 3.2.1). The oscillations decay over time.

The switching loss in the low-side MOSFET at turn on, (over the t;, t3 and t4 time
periods.), is given by:
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JV(LsD) * I(Rsense)dt (1
The switching loss in the high-side MOSFET, (over the t4 time period), is given by:

f V(HsD, HsS) * (I(Rsense)-I(Lload))dt 12]

3 Methods to improve switching performance

In Section 2, the switch on and switch off transients were explored using double
pulse testing. In the waveforms presented, some undesirable effects can be seen
such as the large voltage spike on the high-side Vps when the low-side MOSFET
switches on, also some oscillations at turn-on and turn-off. This is a cause of
unwanted noise which may propagate to the outside world and may interfere with
the operation of radio systems but may also cause disturbances in other analogue
and digital systems (hence the use of the terms such as electromagnetic
compatibility or electromagnetic interference: EMC / EMI).

3.1 Voltage spikes

Vps spikes are observed in both the switch off and switch on waveforms. At
low-side turn on, it is possible that the high-side Vps might experience a spike which
may reach or exceed the rating of the MOSFET. It is good practice to limit this spike
to < 80% of the MOSFET rating to achieve good reliability and also to keep the
amplitude of the following oscillations quite small.

The following sections consider some methods to minimise these voltage spikes.

3.1.1 Circuit layout

The loop inductance was described in Section 2.3 and Section 2.4. This total
inductance should be minimised as far as possible by using compact layout
methods, so that the loop area is reduced: if the loop is considered as a turn of a
coil then a large coil diameter will result in a larger self inductance. Furthermore,
the magnetic field generated by the loop can interfere with nearby wiring
according to Faraday's law.
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PCB design 1: loop inductance = 10.3 nH PCB design 2: loop inductance = 8.2 nH

Figure 11 | Half-bridge layout possibilities showing inductances

A layout arrangement as shown in Figure 11 helps to reduce the loop inductance.
Design 1 has a loop inductance of 10.3 nH compared to design 2 with a loop
inductance of 8.1 nH, according to simulation (ignoring device inductances). Using
smaller devices can help to reduce the loop area further.

It was seen in Section 2 that switching behaviour depends on the gate driver
voltage and impedance, the package layout source inductance in the gate driver
loop and the loop inductance.

3.1.2 Reducing di/pt

In the case of the low-side MOSFET switch off waveform (Figure 4, Figure 6), the
voltage spike depends on the loop inductance and the dl/pt. Since the current is
falling, the parasitic inductance will add to the supply voltage as seen at the drain
terminal of the MOSFET. The ringing was due to the step voltage change when the
drain current (and dlI/pt) reaches zero. This can be achieved by slowing the gate
drive by some method such as slew rate control at the driver IC, increasing gate

\l

U
=
w
[
o
d
v
(1]
aQ
=
n
=
0
c
(1)
(=]
=
-=
%}
=
2
0
-
wl
LL
(%4}
o
=
()
(=]
=
=
-]
)
0
= =




\l

v
=
w
[
o
ohd
v
(1]
Q
E
"
=
=
(=
n
(=]
=
=
[®
=
2
0
-
wl
LL
(%2}
o
=
()
[=)]
O
=
2
-
0
I

Nexperia | A Power Design Engineer's Guide

resistance or adding capacitance between gate and source. This will increase the
switching time and therefore the switch off loss.

I
(A)
trr
dl/dt i , ty
0 :
......... D
: 025 1y,
dlg/dt
ty 0 N
o Tb IRM
a
tr=t g+t p t(s)

Figure 12 | Reverse recovery waveform definitions

In the case of the low-side MOSFET switch on, it was seen in Figure 10 that there is
a significant Vps spike across the high-side MOSFET which is acting as a diode. The
spike is due to the loop inductance and diz/dt (see Figure 12) which cannot be
directly controlled but which is a function of the dl/dt that is controllable. The time
t, is approximately constant and it depends on the time it takes for the depletion
region to form in the pn junction of the body diode (i.e. recombination time). A
higher dI/dt will therefore result in a higher Izy value and higher energy in the loop
inductance.

dl/4t and dlg/dt are related by the softness factor of the body diode (ty/t,), which is
reasonably constant over a range of dI/pt values. dlz/dt multiplied by the loop
inductance causes a voltage overshoot. This can be absorbed by the MOSFET
output capacitance Coss. This capacitance is non-linear with respect to Vps, (see
Figure 13), which doesn't help with keeping Vps spikes under control. Coss defines
the shape of the tb region (and consequently the dlg/dt) and is a characteristic of
the MOSFET technology.
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Figure 13 | Coss as a function of Vps

Adding additional capacitance external to the MOSFET can help to “linearise” the
capacitance and reduce the Vps spike. This is the capacitance part of an RC snubber.

3.2 Ringing

This occurs because a stimulus is applied to a resonant circuit. In the half-bridge,
inductances are usually attributed to the circuit layout and parasitics within the
components, usually the loop inductance. Capacitances are attributed to the
MOSFETSs (e.g. Coss) and bypass capacitors

3.2.1 Bypass capacitors

Bypass capacitors should be placed as close to the half-bridge as possible (to
minimise the loop area as discussed in 3.2.1), ideally using surface mount devices.
The value should be chosen such that resonance will be well damped. A 100 nF 100
V COG capacitor has an ESL of approximately 1.1 nH and an ESR of 20 mQ. A 1 pyF
100 V X7R capacitor has similar ESL and ESR. This means that the 1 pF capacitor has
a better damping capability compared to the 100 nF capacitor, since the
characteristic impedance will be closer in value to the capacitor's ESR. The COG is a
more stable dielectric however a higher capacitance is more beneficial. It was
shown that the 2 MHz oscillation is due to the capacitance of the ceramic bypass
capacitors and the inductance of the layout and electrolytic capacitors. This is also
borne out in practice.

In the example simulation circuit, 100 nF capacitors are compared with 1 pF
capacitors, see Figure 14.
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Figure 14 | Effect of bypass capacitor selection: 100 nF vs. 1 uF

The 2 MHz oscillation is shifted to a lower frequency and is a lower amplitude, the
ESR and PCB track resistance is providing damping. However the higher frequency
oscillation of around 35 MHz remains and is changed only slightly.

3.2.2 Adding a snubber

By adding an RC snubber across the MOSFET drain and source, oscillations can be
minimised. AN11160 (chapter 6 in this book) - Designing RC snubbers (ref 3) covers
this topic. Another good reference is (ref 4) which proposes a method to optimise
the snubber capacitor. The snubber will attenuate the unwanted high frequency
oscillations as shown in Figure 15. A 10 nF + 2.2 Q snubber is applied to the
high-side and low-side devices. Vps for the high-side device is shown at low-side
turn-on (i.e. high-side body diode turn-off). This also damps the oscillations at
low-side turn-off. SPICE programs allow a sweep of parameters to give an indication
of the snubber values which are likely to give the desired outcome.
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Figure 15 | Effect of adding a snubber

3.3 Feedback into the gate signal

There is a risk of feedback into the gate signal due to high dVDS/dt. If this exceeds
the gate threshold voltage (Vgs(hy) then a significant shoot through current can
flow in the half-bridge. This is due to the MOSFET capacitances C¢p, Cps and the
external gate drive resistance forming a potential divider. If a shoot through
current occurs, this will significantly increase the switching losses. This is illustrated
in Figure 16, see ref (7).
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circuit and current to shoot through the MOSFETs 33a-026552

Figure 16 | Dynamic behaviour of a MOSFET half-bridge

Additional external capacitance is used to control dV/dt. C. is relatively small and
non-linear giving rise to gate glitches and sudden shoot through current. The
external capacitance would be much larger in value and quite linear, producing a
controlled dV/dt. See section 3.4.2.
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3.4 Switching speed control

3.4.1 Effect of varying Rg

Varying the external gate resistance will affect switching losses in the low-side
MOSFET; see Figure 17, Figure 18 and Figure 19. In this case, measurements have
been made using the BUK7S1R5-40H.

160
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/
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Figure 17 | Effect of varying Rg on switching loss (example values only)
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Figure 18 | Effect of varying Rg on di/dt, dir/dt and turn-off di/dt (example values only)
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Figure 19 | Effect of varying Rg on turn-on dV/dt and turn-off dV/dt (example values only)
Increasing Rg will increase switching loss but the benefit is better controlled
switching and improvements in spiking and ringing. There may also be an increased
risk of gate bounce so it may be necessary to add a small capacitor between gate

and source.

For best performance, R¢ for turn-on should be large than Rg for turn-off. di/dt is
controlled by the Vs value around the Miller plateau voltage V,;:

lg = (Vs - Vp) / Rg for example:

o = (10-4.3)/10=0.57 A

lofy = (0-4.3) /10 =-0.43 A

Hence turn on dl/pt may be different to turn off di/pt depending on the value of Rg.

dl/pt can also be controlled by carefully selecting the location of the gate drive
ground connection point, this is equivalent to adjusting L23 in Figure 3.

3.4.2 Effect of adding external gate to source capacitance

In case of gate bounce risk, (see Section 3.3), an external Cgs can be added to
reduce the high frequency impedance of the gate driver whilst still having relatively
high Rg The effect on switching speed (dI/pt) is relatively modest, as seen below in
Figure 20. This is for a BUK7S1R0-40H with an Rg external value of 22 Q.
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Figure 20 | Cgs effect on MOSFET dl/pt

3.4.3 Effect of adding gate to drain capacitance

Adding some drain voltage feedback via a gate — drain capacitor would reduce
dV/dt without affecting dl/pt and will reduce the voltage spike at turn-off. Losses
are increased. Reducing dV/dt is beneficial because in a motor drive, the switch
node voltage is presented directly to the motor windings. The motor windings can
act as antennae so that the frequency domain content of the waveform can radiate
into the environment. The highest frequency component of the waveform will be
approximately 0.35/rise time or 0.35/fall time.
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Figure 21 | External Cqp effect on controlling MOSFET turn-off

Figure 21 shows the effect of adding a capacitor to a BUK7S1R0-40H with a series
resistor of 10 Q. Usually a series resistor Rgp is added to Cqp in order to prevent
oscillations, see Figure 22. The value of C¢p can be in the range of 1 -5 nF fora
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device such as BUK7S1R0-40H, much bigger than the value of the MOSFET internal
Crss. The value of Rgp can be in the range of 10 — 50 Q for this device, higher values
start to diminish the effect of having the external Cgp. Note that Figure 22 applies
to the low-side controlling switch in the case of the double pulse test circuit.

In the case of the MOSFET acting as a synchronous rectifier then the effect of

adding external C¢p will reduce dv/dt however the value of dV/dt can be much
higher. See Figure 23.
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Figure 22 | Adding Ccp and Rep
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Figure 23 | External Cgp effect on the synchronous rectifier MOSFET
It is recommended that some SPICE simulation is performed first before

experimenting to determine the optimum values of external resistors and
capacitors.
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4 Impact on EMC and efficiency

The significant voltage transients and oscillations which have been described in
Section 2 are the source of electromagnetic interference. This must be suppressed
in order to meet CISPR25 based requirements for automotive and CISPR 11 and the
like for industrial, telecoms and consumer equipment. These kinds of standards
consider conducted and radiated emissions. How do these transient voltages and
currents cause interference? In the next paragraphs, emissions from digital circuits
will be ignored however the same basic principles apply, the difference being that
the voltages are much lower than in the power circuit and the frequency rise and
fall times are much faster.

In an ideal PWM controlled half-bridge MOSFET circuit, it is still necessary to take
care of EMI by using screening and filters. This is because simple analysis of the half-
bridge waveforms feature rectangular blocks of current with fast rising and falling
edges from the DC link and the output switch node will feature fast rising and
falling voltages. See Figure 24.

Vehicle _1__ — —— ——
battery =T~ = = =

3 or more
phases

I

Differential
mode filter
2aa-031173

Figure 24 | Sources of electromagnetic noise in a half-bridge circuit

5 Conclusions

This chapter is intended to give the reader a reasonably detailed understanding of
how the half-bridge switching circuit is a source of electromagnetic noise and
power loss. In particular, the reverse recovery characteristic of the MOSFET body
diode can be a key factor to achieving good EMC behaviour and lower losses. Some
techniques to reduce switching noise at source have been considered and a brief
overview of how the noise propagates to the outside world have been considered.
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7 Appendix A: Comparison between SPICE
simulation and practical measurements for the
BUK7S1R0-40H in a double pulse test circuit

The SPICE circuit used is as shown in Figure 3. The following values were used in the
simulation: ceresr =20 m, ceresl = 1.13 n, cerval = 100 n, cerval1 =100 n,
elcoesr =40 m, elcoesl =20 n.

Both turn-on and turn-off conditions are considered.
SPICE model is modified from standard: TT parameter is approximately half of
published value (to give better reverse recovery alignment with double pulse

measurements).

The following test conditions were applied: R =30 Q, I =60 A, Vpc = 20 V.

60 90
V) A;
50 NN A A 60( J
J VI
40 - 30
I(Rsense) ’ n
30 - 0
LA A
T [ \/\//\V Al
10 ~———A—— 0
V(LsG) é\/ _)J\/'\/\
0 -90
V
V(HsD, HsSY”
-10 -120
-20 -150
20.8 20.9 21.0 21.1 212 213 214
t(ps)
I(Rsense) = low-side MOSFET drain current V(LsG) = low-side MOSFET gate to source voltage
V(LsD) = low-side MOSFET drain to source voltage  V(HsD, HsS) = high-side MOSFET drain to source voltage

333-031186

Figure 25 | SPICE turn-on waveform
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60 90
V) (A)
50 / LAAA 60
40 30
I(Rsense)
30 0
V(LsD)
20 \ -30
10 /_) -60
L
. V(LsG) P \ W 0
/
V(HsD, HsS)”
10 -120
-20 -150
14.0 14.1 14.2 14.3 14.4 14.5 14.6 14.7 14.8
t(us)
I(Rsense) = low-side MOSFET drain current V(LsG) = low-side MOSFET gate to source voltage
V(HsD, HsS) = high-side MOSFET drain to source voltage V/(LsD) = low-side MOSFET drain to source voltage
23a-031238

Figure 26 | Measurement turn-on waveform
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20 - i A -30
V(LsG) \/
10 60
V(LsD) T %
o Vv -
10 -120
-20 -150
13.2 13.4 13.6 13.8 14.0 14.2 14.4 14.6 14.8
t(us)
I(Rsense) = low-side MOSFET drain current V(LsG) = low-side MOSFET gate to source voltage
V(LsD) = low-side MOSFET drain to source voltage  \/(HsD, HsS) = high-side MOSFET drain to source voltage
23a-031185

Figure 27 | SPICE turn-off waveform
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60 . 9
V) I(Rsense) (A)
50 60

40 \\ 30
30 0
20 | V(HSD, HsS) /"“"\«_ 20
, Lvse) \/ -
YD) \WAVW 90

X

[ Bamamad
-10 -120
-20 -150
11.0 1.2 1.4 1.6 11.8 12.0 122 124 12.6
t(us)
I(Rsense) = low-side MOSFET drain current V(LsG) = low-side MOSFET gate to source voltage
V(HsD, HsS) = high-side MOSFET drain to source voltage V(LsD) = low-side MOSFET drain to source voltage
23a-031239

Figure 28 | Measurement turn-off waveform

Table 1: Meausrement and SPICE simluation values

Turn-on Turn-on Turn-off Turn-off
(measured) (SPICE) (measured) (SPICE)
dl/pt 1.12 A/ns 1.12 A/ns di/pt 0.82 A/ns 1.05 A/ns
dir/dt 2.96 A/ns 2.78 A/ns dVv/dt 0.31V/ns 0.45 V/ns
AIRM 10.09A 12.2A V(LsD) 29V 342V
= 11.43 ns 12.8 ns - - -
ty 5.17ns 7.2ns - - -
dV/dt 4.54V/ns 5.7 V/ns - - -

V(HsD, HsS) 27V 41.2V - - -
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Chapter 8

Failure signature of
electrical overstress
on power MOSFETs

Application Note: AN11243
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1 Introduction

When Power MOSFETSs fail, there is often extensive damage. Examination of the
size and location of the burn mark, the failure signature, provides information
about the type of fault condition which caused the failure. This chapter provides a
catalogue of failure signatures from common electrical overstress failure modes.
The catalogue can be used in forensic investigation of the underlying root cause of
failure to improve module design and reliability.

Power MOSFETSs are used to switch high voltages and currents, while minimizing
their own internal power dissipation. Under fault conditions however, it is possible
to apply voltage, current and power exceeding the MOSFET capability. Fault
conditions can be either due to an electrical circuit failure or a mechanical fault
with a load such as a seized motor. This leads to Electrical Overstress (EOS).
Typically the consequence of EOS is the short circuiting of at least 2 of the 3
MOSFET terminals (gate, drain, source). In addition, high local power dissipation in
the MOSFET leads to MOSFET damage which manifests as burn marks, die crack
and in extreme cases as plastic encapsulation damage.

Examination of the size and location of the burn mark, the failure signature,
provides information about the type of fault condition which caused the failure.
Common fault conditions are:

* ElectroStatic Discharge (ESD)

» Unclamped Inductive Switching (UIS) - commonly called Avalanche or
Ruggedness

» Linear Mode operation

» Over-current

Packaged MOSFETs have been deliberately destroyed under these conditions.
Images recorded of the ensuing burn marks on the silicon surface, provide a
‘Rogue’s Gallery’ to aid the explanation of EOS failures.

Section 1.1 to Section 1.4 gives an overview of the common failure signatures.
Appendices in Section 2.1 to Section 2.17 provide further images.
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1.1 ESD - Human body model

1.1.1 EOS method

ESD pulses were applied using a standard Human-body Model ESD circuit; for
details see AEC- Q101 -REV-May 15, 1996. Voltage of the applied pulse was
progressively increased until device failure was observed.

St R
l 1500 Q
terminal A
HIGH VOLTAGE
PULSE == ‘\82 somer |short .
GENERATOR
terminal B
= aaa-004855

Figure 1| Typical circuit for Human body Model ESD simulation

1.1.2 Fault condition simulated

Human body model ESD simulates situations when a voltage spike is applied to the
MOSFET exceeding the maximum voltage that can be sustained by the gate oxide
of either gate-source or gate-drain. The pulse is applied with 1500 Q series
resistance between the voltage origin and the MOSFET, which limits the rate of rise
of the MOSFET gate voltage. Either human handling, electrical test equipment or
malfunctioning circuits can easily apply such voltage pulses.
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1.1.3 Signature

Failure site is found in an edge cell of the MOSFET structure. Outer edge cells and
cells near the gate are the first to be subjected to the incoming voltage pulse and
are thus the first sites where the voltage exceeds the gate-oxide capability. The
signature differs from Machine Model failures in that the fail site does not show
such a strong tendency to group near the gate, due to the slower rise in gate
voltage.
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Table 1: Examples of Human Body Model ESD Failure signature

Cell pitch

Device name
(um)

Image Comments

Fail site is gate
oxide of edge cell;
see Section 2.1
BUK9508-55A 9 (hexagon) Hu dn;?gg(s)iyf
BUK9508-55A"
for further images

33a-004856

Fail site is gate
oxide of edge cell;
see Section 2.2
BUK9Y40-55B 4 (stripe) ﬁ;dn;?régg (iyr
BUK9Y40-55B"
for further images

3a33-004857

Fail site is gate
oxide of edge cell;
see Section 2.3
PSMNO11-30YL 2 (stripe) #gldn;?ggg?é
PSMNO11-30YL"
for further images
23a-004858

Fail site is gate
oxide of edge cell,
see Section 2.4
PSMN8R5-100PSF 2.5 (stripe) "Human body
model EOS of
PSMN8R5-100PSF"
for further images.

Fail site is gate
oxide of edge cell,
see Section 2.5
BUK7Y3R0-40H 1.5 (stripe) n:ﬁ;fgggg
BUK7Y3R0-40H"
for further images.
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1.2 Unclamped Inductive Switching (UIS)
(Avalanche or Ruggedness)

1.2.1 EOS method

Inductive energy pulses were applied using a standard UIS circuit; for details see
AEC-Q1017-004 - REV - May 15, 1996. A fixed inductance value is selected. Current
in the inductor prior to switching the MOSFET was progressively increased until

device failure was observed.

Table 2. UIS ruggedness test circuit and waveforms

Vbr —,

BVdss

IEIV
Vop
s ‘
gate " [ 5
voltage gate
source l&ta‘,A'l
_T_Vop
] dl |
322-004859 fotor) 223-004860
Figure 2 | Circuit diagram for UIS ruggedness test Figure 3 | Waveforms obtained from UIS test

1.2.2 Fault condition simulated

UIS simulates situations when a MOSFET is switched off in a circuit in which there is
inductance. The inductance can be deliberate (such as an injector coil in a diesel
engine system), or parasitic. As the current cannot decay to zero instantaneously
through the inductance, the MOSFET source-drain voltage increases to take the
device into avalanche breakdown. The energy stored in the inductance is then
dissipated in the MOSFET.

1.2.3 Signature

Failure site is found in an active MOSFET cell. The burn-mark is usually round in
shape, indicating a central failure site and subsequent thermal damage.

If the avalanche event is long in duration (~ ms), then burn marks locate at central
sites on the die, where there is maximum current flow and reduced heat
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dissipation. The sites are often adjacent to wire bonds/clip bonds where current
density is high, but not directly under the wire bond/clip bond as it provides a local
heat sink. Failure is at the hottest location of the die.

For short avalanche events (~ ps), the burn marks can take on more random
locations over the die surface. The temperature rise in the chip is more uniform
with negligible chance for current crowding and local heating on these time scales.
For even shorter avalanche events, the burn marks can locate at die corners due to
the discontinuity in cell structure at these locations.

Table 3: Examples of Unclamped Inductive Switching Failure signature

Cell pitch

Device name (um)

Image Comments

Round burn
in active area;
see Section 2.6
BUK7L06-34ARC 9 (hexagon) l::g:fcnaegd
switching EOS of
BUK7L06-34ARC”
for further images

2aa-004861

Round burn
in active area;
see Section 2.7
“Unclamped
BUK9Y40-55B 4 (stripe) Inductive
Switching EOS of
BUK9Y40-55B"
for further images

33a-004862

Round burn
in active area;
see Section 2.8
PSMN7R0-30YL 2 (stripe) liJr?ghacrgegd
switching EOS of
PSMN7R0-30YL"
5aa-004863 for further images




MOSFET & GaN FET Application Handbook

00)

Cell pitch

Device name (um)

Image Comments

Round burn
in active area;
see Section 2.9
"Unclamped
inductive
switching EOS of
PSMN8R5-100PSF"
for further images.

PSMNB8R5-100PSF 2.5 (stripe)

Round burn
in active area;
see Section 2.10
"Unclamped
inductive
switching EOS of
BUK7Y3R0-40H"
for further images.

BUK7Y3R0-40H 1.5 (stripe)

1.3 Linear mode operation

1.3.1 EOS method

A Safe Operating Area (SOA) graph is included in all power MOSFET data sheets.
Outside the defined safe region, the power dissipated in the FET cannot be
removed, resulting in heating beyond the device capability and then device failure.
MOSFETs were taken and a fixed source-drain voltage applied. Current pulses of
defined duration were applied and the current was increased until MOSFET failure
was observed.
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103

. —
A
) limit Ros(on)= Vos / Ip
102 - t=10ps -
= —— e
= 7 AN —
= 7 N1
= = T
— —
0 — L —~L fooss | |
i i
T
1 1 ms:
10 ms —
)DC( 100‘ ms‘ff
107! | [ ]
1 10 Vos (V) 102

aaa-004864

Figure 4 | Safe operating area; continuous and peak drain currents as a function of drain-source
voltage
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1.3.2 Fault condition simulated

Linear mode operation is common during device switching or clamped inductive
switching and is not a fault condition unless the SOA is exceeded. Linear mode EOS
simulates situations when a MOSFET is operated in Linear mode for too long. This
situation can also occur if, when intending to turn the FET on, the gate signal
voltage to the FET is too low. This condition can also arise when intending to hold
the FET in the Off-state with high drain-source voltage. If the gate connection is
lost, the gate voltage capacitively rises and the same Linear mode fault condition
occurs

1.3.3 Signature

The hottest location of the die is a failure site that is usually at central sites on the
die. The center of the die is where there is maximum current flow and reduced heat
dissipation. The sites are often adjacent to wire bonds/clip bonds where current
density is high, but not directly under the wire bond/clip bond as it provides a local
heat sink.

Table 4: Examples of linear mode failure signature

Cell pitch

Device name (um)

Image Comments

Burns located in
center of die
adjacent to
wire-bonds;
BUK7L06-34ARC 9 (hexagon) see Section 2.11
“Linear mode
EOS of
BUK7L06-34ARC”
for further images
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a3a-004865

Burn adjacent
to location

of clip bond in

center of die;
see Section 2.12

“Linear mode

EOS of

BUK9Y40-55B"

for further images

BUK9Y40-55B 4 (stripe)

23a-004866
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Cell pitch

Device name
((Th))]

Image Comments

Burn adjacent
to location

of clipbond in

center of die;
see Section 2.13

“Linear mode

EOS of

PSMN7R0-30YL"
for further images

PSMN7R0-30YL 2 (stripe)

33a-004867

Burn between
source bond wires
in active
area,
PSMN8R5-100PSF 2.5 (stripe) see Section 2.18
"Linear mode
EOS of
PSMN8R5-100PSF"
for further images

Burn close to the
source clip location
in the active
area,
BUK7Y3R0-40H 1.5 (stripe) see Section 2.19
"Linear mode
EOS of
BUK7Y3R0-40H"
for further images

1.4 Over-current

1.4.1 EOS method

The maximum current-handling capability is specified on the data sheet for Power
MOSFETSs. This capability is based on the current handling capability of wires or
clips, before which fusing will onset, combined with the ability to dissipate heat.
Exceeding this rating can result in catastrophic failure.
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N\
Ip drain current Vgs =10 V; Tmp = 100 °C; see Figure 1 = / 53 \ A
Vas = 10 V: Tmp = 25 °C; see Figure 1 - [s] A
Ipm peak drain current tp < 10 ps; pulsed; Tmp = 25 °C; see Figure 3 - \260/ A
~—
2aa-005071

Figure 5 | Example of maximum current rating from the data sheet of PSMN7R0-30YL

1.4.2 Fault condition simulated

Over-current occurs if a FET is turned on with no element in the circuit to limit the
current, resulting in a supply voltage being applied fully over the drain-source
terminals of the FET. Typically this occurs if a load has been short-circuited.
Alternatively if 2 FETs are operating in a half-bridge, over-current can ensue if both
are turned on together.

1.4.3 Signature

Failure site is initially where the current handling connections (wires or clips) meet
the die. Normally damage is extensive however in over-current conditions, and
spreads over the entire die surface with evidence of melted metallization and
solder joints.

For wire-bonded packages, there is often evidence of fused wires. For clip-bonded
packages, die crack is commonly observed.

Table 5: Examples of over-current Failure signature

Cell pitch

Device name )

Image Comments

Burns located in
center of die
adjacent to
wire- bonds.
Secondary damage
of remelted top
BUK7L06-34ARC 9 (hexagon) metal and solder
die attach;
see Section 2.14
aaa-004868  Over-current
EOS of
BUK7L06-34ARC”
for further images
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Cell pitch

Device name
((Th))]

Image Comments

Burn adjacent to
location of clip
bond in center

of c_lie;
PSMN7R0-30YL 2 (stripe) 538325_2825515
EOS of

PSMN7RO-30YL"

for further images

33a-004869

2 Appendices

2.1 Human Body Model EOS of BUK9508-55A

Table 6: Human body model EOS

BUK9508-55A

Cell structure: 9 mm hexagons
Package: TO-220

Die size: 5.5mm x4.5mm
EOS condition: 5 kV HBM pulse

333-004869

333-004899

Fails located in edge cells, distributed around edge
of device
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3aa-004900

Figure 6 | Sample image 4; after Al removal

a3a-004902

Figure 8 | Sample image 19; after Al removal

aaa-004901

Figure 7 | Sample image 4; after Al removal,
close-up

33a-004903

Figure 9 | Sample image 19; after TEOS removal,
close-up
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2.2 Human Body Model EOS of BUK9Y40-55B

Table 7: Human body model EOS

BUK9Y40-55B

Cell structure: 4 pm stripe
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Package: LFPAK (clip bond)
Die size: 2.5mmx 1.35mm
EOS Condition: 450V to 650V HBM
pulse
23a-004904
Fails located randomly over die with increased
grouping in edge cells. Some fails subjected to ATE
testing to create additional damage to highlight
fail site
33a-004905 23a-004906
Figure 10 | Sample image 5; after Al removals Figure 11 | Sample image 5; after TEOS removal,

close-up
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2.3 Human Body Model EOS of PSMNO011-30YL

Table 8: Human body model EOS

PSMNO011-30YL

Cell structure: 2 pm stripe
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Package: LFPAK (clip bond)
Die size: 1.7mmx 1.2 mm
EOS Condition: 200V to 210V HBM
pulse
33a-004907
Fails located in edge cells

23a-004908 33a-004909
Figure 12 | Device 4; after Al removals Figure 13 | Device 7; after Al removal

33a-004910 33a-004911

Figure 14 | Device 5; after Al removals Figure 15 | Device 10; after Al removal
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2.4 Human Body Model EOS of
PSMN8R5-100PSF

Table 9: Human body model EOS

PSMNB8R5-100PSF

Cell structure: 2.5 pm stripe

Package: SOT78

Die size: 4mmx2.67mm

EOS Condition: 1.4 kV to 1.8 kV HBM
pulse

v
[
w
L
7]
o
=

=

o

3

o

a
c
o
w
w
[}
(=
o)
w
[
o

>

°
]
U
=
)
(%)
[}
—
v
U
o
o
(=
=
hed
n
c
K-y
w
[}
(=
=
—
(]
(18

Figure 16 | Device 4 after Al removals Figure 17 | Device 7 after Al removal

Figure 18 | Device 5 after TEOS removal Figure 19 | Device 10 following decapsulation
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2.5 Human Body Model EOS of BUK7Y3R0-40H

Table 10: Human body model EOS

BUK7Y3R0-40H

Cell structure: 1.5 pm stripe
Package: SOT669

Die size: 2.65mmx2.15mm
EOS Condition: 2 kV HBM pulse
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Figure 20 | Device 2 after Al, barrier and TEOS etch Figure 21 | Device 3 after Al, barrier
and TEOS etch

Figure 22 | Device 4 after Al, barrier and TEOS etch
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2.6 Unclamped Inductive Switched EOS of
BUK7L06-34ARC

Table 11: Unclamped inductive switching EOS

BUK7L06-34ARC

Cell structure: 9 mm hexagons Small round burn marks, randomly distributed

Package: TO-220 (clip bond) . .
Die size: 43 mmx 43 mm over active areg, close to but not directly

EOS Condition: 0.2 mH; 80 Ato 110 A under wire-bonds

33a-004912 aaa-004913

Figure 23 | Sample image 1 Figure 24 | Sample image 2
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a3a-004914 2aa-004915

Figure 25 | Sample image 3 Figure 26 | Sample image 4
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2.7 Unclamped Inductive Switched EOS of
BUK9Y40-55B

Table 12: Unclamped inductive switching EOS

BU 55B

Cell structure: 4 pm stripe

Package: LFPAK (clip bond)
Die size: 2.5mmx 1.35mm
EOS Condition: Red dots: 0.1 mH,
76 Ato 80 A
Yellow dots: 15 mH,
TAto9A
33a-004916
Small round burn marks, randomly distributed over
active area, close to but not directly under clip
bond
23a-004917 2aa-004918
Figure 27 | Sample image 41; 0.1 mH Figure 28 | Sample image 43; 0.1 mH
a3a-004919 23a-004920

Figure 29 | Sample image 51; 15 mH Figure 30 | Sample image 55; 15 mH
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2.8 Unclamped Inductive Switched EOS of
PSMN7R0-30YL

Table 13: Unclamped inductive switching EOS

PSMN7R0-30YL

Cell structure: 2 ym stripe
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Package: LFPAK (clip bond)
Die size: 2.5mmx 1.35mm
EOS Condition: Red dots: 0.1 mH,
48 Ato 51 A
Yellow dots: 15 mH,
16 A to 18 A
33a-004921
Small round burn marks, randomly distributed over
active area, close to but not directly under clip
bond
23a-004922 33a-004923
Figure 31| Sample image 6; 0.1 mH Figure 32 | Sample image 8; 0.1 mH
33a-004924 33a-004925

Figure 33 | Sample image 18; 3.5 mH Figure 34 | Sample image 20; 3.5 mH
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2.9 Unclamped Inductive Switched EOS of
PSMN8R5-100PSF

Table 14: Unclamped inductive switching EOS

PSMNB8R5-100PSF

Cell structure: 2 pym stripe

Package: SOT78

Die size: 4mm x2.67 mm

EOS Condition: Tealdot-25 mH
Orange dot- 100 uH

Figure 35 | Device 1 upper (orange) hotspot Figure 36 | Device 1 lower (orange) hotspot

Figure 37 | Device 4 upper (orange) hotspot Figure 38 | Device 4 lower (orange) hotspot
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Figure 39 | Device 6 (teal) hotspot Figure 40 | Device7 (teal) hotspot

Figure 41 | Device 8 (teal) hotspot Figure 42 | Device 9 (teal) hotspot
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2.10 Unclamped Inductive Switched EOS of
BUK7Y3R0-40H

Table 15: Unclamped inductive switching EOS

BUK7Y3R0-40H

Cell structure: 1.5 pm stripe

Package: SOT699
Die size: 2.65mmx2.15mm
Figure 43 | Devicel Figure 44 | Device 2

Figure 45 | Device 3
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2.11 Linear mode EOS of BUK7L06-34ARC

Table 16: Linear mode EOS

BUK7L06-34ARC

Cell structure: 9 mm hexagon

Package: TO-220 (clip bond)

Die size: 4.3 mmx 4.3 mm

EOS condition: 15V, 3 A Burn marks located in middle of the die adjacent to wire bonds
30V, 1.5 ABurn mark and location are more discrete at 20V, 1.5 A
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333-004926 23a-004927
Figure 46 | Sample image 1: 15V, 3 A Figure 47 | Sample image 2: 15V, 3 A
23a-004928 33a-004929

Figure 48 | Sample image 3: 15V, 3 A Figure 49 | Sample image 4: 15V, 3 A
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23a-004930 33a-004931
Figure 50 | Sample image 1: 30V, 1.5 A Figure 51 | Sample image 2: 30V, 1.5A

23a-004932 33a-004933
Figure 52 | Sample image 3: 30V, 1.5 A Figure 53 | Sample image 4:30V, 1.5 A
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2.12 Linear mode EOS of BUK9Y40-55B

Table 17: Linear mode EOS

BUK9Y40-55B

Cell structure: 4 pm stripe

Package: LFPAK (clip bond)

Die size: 2.5mmx 1.35 mm

EOS condition: 20V, 3.5A,30ms
20V,3 A, 60ms

30V, 1.4A,60ms

33a-004916

Burn marks in center of die, adjacent but not
directly under clip bond
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33a-004935 33a-004936
Figure 54 | Sample image 61; 20V, 3.5 A, 30 ms Figure 55| Sample image 62; 20V, 3.5A, 30 ms
23a-004937 33a-004938

Figure 56 | Sample image 63;20V, 3.5A, 30 ms Figure 57 | Sample image 64; 20V, 3.5A, 30 ms
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33a-004937

Figure 58 | Sample image 66; 20V, 3 A, 60 ms

aaa-004942

Figure 60 | Sample image 68; 20V, 3 A, 60 ms

22a-004944

Figure 62 | Sample image 71;30V, 1.4 A, 60 ms

333-004938

Figure 59 | Sample image 67; 20V, 3 A, 60 ms

333-004943

Figure 61 | Sample image 69; 20V, 3 A, 60 ms

a3a-004946

Figure 63 | Sample image 72; 30V, 1.4 A, 60 ms
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2aa-004945 a3a-004947

Figure 64 | Sample image 73; 30V, 1.4 A, 60 ms Figure 65 | Sample image 74;30V, 1.4 A, 60 ms

2.13 Linear mode EOS of PSMN7R0-30YL

Table 18: Linear mode EOS

PSMN7R0-30YL

Cell structure: 2 pm stripe
Package: LFPAK (clip bond)
Die size: 2.3mmx 1.35mm
EOS condition: 0.1 mH, 48 Ato 51 A
3.5mH, 16 Ato 18 A

Burn marks in center of die, adjacent but not
directly under clip bond
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33a-004948 333-004951

Figure 66 | Sample image 1; 15V, 2.5 A, 100 ms Figure 67 [Sample image 2; 15V, 2.5A, 100 ms
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333-004953

Figure 68 | Sample image 4; 15V, 2.5 A, 100 ms

33a-004955

Figure 70 | Sample image 11; 15V, 5A, 1 ms

aaa-004957

Figure 72 | Sample image 13; 15V, 5A, 1 ms

33a-004954

Figure 69 | Sample image 5; 15V, 2.5 A, 100 ms

333-004956

Figure 71 | Sample image 12; 15V, 5A, 1 ms

3a33-004958

Figure 73 | Sample image 14; 15V, 5A, 1 ms
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2.14 Linear mode EOS of PSMN8R5-100PSF

Table 19: Linear mode EOS

PSMN8R5-100PSF

Cell structure: 2.5 pm stripe
Package: SOT78
Die size: 4mmx2.67 mm
EOS condition: Teal dot-50V
10 ms pulse length
Orange dot-70V
1 ms pulse length
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Figure 74 | Device 5 upper (orange) hotspot Figure 75 | Device 6 lower (orange) hotspot

Figure 76 | Device 7 upper (orange) hotspot Figure 77 | Device 8 lower (orange) hotspot
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Figure 78 | Device 1 (teal) hotspot Figure 79 | Device 2 (teal) hotspot

Figure 80 | Device 3 (teal) hotspot Figure 81 | Device 4 (teal) hotspot

)
-
w
L
(72
o
=

[

[}

3

o
a
[
o
v
"
v
(=
b
"
L
[}

>

o
®
U
‘=
ohd
v
v
—
[\
w—
o
[
=
=2
)
n
c
o2
v
v
(=
=2
®
'




MOSFET & GaN FET Application Handbook

00)

2.15 Linear mode EOS of BUK7Y3R0-40H

Table 20: Linear mode EOS

BUK7Y3R0-40H

Cell structure: 1.5 um stripe

Package: LFPAK (clip bond)

Die size: 2.3mmx 1.35mm

EOS condition: 0.1 mH, 48 Ato 51 A
3.5mHmM 16 Ato 18 A

Burn marks in center of die, adjacent but
not directly under clip bond
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Figure 82 | Sample image 1; 15V, 2.5 A, 100 ms Figure 83 | Sample image 2; 15V, 2.5 A,
100 ms

Figure 84 | Sample image 4; 15V, 2.5 A, 100 ms
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e 2.16 Over-current EOS of BUK7L06-34ARC
%
fo) Table 21: Over-current EOS
=
o
3 BUK7L06-34ARC
o
Q
g Cell structure: 9 mm hexagon Extensive damage starting from die where wire
A Package: TO-220 (clip bond) bonds meet die.
3 Die size: 4.3 mmx 4.3 mm Secondary damage of reflowed solder and even
5 EOS condition: 120 A fused wires are visible.
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o 23a-004959 332-004960
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(s Figure 85 | Sample image 1 Figure 86 | Sample image 2
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aaa-004961 33a-004962

Figure 87 | Sample image 3 Figure 88 | Sample image 4
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2.17 Over-current EOS of PSMN7R0-30YL

Table 22: Over-current EOS

PSMN7R0-30YL

Cell structure: 2 pm stripe
Package: LFPAK (clip bond)
Die size: 2.3mmx 1.35mm
EOS condition: 35A,35ms

Burn marks in center of die, adjacent but not
directly under clip bond
Some evidence of die-cracking.

2aa-004963 aa3a-004964

Figure 89 | Sample image 6 Figure 90 | Sample image 7
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33a-004965 23a-004966

Figure 91| Sample image 8 Figure 92 | Sample image 9
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Chapter 9

LFPAK MOSFET
thermal design guide

Application Note: AN90003
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1 Introduction

This chapter is a guide to assist design engineers in understanding the power
dissipation limits of the LFPAK family of packages. The maximum power that a
MOSFET can dissipate is considered as a function of the Printed Circuit Board (PCB)
design, using some common configurations. The application notes comprises of
three main sections. The first section gives some background on MOSFET power
loss and the thermal environment. The next two sections address separately the
low power LFPAKSs (LFPAK56D and LFPAK33) and the high power LFPAKs (LFPAK56
and LFPAKS8).
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2 MOSFET power dissipation and the design
environment

During normal operation, MOSFETs can exhibit three kinds of power losses:

» Switching losses — due to voltage and current being non-zero during the
transition between the ON and OFF states.

« Conduction losses — when the device is fully on due to its on-state resistance
Ros(on)-

» Avalanche losses —if the device breakdown voltage is exceeded and an
avalanche event occurs.

The shape of the power can change depending on the nature of the load. A
generalized model of the total power dissipated by a MOSFET is the sum of these
three losses, see Equation (1).

Prot = Psw + Peond + Pav [1]

In addition to electrical requirements another challenge is often the harsh
environment that a device needs to operate in, particularly in terms of
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temperature. For instance, in automotive and industrial applications it's not
uncommon to encounter high ambient temperature requirements, (from 85 °C up
to 125 °C), this limits the amount of power that a MOSFET can safely handle.

Semiconductor devices are not the only parts to consider when dealing with high
temperatures. For instance, the PCB material FR4 has a maximum operating
temperature of around 130 °C, depending on manufacturer and chemistry, this is
much lower than the limit specified for the junction of a silicon die (175 °C).

Modern applications continue to push the limits of power MOSFETs, while search-
ing for better and better performances. As a consequence thermals have become
one of the most important aspects of systems design. One way to address thermal
issues is to carefully choose a device with the appropriate performances and
provide a good enough path through which heat can flow freely, avoiding any
impact on the device reliability.

2.1 Heat propagation phenomena

Heat propagates because of a temperature difference between the junction and
the outside/ambient. Propagation occurs from junction and the outside/ambient
through different material, from solids (silicon, copper, FR4, aluminum) to fluids
(surrounding air or even air pockets trapped in the solder joints on the PCB). Heat
finds a path whether it's defined by an engineer or not. This means that if the path
is not designed correctly then heat might get trapped and raise the temperature of
one or multiple mediums.

The physical phenomena by which heat can propagate are: conduction, convection
and radiation.

—— Conduction Ambient (T5)
—— Convection

~—» Radiation

R

33a-031985

Figure 1 | Thermal propogation phenomena
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2.1.1 Conduction

Conduction is the propagation of heat in a solid medium due to a temperature
difference within it, and it is caused by the random movement of atoms and
molecules. The rate of heat flow Q is directly proportional to the cross-section area
A, temperature difference and thermal conductivity k. It is inversely proportional to
the length x of the heat path, see Equation (2).

solid medium

a3a-031976

Q=k A ——2 12]
X

Thermal conductivity, measured as W/(mK), is a physical property of a material and
defines its ability to conduct heat. The higher its value the higher the rate of heat
transfer, therefore the better thermal conductor. From Equation 2 it can be derived
that rate of heat flow is measured in W. Therefore, heat is measured in Joule (Ws).

Table 1 lists some materials with their thermal conductivity values. Air is a very bad
conductor of heat, thus a good thermal insulator. It's thermal conductivity is 2,000
times lower than that of steel. Notice how thermal glue has a very low thermal
conductivity of less than 2, (generic brand). Thermal glue is not a good thermal
conductor, however its main function is to create a good fit between two surfaces
that otherwise would form trapped pockets of air, which is 100 times a better
insulator than the glue itself.

Table 1: Typical thermal conductivity values

Material k (W/mK)

Air (not moving) 0.024
Brick 0.6
Glass 0.8
Thermal glue 1.78
Steel 50.2
Brass 109

Silicon 130
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Material k (W/mK)

Aluminium 205
Copper 385
Silver 406
Diamond 1000

2.1.2 Convection

Convection is the transfer of heat from a solid body to a fluid due to its movement
with respect to the surface of the body, and it is promoted by a difference in
temperature between the two mediums. The fluid may be a gas (air) or a liquid.

Here the rate of heat flow depends only on surface A, temperature difference and
convection coefficient h, see Equation (3).

Tamb

s

3aa-031977

Figure 3 | Convection in free air

Q=h-A-(Ts-Tamp) [3]

The convection coefficient is not a physical property of the fluid (like the
conduction coefficient) but an abstract quantity verified by experimentation. It
depends on fluid density, velocity, viscosity, turbulence and on the solid medium
surface geometry.

The convection coefficient is measured in W/(m?2K). Table 2 lists some values
measured in different scenarios of free/natural and forced cooling.

Table 2: Thermal convection coefficient values

Flow type h (W/m2K)

Free air Forced cooling
Gases 2-20 25-300
Air 10 100
Liquids 50-1,000 100-40,000
Phase change 2,500-100,000

As can be seen during a phase change the convection coefficient rises dramatically
up to 100,000. This is due to the fact that during a phase change all the energy
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involved, and transferred to the fluid, is used to rearrange molecules structure and
does not result in a temperature change.

2.1.3 Radiation

Radiation is the propagation of heat via infrared radiation.

The main benefit of radiation is that as the ambient temperature increases, and the
component temperature with it, the heat transfer by radiation increases as well. As
you can see in Equation (4), it depends on the fourth power of temperature. The
radiation is bigger but not by a lot and the overall effect is that radiation does not

help a body get cooler.

T2

aaa-031978

Figure 4 | Radiation

Q=e-0-A(T/*-T,) [4]

The amount of radiation is determined by the surface emissivity. Emissivity of a
material is measured between 0 and 1. A perfect emitter is called a black body
because it emits 100% of the energy it absorbs, and is assigned an emissivity value

of 1. Table 3 below gives emissivity values for different materials.

Table 3. Typical emissivity values

Material Emissivity coefficient (g)
Aluminium, polished 0.05
Aluminium, oxidized 0.25
Black electrical tape 0.95
Copper, polished 0.01
Copper, oxidized 0.65
Steel, oxidized 0.88
Water 0.98

A new piece of polished aluminum has emissivity of 0.05, (not good), its emissivity
increases as it oxides by 5 times. Every object emits thermal radiation, the amount
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of radiation that a particular object emits as a function of wavelength looks as a
bell shaped curve. Energy is emitted at all frequencies but the major part of the
emission occurs at a certain wavelength range which depends on the source
temperature. The higher the temperature the higher the frequency (lower the
wavelength), that is why we see materials change color as they heat up.

At the receiving side, for most of the surfaces, the same graph looks quite flat but
to a very small range of wavelengths at which the object absorbs all the impinging
radiation. These surfaces are called selective surfaces, because they absorb only
certain wavelengths.

2.2 Thermal - Electrical analogy

When considering thermal propagation, classical methods of analysis may be used.
These are based on the thermal equations and thermal networks. These describe
the paths through which heat propagates through mediums or from one medium
to another.

Any thermal network can be modelled by means of an electrical circuit. An analogy
for every thermal parameter can be found in the electrical domain. The respective
analogues of electric potential and current are temperature difference and rate of
heat flow. Based on these it may be observed that the thermal resistance is the
ratio of temperature and rate of heat flow similarly to how the voltage and current
ratio defines the electrical resistance using Ohm’s law. The main analogies may be
seen in Table 4 below. Based on these, thermal networks can be solved using many
of the electrical theory laws such as Ohm'’s and Kirchhoff’s laws. Also circuits can be
simplified by means of series and parallel resistor equivalences.

Table 4. Thermal and electrical analogous parameters

Thermal Electrical

Temperature T (°C) Voltage V (V)

Rate of heat flow Q (W) Current | (A)

Thermal resistance Ry, (K/W) Resistance R (Q)
Thermal capacitance Cy, [W-s/K] Capacitance C (As/V = F)

An example of a thermal circuit modelled in the electrical domain using a SPICE
software may be seen in Figure 5. Figure 6 shows the response of this example
circuit as a temperature plot, where the transient and steady state thermal
behaviour may be seen.
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T2
Tfinal
czl R2
|
Tamb
Tamb
time
33a-031975 2aa-031984
Figure 5 | SPICE model Figure 6 | Response

2.2.1 Thermal resistance

Thermal resistance is a measure of the inertia of a material or medium towards
heat flow, just like the electrical resistance is to the movement of electrons. It is
therefore a physical property of the specific component. It is calculated as the ratio
of the temperature difference between two points and the rate of heat flow,
therefore as K/W. The thermal and electrical models may be seen in the pictures
below.

Thermal model Electrical model

IL

T, v, Reonp = XA
Q I

_ _ 1

Rt_h = Ti-T R = V—l V2 RCONV_ hxA
Q I

S
T2 vz LAD hr*xXA

33a-031986

Figure 7 | Thermal and electrical resistance models

Every phenomenon governing how heat flows, namely conduction, convection and
radiation, has its own thermal resistance. Each one of them depends inversely on a
coefficient and surface or cross section area of the material from where heat is
generated or simply passing through. In conduction the resistance depends directly
to the length of the medium.
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2.2.2 Thermal capacitance

Thermal capacitance, sometimes known also as thermal mass, is a property of a
material which represents how much heat (thermal energy) it can store in time,
similar to its electrical counterpart with electrical energy. Thermal capacitance
provides also a quantity of the inertia against temperature fluctuations, the higher
the value the harder it will be to drive the stored energy in or out.

Thermal model Electrical model

C =mxC

Figure 8 | Thermal and electrical capacitance models

Thermal capacitance is typically referred to using the symbol Cy,, and it's measured
as J/K. For a body of uniform composition, it can be approximated as the product of
mass (m) of the body and specific heat capacity (Cp), which is the heat capacity of a
sample of the substance divided by the mass of the sample.

2.2.3 Transient and steady state thermal behavior

« Thermal transients describe temperatures which are changing, even at the end
of the analysis window. An example may be observed below in the yellow part of
the junction temperature plot.

 Steady state thermals describe the stable region where temperatures show
minimal to no change at all. These temperature remain unchanged with the
passing of time and thus represent the final values a system might show under
constant conditions.
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t
3a3a-031979

Figure 9 | Transient and steady state thermal behavior

2.3 MOSFET steady state thermal
characteristics

This section focuses on two important MOSFET thermal aspects. The junction to
mounting base thermal resistance as well as the junction to ambient thermal
resistance. The aim in this chapter is to overview the two thermal paths and to
show the thermal network which describes these paths.

2.3.1 Thermal resistance junction to mounting base - Rep(j-mb)

The thermal heat path between the MOSFET junction to its mounting base is one
of the most important thermal specifications on a data sheet. It is represented by
the overall junction to mounting base thermal resistance which is a value describing
the ease with which heat is conducted along this path due to the different
materials is going through. In Figure 10, a MOSFET depiction is represented with
the thermal resistive network between the junction to mounting base.

As the MOSFET and its parts are 3 dimensional so is the mentioned heat path, thus
the 2 dimensional resistor network seen below is actually 3 dimensional in reality.
Referring back to the Ring.mb), it is important to remember that the value
encompasses the whole network. Lastly, the parameter describes the steady state
thermal characteristics, thus one should use average power dissipation values in
order to obtain the temperatures reached by the MOSFET.
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333-031980

Figure 10 | Thermal path junction to mounting base

2.3.2 Thermal resistance junction to ambient - Renj-a)

The thermal heat path between the MOSFET junction and the ambient
encompasses paths within the MOSFET itself as well as additional ones when a
MOSFET is mounted onto a PCB. Hence, heat may spread from the junction
towards the mounting base and the case. Afterwards, when the extremities of the
MOSFET are reached, the heat will flow into the surroundings via the PCB or
directly from the case. These heat paths are depicted in Figure 11.

Figure 11 a) shows the heat moving from the junction to the mounting base and to
the case top and afterwards to the ambient. Figure 11 b) shows the heat moving
from the mounting base to the PCB and through it in order to reach the ambient.

a)
33a-031981

b)

33a3-031982
Figure 11| Thermal path junction to ambient
A simplified thermal circuit may be seen in Fig. 12. It is important to notice that the

two thermal paths from the component to the ambient are in parallel, thus
improving both may be redundant.
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Tcomponent

Qcase C)PCB
Rcase—air RPCB

Tamb

3a3a-031988

Figure 12 | Simplified Rey(-s) thermal paths

A more cost effective method of reducing the thermal resistance between the
MOSFET to the surroundings may be to focus on one of the thermal paths and
improve it in the best way possible.
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Figure 13 shows a thermal circuit which encompasses the MOSFET the PCB and the
environment, it may be observed that the three heat spreading methods are shown
by individual thermal resistors. In this particular case, the heat spreads:

« Through conduction from the junction towards the outside of the MOSFET,
represented by the mounting base and the case.

« From the case to the ambient the heat propagates through convection and
radiation.

- From the mounting base to the PCB and into it, conduction is again the main way
of propagation.

» From the PCB into the environment convection and conduction are the main
methods through which heat propagates to the ambient, radiation is usually

negligible.
Device PCB
MOSFET
Rconv
TC T Tmb RCOND RCOND RCOND RCOND
— — — — R S
RCOND RCOND ]
RRAD
Junction Rconv Rconv Rconv Rconv
to mounting RRAD RRAD RRAD RRAD
base ] l [
Rcase-Air RBoard Tanily

33a-031983
Figure 13 | Thermal circuit, MOSFET, PCB and environment

The thermal circuit seen in Figure 13 is also represented in Figure 1. Finally, the two
thermal resistor networks highlighted in green are also represented in Figure 12.
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2.3.3 PCB thermal limitation and the 1 Watt rule

As previously described, the junction to ambient thermal path contains the board
or PCB. This is often made from FR4 material, which from a thermal and electrical
perspective is an insulator. Moreover, planes, pours and traces of copper are also
present as these provide the circuit interconnections. Altogether we can consider
them as forming the board and giving it a certain thermal characteristic called the
board thermal resistance. It was found that this value is approximately 50-60 K/W,
depending on the amount of copper, insulation layer thickness and other factors.
Since this is specific to the materials and dimensions of a board, this limit is
imposed.

Moreover, the ambient temperature in which a board operates, the thermal
limitations of a system, the FR4 temperature limit of 120 °C to 140 °C, as well as the
temperature ranges within which a board needs to function in, gives rise to a power
limitation. These same dependencies can be noted from the following equations:

Thermal resistivity [ﬂ] - 1
mK Thermal conductivity [mTK] [5]
Thermal res/stance[L ] = Thermal resitivity [i ] x _Thickness [m] 6]
w mK Area [m?]
T / K 7
Thermal res/stance[L] _ Temperature difference [K] (7]
w Power [m]

PCB thickness, area and thermal resistivity determine the PCB thermal resistance,
given in K/W. Hence, given a specific ambient temperature and a maximum FR4
temperature, or the system maximum operation temperature, a AT is obtained.

Example: calculate the power dissipation of a MOSFET mounted on an FR4 PCB
within an automotive environment where the ambient temperature is 80 °C.

+ The FR4 PCB material has a thermal resistance Renrra pcg) = 50 K/W
+ The FR4 PCB material maximum temperature (Teramax) = 130 °C
» The ambient temperature Tymp = 80 °C

AT = Tegamog = Tiamsy = 130 °C- 80 °C = 50 °C 8]

R 50K
p_ Nthrarce) _ _ 9
AT sokw ~ W ol

Given the above ambient temperature and FR4 PCB characteristics, approximately
1 watt of power may be dissipated in a MOSFET within this automotive
environment.
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2.3.4 Thermal nomenclature

Terminology surrounding thermal characterization of power MOSFETs has been
revised multiple times over the years. Regardless of these efforts, standards
organizations and semiconductor manufacturers may still use different names
when referring to the same thermal parameter, or to slightly different variations of
it. The terms often used to indicate one or the other type of thermal resistance are:
Rand 6. In the case of junction to ambient, the Rihj-amb) = Reg-amb) = O-amb)-

3 LFPAK56D and LFPAK33

3.1 Simple configuration with a single layer

In this section, we will present the maximum power dissipation results for a simple
PCB configuration using a single layer with varying copper area.

Results for the LFPAK56D and LFPAK33 packages are given, for the LFPAK56D with
only one or with both MOSFETs conducting.

3.1.1 LFPAKS6D

Set-up:

» 1layer onthe top

» MOSFET power dissipation is 0.1 W, 0.5 W and 1 W applied to each MOSFET

» Maximum junction temperature of 175 °C

« PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

* Maximum PCB operating temperature of 120 °C

+ Copper thicknessis 2 oz./ft? (70 um)

» The PCBis suspended in free air at ambient temperature of 20 °C

« The simulation is carried out for conduction, convection and radiation heat
transfer

» Thereis no forced air cooling applied, i.e. only natural convection is modeled

The simplest possible PCB stack-up is that of a single top copper layer, see Figure
14,

In this analysis, we will examine the variation in device junction temperature (T)) as
a function of the top copper area.
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Square of 100 mm

"
A

Figure 14 | Copper area configuration: LFPAK56D, single top copper layer
The graph in Figure 15 captures two important factors:

+ Tjdepends greatly on length “x” and thus copper arega, the bigger the area the
better the thermal performance

« However, the ability of the top copper to provide heatsinking for the MOSFET
shows a “law of diminishing returns”. In other words, we cannot keep on adding
more copper area in the hope of continuing to reduce T;. As can be seen from
Figure 15 below, T will plateau at around 50 °C (for 0.5 W per MOSFET) no
matter how much copper area we provide.

Care must be taken for Tjabove 120 °C as PCB temperature directly under the
transistor would be close to the MOSFET T;.

180 Y

Ti N (1)P=2x0.1W
(c) 160 (2)P=2x05W
\ AN (3)P=2x1W
Y \] N () (4) PCB limit
X )
120
AN ~
100
—— (3)
— (3)
80 S
60 — Lol )
40
(1)
20
0
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)

Figure 15 | Junction temperature as a function of copper side length x for LFPAK56D
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An alternative to the previous approach is to look at the maximum power allowed
before reaching Tj(max = 175 °C (MOSFET absolute max). Maximum power allowed
is shown for different ambient temperature and copper length. In this example the
PCB temperature was not considered so care must be taken for the resulting heat
on the PCB.

In Figure 16 the maximum power for the conditions given is as follows:

Tamp = 20 °C: Max power is 2.6 W per MOSFET (2 x 2.6 W permissible in this
package)

Tamb = 80 °C: Max power is 1.65 W per MOSFET (2 x 1.65 W permissible in this
package)

max (1) Power per MOSFET, T, .\, =80 °C
w) 25 (2) Power per MOSFET, T, ., =20 °C
. m——
//
|~
2 —
call
1.5
A
1
05 pd
7
0
0 10 20 30 40 - o

Layer top side only, length "x" (mm)

Figure 16 | Maximum permissible power dissipation as a function of copper side length x for
LFPAKS56D

3.1.2 LFPAK56D only one MOSFET active at a time

In a typical half bridge application only one MOSFET conducts at a time. In the
graph below, Figure. 17, 1 W is dissipated in the left MOSFET (blue curve). We can
see that 1 W dissipation in one MOSFET is not equivalent to 0.5 W dissipation in
each of the two MOSFETSs (yellow curve).
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180
Ti }\\ \ (1)P=05W
() 160 (2)P=1W, left side
ANEEAN @)P=2x1W
140 -
N 4 (4) PCB limit
120 IS =
[
100 —1 (3)
80 — I _1 )
60 (1)
40
20
0
] 10 20 30 40 50 60

Layer top side only, length "x" (mm)

Figure 17 | Junction temperature as a function of copper side length x for LFPAK56D; one MOSFET
conducting

As can be seen temperature is higher in the case of one MOSFET dissipating 1 W
than it is with two MOSFETs each dissipating 0.5 W. When only one MOSFET is
active the second MOSFET does not make a significant contribution to the total
dissipation capability - meaning that if one MOSFET is off the heating is not shared
equally between the two. This is further explained by the thermal network shown
in Figure 19.

An alternative to the previous approach is to look at the maximum power allowed
before reaching Tj(max = 175 °C (MOSFET absolute max). Maximum power allowed
is shown for different ambient temperature and copper length. In this example the
PCB temperature was not considered so care must be taken for the resulting heat
on the PCB. In Figure 18 the maximum power for the conditions given is as follows:
* Tamp =20 °C: Max power is 3.35 W with only left MOSFET

* Tamp =80 °C: Max poweris 2.1 W with only left MOSFET

® (1) Power per MOSFET, T, ., = 80 “C‘
max | |(2) Power per MOSFET, T, = 20 °C

w) : |

3

() //
L1
2 1
| (1)
| A
1
0
0 10 20 30 40 50

Layer top side only, length "x" (mm)

Figure 18 | Maximum power as a function of side length x for LFPAK56D; one MOSFET conducting
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The concept of the second MOSFET half-sharing the thermal dissipation when
turned off is not true
—see Figure 19

Dual MOSFET thermal resistance configuration:

We can see that the thermal path between both MOSFETs inside the package is
highly resistive (100 K/W).

Tj1 Tj2
Rihjltoj2
100 KIW
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Rth j1to mbl
2.5 KW

Rth j2 to mb2
2.5 KIW

Rth mb1 to mb2
50 KIW

Tmb1 Tmb2

Rth mb2 to amb
30 KW

Rth mb1 to amb
30 KW

Tamb Tamb

Figure 19 | Thermal resistance configuration

3.1.3 LFPAK33

Set-up:

« 1 layer on the top

* MOSFET power dissipation is 0.1 W, 0.5 W and 1 W applied in the MOSFET

* Maximum junction temperature of 175 °C

» PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

* Maximum PCB operating temperature of 120 °C

» Copper thicknessis 2 oz./ft2 (70 pm)

« The PCBis suspended in free air at ambient temperature of 20 °C

« The simulation is carried out for conduction, convection and radiation heat
transfer
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O

» Thereis no forced air cooling applied i.e. only natural convection is modeled
The simplest possible PCB stack-up is that of a single top copper layer. In this

analysis, we will examine the variation in device junction temperature (T) as a
function of top copper area.

Square of 100 mm
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Figure 20 | Copper area configuration: LFPAK33, single top copper layer
The graph in Figure 21 captures two important factors:

+ Tjdepends greatly on length “x” and thus copper area, the bigger the area the
better the thermal performance

« However, the ability of the top copper to provide heatsinking for the MOSFET
shows a “law of diminishing returns”. In other words, we cannot keep on adding
more copper area in the hope of continuing to reduce T;. As can be seen from
Figure 21 below, T; will plateau at around 40 °C (for 0.5 W per MOSFET) no
matter how much copper area we provide.

Care must be taken for Tjabove 120 °C as PCB temperature directly under the
transistor would be close to the MOSFET T;.
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180
T \\ \ 1P=01W
(o) 160 N @P=05W
@P=1W
140 \ N @ (4) PCB limit
120
100 -
[~
0 i @)
60 . P
4
)
20
0
0 10 20 30 40 50 60
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Figure 21 | Junction temperature as a function of copper side length x for LFPAK33

An alternative to the previous approach is to look at the maximum power allowed
before reaching Tj(max = 175 °C (MOSFET absolute max). Maximum power allowed
is shown for different ambient temperature and copper length. In this example the
PCB temperature was not considered so care must be taken for the resulting heat
on the PCB.

In the graph below, Figure 22, the maximum power for the conditions given is as
follows:

Tamb = 20 °C: Max power is 3.7 W in the MOSFET
Tamb = 80 °C: Max power is 2.4 W in the MOSFET

4
Pes (1) Power, T, =80 °C ‘
W) 35 (H (2)Power, T, =20°C | —

amb
(2)
3 —

25

0 10 20 30 40 50 60
Layer top side only, length "x" (mm)

Figure 22 | Maximum permissible power dissipation as a function of copper side length x for LFPAK33



MOSFET & GaN FET Application Handbook

3.2 Usual configuration: 4 layers + vias

In this section, we will present the maximum power dissipation results for a PCB
configuration using 4 layers + vias for dissipation on the bottom layer, with varying
copper area.

Results for the LFPAK56D and LFPAK33 packages are given, for the LFPAK56D with
only one or with both MOSFETs conducting.

3.2.1 LFPAKS56D

Set-up:

4 layers + vias (vias number increases with the copper area with a maximum of
25 vias for each side)

* MOSFET power dissipation is 0.1 W, 0.5 W and 1 W applied to each MOSFET

» Maximum junction temperature of 175 °C

» PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

* Maximum PCB operating temperature of 120 °C

+ Copper thickness on all layers (external and internal) is 2 0z./ft? (70 um)

» The PCBis suspended in free air at ambient temperature of 20 °C

» The simulation is carried out for conduction, convection and radiation heat
transfer

» Thereis no forced air cooling applied i.e. only natural convection is modeled

The common PCB stack-up is 4 layers with vias under MOSFETSs to create a
dissipation path to the heatsink.

In this analysis, we will examine the variation in device junction temperature (T)) as

a function of top copper area. In Figure 23 below, we can see the vias configuration:
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Figure 23 | Copper area configuration: LFPAK56D, 4 layers with vias

Vias configuration: square vias used for ease of simulation.

Figure 24 | Sectional view: LFPAK56D

Table 5: Limitation of number of vias

Vias configuration Comments Vias information
Fninémglt 2+2 vias Maximum number
ootprin of vias able to be
inserted in the
6 949 vias copper surface
8 12+12 vias Vias pitch 2.5 mm
10 20+20 vias Vias side length 0.7 mm
15 25+25 vias copper thickness 70 ym
20 25425 vias o sodert
25 25+25 vias .
30 25425 vias L5l
maximum
35 25+25 vias
40 25+25 vias

50 25+25 vias
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The graph in Figure 25 captures two important factors:

+ Tjdepends greatly on length “x” and thus copper area, the bigger the area the
better the thermal performance

» However, the ability of the top copper to provide heatsinking for the MOSFET
shows a “law of diminishing returns”. In other words, we cannot keep on adding
more copper area in the hope of continuing to reduce T;. As can be seen from
the graph in Figure 25, T; will plateau at around 36 °C (For 0.5 W per MOSFET) no
matter how much copper area we provide.

Care must be taken for Tjabove 120 °C as the PCB temperature directly under the
transistor would be close to the MOSFET T;.

180
T (1)P=2x0.1W L
(:cy160 \ (2)P=2x05W H
N @B)P=2x1W n
140 L
(4) PCB limit [
| (4)
120 L
100 N
80 [~ ] 3)
——
60 ~ 2) e S
]
40 "
20
0
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)
Figure 25 | Junction temperature as a function of copper side length x for LFPAK56D

An alternative to the previous approach is to look at the maximum power allowed
before reaching Tj(max = 175 °C (MOSFET absolute max). Maximum power allowed
is shown for different ambient temperature and copper length. In this example the
PCB temperature was not considered so care must be taken for the resulting heat
on the PCB.

In the graph below, Figure 26 the maximum power for the conditions given is as
follows:

Tamp = 20 °C: Max power is 5.3 W per MOSFET (2 x 5.3 W permissible in this
package)

Tamb = 80 °C: Max power is 3.55 W per MOSFET (2 x 3.55 W permissible in this
package)
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Prax || (1) Power per MOSFET, T, = 80 °C
(W) 5 (2) Power per MOSFET, T, =20 °C ‘ |+
L—
. @]
[~
&
(1)
L~
2
L~
1
0
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)

Figure 26 | Maximum permissible power dissipation as a function of copper side length x for
LFPAK56D

3.2.2 LFPAK56D only one MOSFET active at a time

In a typical half bridge application only one MOSFET conducts at a time. Figure 27
below shows the results for 1 W applied to the left MOSFET (blue curve). We can
see that 1 W dissipated in one MOSFET is not equivalent to 0.5 W dissipation in
each of the two MOSFETSs (yellow curve).

As can be seen temperature is higher in the case of one MOSFET conducting with 1
W than it is with two MOSFETSs each dissipating 0.5 W.

T \ (1)P=2x05W
(°C)160 (2) P =1W, left side
140 \ N @B)P=2 x ‘I.W
(4) (4) PCB limit
120 AN N
100 @)
80 I~
60 = ——
40 @
20 } (1)
0 \ \
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)

Figure 27 | Junction temperature as a function of copper side length x for LFPAK56D; one MOSFET

An alternative to the previous approach is to look at the maximum power allowed
before reaching Tjimax = 175 °C (MOSFET absolute max). Maximum power allowed is
shown for different ambient temperature and copper length. In this example the
PCB temperature was not considered so care must be taken for the resulting heat
on the PCB.
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O

In Figure 28 the maximum power for the conditions given is as follows: _g
'S
s Tampb =20 °C: Max power is 6 W with only left MOSFET g‘
* Tamb = 80 °C: Max power is 4 W with only left MOSFET o
w
, 7]
Prmax (1) Power per MOSFET, T, = 80 °C | 3
(W) ¢ [L@ Power per MOSFET, T, =20°C | o]
— (=
~ -
5 7]
. @A =
— -
8 7 ) E
: o
”
1

1 ke =
g

0
0 10 20 30 40 50 60 o
Layer top side only, length "x" (mm) 5

Figure 28 | Power dissipation as a function of copper side length x for LFPAK56D; one MOSFET

As previously mentioned, when only one MOSFET is active the second MOSFET
does not make a significant contributution to the total dissipation capabilty
—see Figure 19.

3.2.3 LFPAK33

Set-up:

» 4 layers + vias (vias number increases with the copper area with a maximum of
25 vias for each side)

* MOSFET power dissipation is 0.1 W, 0.5 W and 1 W applied in the MOSFET

» Maximum junction temperature of 175 °C

« PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

» Maximum PCB operating temperature of 120 °C

» Copper thickness on all layers (external and internal) is 2 0z./ft2 (70 um)

« The PCBis suspended in free air at ambient temperature of 20 °C

« The simulation is carried out for conduction, convection and radiation heat
transfer

« Thereis no forced air cooling applied i.e. only natural convection is modeled

The common PCB stack-up is 4 layers with vias under the MOSFETs to create a
dissipation path to the heatsink.

In this analysis, we will examine the variation in device junction temperature (T)) as
a function of top copper area.

In Figure 29 below, we can see the vias configuration:
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Square of 100 mm

Length x

Figure 29 | Copper area configuration: LFPAK33, 4 layers with vias

Vias configuration: square vias used for ease of simulation.

Figure 30 | Sectional view: LFPAK33

Table 6: Vias configuration

X (mm) Vias configuration Comments Vias information
Fni”ém‘?lt 1 via Maximum number
ootprin _ of vias able to be
6 6 vias inserted in the
3 9 vias copper surface
10 20 vias Vias pitch 2.5 mm
15 25 vias Vias side length 0.7 mm
; Copper thickness 70 ym
20 25 v!as No solder fill
25 25 vias
30 25 vias 25 vias maximum
35 25 vias
40 25 vias

50 25 vias
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The graph Figure 31 captures two important factors:

+ Tjdepends greatly on length “x” and thus copper area, the bigger the area the
better the thermal performance

» However, the ability of the top copper to provide heatsinking for the MOSFET
shows a “law of diminishing returns”. In other words, we cannot keep on adding
more copper area in the hope of continuing to reduce T;. As can be seen from
Figure 31 below T; will plateau at around 33 °C (for 0.5 W per MOSFET) no matter
how much copper area we provide.

Care must be taken for Tjabove 120 °C as PCB temperature directly under the
transistor would be close to the MOSFET T;.

180 Y
T MmP=01w [
() 160 A\ \ @P=05W
\ \ B)P=1W
140 —
\ N @ (4) PCB limit ||
120
100 N
<
80 =(3)
[~ —
60 ~J P ——
40 —
(1)
20
0
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)
Figure 31 | Junction temperature as a function of copper side length x for LFPAK33

An alternative to the previous approach is to look at the maximum power allowed
before reaching Tj(max = 175 °C (MOSFET absolute max). Maximum power allowed
is shown for different ambient temperature and copper length. In this example the
PCB temperature was not considered so care must be taken for the resulting heat
on the PCB.

In the graph below the maximum power for the conditions given is as follows:

Tamb = 20 °C: Max power is 6.5 W in the MOSFET
Tamb = 80 °C: Max power is 4.3 W in the MOSFET
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Pree | (1) Power per MOSFET, T, = 80 °C ‘
(W) (2) Power per MOSFET, T, =20°C ‘ |

6 —| amb |

L1
5 —
A
2
A (2)] A
3
1 (1)
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|
0
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Layer top side only, length "x" (mm)

Figure 32 | Maximum permissible power dissipation as a function of copper side length x for
LFPAK33

3.3 Placement advice For improved dissipation

In this section, we will present some results for two MOSFETs placed close to each
other on asingle layer PCB with varying copper area.

3.3.1. LFPAK56D

Simulation of two MOSFETs placed next to each other is carried out and checked
against results seen in section 2.1. The aim is to understand the dissipation effect
that the two LFPAK56D have on one another.

Set-up

« 1 layer on the top side

* MOSFET power dissipation is 0.5 W applied to each MOSFET

+ Maximum junction temperature of 175 °C

» PCB material is standard FR4, 1.6 mm thickness, dimension 200 x 150 mm

» Maximum PCB operating temperature of 120 °C

» Copper thickness on all layers (external and internal) is 2 0z./ft2 (70 um)

« The PCBis suspended in free air at ambient temperature of 20 °C

» The simulation is carried out for conduction, convection and radiation heat
transfer

« Thereis no forced air cooling applied i.e. only natural convection is modeled

The simplest possible PCB stack-up is that of a single top copper layer. In this
analysis, we will examine the variation in device junction temperature (T)) as a
function of top copper area.
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- 2 mm gap between right and left copper layers
» Simulation carried out for different length “x”
* 0.5W applied on each internal MOSFET

2 mm between layers
kept constant

Length x
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Figure 33 | Copper area configuration: LFPAK56D, single top copper layer
The graph in Figure 34 shows:

« The results (in green) are similar to the ones observed in section 2.1 (slightly
higher +3 °C)

 Thisis due to the low conductivity of FR4, despite only 2 mm gap it showed no
heat transfer from one copper area to the other

\
180
i \1\ (1) P = 0.5 W, single LFPAK56D
cc 160 \ (2) P =0.5 W, two LFPAK56D next to each other
3) PCB limit
140 \ 8
(3)
120
100 (2)
80
(1) =i
60 =
40
20
0
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)

Figure 34 | Junction temperature as a function of copper side length x for 2 LFPAK56D

3.3.2 LFPAK33

Simulation of two MOSFETSs placed next to each other is carried out and checked
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against results seen in section 2.3. The aim is to understand the dissipation effect
that the two MOSFETs have on one another.

Set-up:

» 1layer onthe top

« MOSFET power dissipation is 0.5 W applied in the MOSFET

» Maximum junction temperature of 175 °C

« PCB material is standard FR4, 1.6 mm thickness, dimension 200 x 150 mm

* Maximum PCB operating temperature of 120 °C

+ Copper thickness is 2 0z./ft2 (70 ym)

» The PCBis suspended in free air at ambient temperature of 20 °C

« The simulation is carried out for conduction, convection and radiation heat
transfer

« Thereis no forced air cooling applied i.e. only natural convection is modeled

The simplest possible PCB stack-up is that of a single top copper layer. In this
analysis, we will examine the variation in device junction temperature (T) as a
function of top copper area.

- 2 mm gap between right and left copper layers

+ Simulation carried out for different length “x”
» 0.5W applied on each MOSFET

2 mm between layers
kept constant

Figure 35 | Copper area configuration: LFPAK33, single top copper layer
The graph in Figure 37 shows:
« The results for x > 20 mm are similar to the ones observed in section 2.3 (slightly

higher +3 °C)
« Thisis due to the low conductivity of FR4, despite only 2 mm gap it showed no
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heat transfer from one copper area to the other

» Forx <20 mm results show up to 20 °C higher compared to the results from
section 2.3.

 Thisis due to the MOSFETs being brought closer to each other as a result of
reduced copper area — note that in this case the space between MOSFETSs is half
the space between MOSFETs in the case of LFPAK56D

In Figure 36 you can see that for x = 10 mm, the distance between the LFPAK33
MOSFETSs is approximatively 10 mm. Less than 20 mm apart, the MOSFETs are close
enough to heat each other, hence we start to see a temperature difference.
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Figure 36 | Copper area configuration: 2 x LFPAK33, 2 x LFPAK56D; separation between MOSFETs
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i (1) P = 0.5 W, single LFPAK33
-c) 160 \\ (2) P=0.5W, 2 x LFPAK33 next to each other
C) (3) PCB limit
140
(3)
120 A\
o)
100 w3 (\
80 -
60 U] —
40
20
0
0 10 20 30 40 50 60
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Figure 37 | Junction temperature as a function of copper side length x for 2 LFPAK33
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3.4 Comparison between two LFPAK56 and
one LFPAK56D, then one LFPAK56D and
two LFPAK33

In this section we will present some comparative results for different package
devices on a single layer board with varying copper area.

3.4.1 Two LFPAKS56 to LFPAK56D

In this section the results of two single LFPAK56 MOSFETs are compared to the
results of one dual LFPAK56D MOSFET (see Section 3.1.1)

The aim is to highlight the benefit of using one LFPAK56D dual MOSFET instead of
two single LFPAK56 MOSFETSs.

Set-up:

« 1 layer on the top

» MOSFET power dissipation is 0.5 W applied to each MOSFET

» Maximum junction temperature of 175 °C

» PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

» Maximum PCB operating temperature of 120 °C

+ Copper thicknessis 2 oz./ft2 (70 um)

» The PCBis suspended in free air at ambient temperature of 20 °C

» The simulation is carried out for conduction, convection and radiation heat
transfer

» Thereis no forced air cooling applied, i.e. only natural convection is modeled

The simplest possible PCB stack-up is that of a single top copper layer. In this
analysis, we will examine the variation in device junction temperature (T)) as a
function of top copper area.

« Same gap between copper layer was used for both single LFPAK56 and dual
LFPAK56D

« Simulation carried out for different length “x".

* 0.5W applied on each MOSFET
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Square of 100 mm

L ]

LFPAKS56D

— — Length x
BN o

2 x LFPAKS6

Figure 38 | Copper area configuration: 1 x LFPAKS56D, 2 x LFPAK56, single top copper layer
The graph in Figure 39 shows:

» Overall two single LFPAK56 show better heat dissipation than one dual
LFPAK56D by up to approximately 10 °C. This is due to the larger surface area of
the LFPAK56 drain tab giving improved heat spreading and thermal dissipation.

» Note that the 10 °Cis the relative figure between the two packages, the most
important factor is the operating junction temperature

« If there is enough margin before reaching 175 °C at the junction, then LFPAK56D
offers an attractive option due to its space saving

T (=0 \ (1)P=2x0.5W, single LFPAK56D
cc) 160 \ (2) P=2x0.5W, two LFPAK56 next to each other
\ (3) PCB limit
140 \
N )]
120 N
100 NG
@ N (1)
I~
60 @ Lo
40
20
0
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)

Figure 39 | Junction temperature as a function of copper side length x for 2 LFPAK56 and 1
LFPAK56D
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3.4.2 LFPAKS56D to two LFPAK33

In this section the results of one dual LFPAK56D MOSFET are compared to the
results of two single LFPAK33 MOSFETSs (see section 4.2)

Aim is to highlight the benefit of using one LFPAK56D dual instead of two single
LFPAK33.

Set-up:

« 1 layer on the top

* MOSFET power dissipation is 0.5 W applied to each MOSFET

» Maximum junction temperature of 175 °C

« PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

* Maximum PCB operating temperature of 120 °C

+ Copper thickness is 2 0z./ft2 (70 ym)

« The PCBis suspended in free air at ambient temperature of 20 °C

« The simulation is carried out for conduction, convection and radiation heat
transfer

« Thereis no forced air cooling applied, i.e. only natural convection is modeled
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The simplest possible PCB stack-up is that of a single top copper layer. In this
analysis, we will examine the variation in device junction temperature (Tj) as a
function of top copper area.

« Same gap between copper layer was used for both single LFPAK33 and dual
LFPAK56D

 Simulation carried out for different length “x”

* 0.5W applied on each MOSFET

Square of 100 mm

e P =x

ZLes - -
[ ] [ ]

Figure 40 | Copper area configuration: 1 x LFPAK56D, 2 x LFPAK33, single top copper layer
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The graph in Figure 41 shows:

» Overall two single LFPAK33 show better heat dissipation than a dual LFPAK56D
by up to approximately 5 °C. This is due to the larger drain surface area of the
LFPAK33 offering better thermal dissipation, (less improvement than with
LFPAKS56 as LFPAK33 is a smaller package).

» Note that the 5 °Cis the relative figure between the two packages, the most
important factor is the operating junction temperature.

« Ifthere is enough margin before reaching 175 °C at the junction, then LFPAK56D
offers an attractive option due to all the advantages that one component offers
versus two in terms of PCB layout, placement, cost effectiveness, etc.

180

Ti (1) P =2x 0.5 W, single LFPAK56D
c) 160 (2) P =2x0.5W, two LFPAK33 next to each other
\ (3) PCB limit
140 \
(3)
120
100
80 ()
—
60 —
(2)
40
20
0
0 10 20 30 40 50 60

Layer top side only, length "x" (mm)

Figure 41 | Junction temperature as a function of copper side length x for 1 LFPAK56D and 2
LFPAK33

3.5 Impact of Rep(j-mb) cOmpared to Rihmb-a)

Dissipation losses from the MOSFET junction are not mainly limited by the thermal
resistance Ren(-mp) as this is very low. The high thermal path for heat dissipation is
presented by the thermal resistance Rip(mb-amb) (Mounting base to PCB to ambient).

Plastic

Legs Leadframe Junction encapsulation

components

Rin(-top)

Rin(PcB-amb)

Rin(-mb) %

AW

Rin (pcB)

Figure 42 | View of thermal resistances in and outside the MOSFET
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Example: for the part number BUK7M15-60E (LFPAK33, 15 mQ, 60 V) the maximum
thermal resistance junction to mounting base is 2.43 K/W:

Table 7: Thermal resistance BUK7M15-60E

Symbol Parameter Conditions Min Typ Max  Unit

thermal resistance from

junction to mounting base Fig. > ) 2.01 243 KW

Reh(-mb)

Using thermal simulation (Flotherm) with the following conditions:

0.5 W of losses in the MOSFET, air ambient is 20 °C, 35 ym copper, we can calculate
some thermal resistance.

* Rth(mb) is 0.8 K/W
» Thisis a lower value than given in the data sheet due to the simulation
using ideal conditions
« Ascanbeseenin Table 8 below, thermal resistance for other items have
high value compared Rihj.mb
« The total thermal resistance, junction to ambient, is 59.4 K/W when using
65.4 °C as (ambient) reference point.

Table 8 lists temperatures for different points captured in the simulation and
shown in Figure 43.

Table 8: Breakdown of thermal resistance for a simple case

Thermal resistance part Temperature (°C) Reh (K/W)

Junction 95.1

Mounting base 94.7 0.8
PCB under MOSFET 88.6 12.2
PCB to the right of the

MOSFET e 4
Ambient air 0.5 mm over

the top of the PCB 791 1>

Ambient air 1 mm over

the top of the PCB 65.4 27.4
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AMBIENT AIR

PCB

Figure 43 | Thermal result, LFPAK33, 0.5 W, 20 °C ambient

Due to the very low thermal resistance between junction and mounting base it is
very important to take care of design surrounding the MOSFET, (i.e. thermal vias,
copper area, heat sink, water cooling, air cooling), in order to reduce the total
thermal resistance.
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4 LFPAK56 and LFPAK88

4.1 Simple configuration with a single layer

In this section, we will present the maximum power dissipation results for a simple
PCB configuration using a single layer with varying copper area.

Results are given for the LFPAK56 and LFPAK88 packages. Models used are based
on 1 mQ LFPAK56E and LFPAKSS.

4.1.1 Set-up:

« 1 copper layer on the top

* MOSFET power dissipationis 1 W, 1.5Wand 2 W

» Maximum junction temperature of 175 °C

» PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

+ PCB operating temperature of 120 °Cand Tj of 175 °C are highlighted in graphs

+ Copper thicknessis 2 oz./ft? (70 um)

» The PCBis suspended in free air at ambient temperature of 20 °C

« The simulation is carried out for conduction, convection and radiation heat
transfer

» Thereis no forced air cooling applied, i.e. only natural convection is modeled

The simplest possible PCB stack-up is that of a single top copper layer, see Figure
44,
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In this analysis, we will examine the variation in device junction temperature (T)) as
a function of the top copper area and calculate the maximum power that can be
safely dissipated in the MOSFET to reach a Tjof 175 °C.

Square of 100 mm

Length x
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Figure 44 | Copper area configuration: LFPAK56, single top copper layer, the configuration is the
same for LFPAK88

4.1.2 Junction temperature as a function of copper area
The graphs in Figure 45 and Figure 46 capture two important factors:

+ Tjdepends greatly on length “x” and thus copper area, the bigger the area the
better the thermal performance

» However, the ability of the top copper to provide heatsinking for the MOSFET
shows a “law of diminishing returns”. In other words, we cannot keep on adding
more copper area in the hope of continuing to reduce T;. As can be seen from
Fig. 45 below, for LFPAKS56, 1 W profile, T will plateau at around 55 °C.

Note: Standard FR4 PCBs operate at a maximum temperature of 120 °C, care
must be taken for T;> 120 °C as the PCB area directly under the transistor will be
close to the MOSFET junction temperature, (due to low Rinjmb))-

The graphs below also shows the absolute minimum copper area needed for Tj <
175 °C.
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Figure 45 | Junction temperature as a function of copper side length x for LFPAK56
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Figure 46 | Junction temperature as a function of copper side length x for LFPAK88

4.1.3 Maximum allowed power dissipation as a function of copper area

The maximum allowed power dissipation is shown in Figure 47 and Figure 48
below, for different ambient temperature and copper side length. In this example
the PCB temperature was not considered so care must be taken for the resulting

heat on the PCB.

From graphs in Figure 47 and Figure 48 the maximum permissible power,
(Tamb =20°C), is 5.05 W and 5.9 W for the LFPAK56 and LFPAK88 packages

respectively:
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Table 9: Maximum power dissipation

Device Tamb = 20 °C Tamb = 80 °C
LFPAK56 5.05W 3.2W
LFPAK88 5.9W 3.8W

6
Pmax 1) Tymp=20°C ‘
W @, =80°C Q)
//”—_
//
4
I~
> @)
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) 1
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0
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Side length "x" of the Cu area (mm)

Figure 47 | Maximum permissible power dissipation as a function of copper side length “x” for
LFPAKS56
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Figure 48 | Maximum permissible power dissipation as a function of copper side length “x” for
LFPAK88
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4.2 Usual configuration: 4 layers + vias

In this section, we will present the maximum power dissipation results for a PCB
configuration using 4 layers + vias for dissipation on the bottom layer, with varying
copper area.

Results are given for the LFPAK56 and LFPAK88 packages.

4.2.1 Set-up:

+ Four layers with vias (max number of vias is 25 and for small copper areas this
number will decrease accordingly, see Table 10)

« MOSFET power dissipationis 1 W, 1.5 W and 2 W

» Maximum junction temperature of 175 °C

» PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm

+ PCB operating temperature of 120 °C and Tjof 175 °C are highlighted in graphs

+ Copper thickness of all layers is 2 0z./ft? (70 pm)

« The PCBis suspended in free air at ambient temperature of 20 °C

» The simulation is carried out for conduction, convection and radiation heat
transfer

» Thereis no forced air cooling applied, i.e. only natural convection is modeled

The common PCB stack-up is 4 layers with vias under the MOSFET to create a
dissipation path to heatsink (no heat sink was used in simulation).

In this analysis, we will examine the variation in device junction temperature (T)) as
a function of copper area (same area size applied to all layers).

The configuration of the vias is shown below in Figure 49 and Figure 50:
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Length "x"

qoud

PCB: FR4 / 100 mm square

a3a-029866

Figure 49 | Copper area configuration: LFPAK56, 4 layers with vias, the configuration is similar for
LFPAK88

Vias configuration: square vias used for ease of simulation. 3aa-029867
Figure 50 | Sectional view: LFPAK56

Table 10: Limitation of number of vias

X (mm) Vias configuration Comments Vias information

6 9 vias ) )
Maximum number of vias
8 9 vias able to be inserted in the
. copper area
10 20 vias Square vias
15 25 vias length 0.7 mm
- Vias pitch:
20 25 vias 2.5mm
25 25 vias (between vias in columns)
. 2.0 mm
30 25 vias (between vias in rows)
35 25 vias 25 vias maximum Copper thickness:
- 70 um
40 25 vias No solder fill
45 25 vias
50 25 vias

60 25 vias
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4.2.2 Junction temperature as a function of copper area (4 layers and

vias)

The graphs in Figure 51 and Figure 52 below show the junction temperature as a
function of drain copper area following the same trend as the single layer PCB
configuration in that:

+ Tjdepends greatly on copper area
» The ability of the top copper to provide heatsinking for the MOSFET shows a
“law of diminishing returns”.
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Figure 51 | Junction temperature as a function of copper side length x for LFPAK56
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Figure 52 | Junction temperature as a function of copper side length x for LFPAK88
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4.2.3 Maximum allowed power dissipation as a function of copper area
(4 layers and vias)

From graphs in Figure 53 and Figure 54 the maximum power for a given package
and conditions are as follows:

Table 11: Maximum power dissipation

Tamb =20 °C
LFPAKS6 9.6 W 6.3W
LFPAK88 10.65W 6.9W

12
Pmax (1) Tymp =20 °C ‘
W) 10 [| @ Tomy =80°C (‘1)
//
8 |
|_H
6 L @
A
1
4
=
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Side length "x" of the Cu area (mm)

Figure 53 | Maximum permissible power dissipation as a function of copper side length “x” for
LFPAKS6
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Figure 54 | Maximum permissible power dissipation as a function of copper side length “x” for
LFPAK88



MOSFET & GaN FET Application Handbook

O

4.3 Simple configuration with a single split
layer of copper

In this section, we will present the maximum power dissipation results as per the
previous section for a simple PCB configuration using a single layer and varying
copper area, but with copper layer split in two part (one part placed under the
drain tab of the MOSFET and the other under the source pins).

Results are given for the LFPAK88 package only.

4.3.1 Set-up:

» 1 copper layer on the top - split into two areas:
» 3/5of area under drain tab
« 2/5 of area under source pins
» MOSFET power dissipationis 1 W, 1.5W and 2 W
« Maximum junction temperature of 175 °C
« PCB material is standard FR4, 1.6 mm thickness, dimension 100 x 100 mm
+ PCB operating temperature of 120 °C and Tj of 175 °C are highlighted in graphs
+ Copper thickness is 2 0z./ft? (70 um)
« The PCBis suspended in free air at ambient temperature of 20 °C
« The simulation is carried out for conduction, convection and radiation heat
transfer
« Thereis no forced air cooling applied, i.e. only natural convection is modeled
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The simplest possible PCB stack-up is that of a single top copper layer, see Figure
55.

In this analysis, we will examine the variation in device junction temperature (T) as
a function of the top copper area.
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Square of 100 mm

Length “3/5x"

Figure 55 | Split copper area configuration: LFPAKS88, single top layer with copper

aaa-029871

The graph in Figure 56 captures what has been previously mentioned in terms of
copper area and heat dissipation i.e. the bigger the area the better the thermal
performance. More importantly in this configuration, it shows the importance in
considering the source pins of an LFPAK MOSFET as a thermal path for efficiently
dissipating heat.

The graph in Fig. 56 also shows that coper area of length “x” = 40 mm in split
copper configuration provides a performance equivalent of that provided in the

w n

solid (non-split) copper area of length “x” = 60 mm.
Split copper configuration for length “x” = 40 mm is as follows:

* 24 mm x 40 mm copper area placed under the drain tab of the LFPAK MOSFET
» 16 mm x 40 mm copper area placed under the source pins of the LFPAK MOSFET

Note: Standard FR4 PCBs operate at maximum temperature of 120 °C, care must
be taken for T;> 120 °C as PCB area directly under the transistor would be close
to the MOSFET junction temperature (due to low Rp-mb)-

Results are for LFPAK88, but the principle applies to all Nexperia clip bond LFPAK
devices. Tamp = 20 °C: Max power of ~6 W is achieved with an area of 40 mm x 40
mm single copper layer in split configuration, whist previously shown to require an
area of 60 mm x 60 mm for single solid copper layer.
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Figure 56 | Maximum permissible power dissipation as a function of copper side length “x” for
LFPAK88

4.4. Impact of Ren(j-mb) cOmpared to
Rth(mb-amb)

The thermal resistance Rin(.mp) Of the MOSFET is very low and therefore dissipation
losses are mainly limited by the high thermal resistive path presented by Ren(mb-amb)
(mounting base to ambient).

Plastic

Legs Leadframe Junction encapsulation

components

Rin(j-top)

Rin(pca-amb)

RinG-mb) é

AW

Rih (PcB)

Figure 57 | View of thermal resistances in and outside the MOSFET

Example: for the part number BUK7S1R0-40H (LFPAKS88, 1 mQ, 40 V) the maximum
thermal resistance junction to mounting base is 0.4 K/W, see Table 12:
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Table 12: Thermal resistance BUK7S1R0-40H

Symbol Parameter Conditions Min Typ Max  Unit

thermal resistance from
Rehgmb) junction to mounting base ) 035> 04 K/w

Using thermal simulation (Flotherm) with the following conditions:

* 1 W of losses in the MOSFET
« Ambient air temperature of 20 °C
e 70 um copper

we can calculate the thermal resistance for different paths, example:

* 1 W of losses in the MOSFET

« Junction temperature = 52.2 °C

* Mounting base temperature = 52.0 °C
* Rg=AT/P=>Rjmb = 0.2 K/W.

This is lower than the measured value given in the data sheet due to simulation
using ideal conditions.

As can be seen in Figure 58 below, the thermal resistance between mounting base
and ambient is of much higher value (~30 K/W) than Ren-mb)-
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Figure 58 | Thermal resistance LFPAK88: single layer copper profile (50 x 50 mm)

Figure 59 | Thermal resistance LFPAK88: single layer copper profile (40 x 40 mm)
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Figure 60 | Thermal resistance LFPAK88: single split layer copper profile (40 x 40 mm: split into 24 x
40 mm and 16 x 40 mm)

5 Conclusion

All the LFPAK packages offer a very good junction to mounting base thermal
performance, meaning that the mounting base can be near to the junction
temperature, but this is often limited by the PCB high temperature capability.

Itis very important for designs to reduce the thermal resistance between mounting
base and the ambient environment as this will present the bottleneck in heat
dissipation. All of Nexperia LFPAK packages use clip bond technology making their
source pins a good thermal path in addition to the thermal path provided by the
drain tab. To take full advantage of this feature, it is important for PCB layout
designs to consider placing a good amount of copper under the source pins. The
drain tab still presents the main thermal path for heat dissipation and should be the
focus for any thermal design layout.

In all cases a configuration with 4 layers with vias substantially improves the heat
dissipation.

This thermal guide establishes the necessary principles in thermal design
approaches, combined with LFPAK packages features (i.e. low Rin.mb) and source
clip bond) offer the designer good options in optimizing PCB thermal design.

Good thermal design practices should be applied to take advantage of the very
good thermal performance LFPAK packages and Tjimax must be kept < 175 °C for
safe operation.
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Maximum continuous
currents in Nexperia
LFPAK power MOSFETs

Application Note: AN90016
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1 Introduction

This chapter examines the factors that determine the maximum permissible
current ratings for LFPAK (copper-clip package) MOSFETs.

Modern electronics using low-voltage (<100 V) MOSFETs has seen an increase in
high-power demand in both automotive and industrial applications. Power output
in kilowatt terms for applications such as motor drive is now a very common
requirement. Combined with the existing space constraint in modules this means
that the need to handle more power is being passed on to the components,
particularly MOSFETs.

The current limit given in data sheets for power MOSFETSs is one of the most
important parameters in such high-power applications where the handling of very
high currents is required.

As the MOSFET is a three terminal device — Gate, Source and Drain — current can
flow through any of these terminals as Ig, Is and Ip respectively. Only maximum
continuous current Ip (drain- source) and continuous current Is (source-drain/body
diode) will be considered. Leakage currents (Igss, Ipss) and pulsed currents such as
Ipm are not in the scope of this document

This chapter gives a comprehensive insight into the methodology in determining
the maximum continuous current rating of Nexperia power MOSFETSs.

Itis critical to fully understand the capabilities, the boundaries and the relevant
environmental conditions so that electronics engineers and designers select the
right MOSFET for the right application - all of which will be discussed and
addressed in this document.

This chapter is specific for LFPAK and its copper clip bond technology
—Nexperia's flagship package.

2 LFPAK, superior performance

LFPAK packages are compact in size, they offer much higher power density and
reduced parasitic inductances compared with wire bond devices. Combined with
their copper clip bond technology, they have played an important role in MOSFETs
achieving a very high current capability.

As illustrated in Figure 1 below, LFPAK copper clip bond packages have the
following benefits:
+ Prevents localised current crowding shown in Fig 1 b) D2PAK wire bond package



MOSFET & GaN FET Application Handbook

» Allows for a more uniform current spread
» Acts as a heat sink to the die
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8555464008
7.9447€+008
7.3340e4008
6.7233e4008
6.11260+008
550194008

DG Vol
)
1.49142+008
1.3394+008
1.3074e+008
1.2154+008
1.1234+008
1.0314e+008
9.3037e+007
8.4737e+007
7.55360+007
6.63360+007
5.7136e+007

4891204008
4280564008
3.66986+008
3.05026+008
2.44856+008
1.8387e+008
1.2271e+008
4.7936e+007 6.16386+007

3.8735e+007 5.6895¢+005
2.95350+007

2.03350+007
1.1134e+007
1.9341+006

a) LFPAK88 b) D? PAK
Note: current density contour scaling is different for LFPAK88 and D? PAK, see accompanying colour scaling

Figure 1 | Current crowding contours for a) LFPAK88 and b) D2PAK packages

3 Key parameters that set out the boundaries

Before discussing what maximum current a MOSFET can achieve, it isimportant to
highlight the parameters governing the boundaries of the environment within
which the MOSFET must operate. These boundaries are mainly set by the thermal
environment, but also by the conditions that impact the MOSFET data sheet
parameters; both have a direct effect on the performance and the capabilities of
the MOSFET.

Thermal environment and thermal parameters

This section discusses the thermal parameters and explains their direct impact on
the maximum current in a MOSFET.

Temperature range and the 175 °C limit

-55 °Cis the lowest temperature given in the data sheet. Although normally this is
associated with storage temperature, MOSFETS' characteristics in Nexperia data
sheet are given against this value. Note - the lowest temperature associated with
real life application is usually -40 °C

25 °C (unless otherwise stated) is the reference temperature that all maximum
capabilities of MOSFETSs are based upon. In Nexperia MOSFET data sheets, this is
given as a mounting base temperature parameter — Tmp — referring to the central
point of the MOSFET drain tab. Note - other MOSFET venders commonly use T¢
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(case temperature), which refers to the same point, i.e. drain tab and not to the
plastic part of the MOSFET.

175 °C refers to the junction, i.e. the silicon die, temperature of the MOSFET and
the parameter for this is given as T;. All MOSFETs must operate below this
temperature — more details are given later.

The 175 °C limit explained

With high temperatures, it is understandable to think that the plastic mould should
be the first cause of concern.

Historically plastic moulds have caused issues and although improvements have
been made in this industry, if the right compound is not properly selected it can still
cause issues and leads to device failures. However, plastic mould compound alone
does not give the full story noris it the source of setting the 175 °C limit, as will be
discussed in the next section.

4 MOSFET structure

This section briefly discusses the main components in the internal structure of
LFPAK MOSFETs and their temperature properties:

Copper (Source) clip
one piece

LFPAK Plastic mould

Silicon die \ / compound

Solder attach —_——

Copper Drain Tab /

Figure 2 | LFPAK internal structure

Silicon / die: 250 °C. Pure silicon melting temperature is 1,414 °C. However, silicon
in the MOSFET is doped and at ~250 °C there will be thermal activation where
current will flow across the PN junction and the MOSFET no longer acts as a
switching device —i.e. there is no control over turn-on / turn-off.

Copper clip: melting temperature of copper is 900 °C. This is to highlight the fact
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that it can handle very high temperature and not used for any calculation purposes.
The criteria used to make sure that the copper in the MOSFET is capable for current
handling is explained later in the note.

Solder attach: melting point >300 °C.

Plastic mould compound: Can potentially harden and becomes brittle around
190 °C and above. The composition of the plastic mould compound is carefully
selected to withstand high temperature specification.

As shown above, the internal components of the MOSFET are either naturally
capable of withstanding temperatures >175 °C or specifically selected to do so.

Limiting the MOSFETs maximum junction temperature Tjto 175 °Cis driven by the
reliability requirements MOSFETs need to meet. And thus, 175 °Cis the
temperature limit used by Nexperia for qualification and life test of MOSFETs in
line with industry standard.

All automotive power MOSFETs must meet the 175 °C junction temperature
specification. Although this requirement is not applicable to non-automotive

devices which meet Tj of 150 °C, most of Nexperia industrial MOSFETs are life
tested and qualified to 175 °C.

5 Maximum power and maximum current

5.1 Maximum power
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With the junction temperature limit set to a maximum of 175 °C, the maximum
amount of power allowed in the MOSFET can then be determined.

The key parameters needed to calculate this maximum power allowance are the
thermal impedance between the die and the mounting base; Zi.mp) and thermal
resistance between the die and the mounting base Rip-mb)-

Ring-mb) is the thermal resistance which means that the thermal response has
reached steady state conditions (also referred to as DC conditions).

Zin(-mb) IS the term used to represent thermal impedance in its entirety, steady state
as well as transient conditions (more details are given later).
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Plastic mould
Copper clip
Source pins
Silicon die
Solder attach Rin(-top)
Copper Drain N
\ Rin(pcB-amb)

Ring-mb)

-

Rinpce)

PCB

Figure 3 | Thermal resistances inside and outside the MOSFET

Figure 3 illustrates the main thermal paths that exist from the MOSFET silicon die
to the external surroundings and ambient environment. The dominant path in
dissipating heat from the die is through the MOSFET drain tab and therefore the
thermal impedance of most relevance is Zi(mp) (also referred to as Renmb))-

It is worth pointing out that the source clip in the LFPAK package also provides an
important thermal path. Having the right amount of copper in the PCB layout for
the source pins is beneficial and should be considered in the design.

The LFPAK thin plastic mould adds another option of dissipating heat from the top
of the device should the design consider a heat sink at the top. For more details
about thermal performance and recommendations please refer to the application
note AN90003 (chapter 9 of this book) - LFPAK MOSFET thermal design.

As previously mentioned all maximum capabilities of the MOSFET are given in
reference to T = 25 °C.

The maximum power allowance can then be derived from the following formula:

T - Timp 1
Pimay = J(T?GX) (mb) (1
th(-mb)

The junction to mounting base thermal impedance values can be obtained from
the graph provided in the data sheet; the parameter used is transient thermal
impedance Zmb)-

For references the device used in the application note is PSMNR70-40SSH
(LFPAK88 0.7 mQ), 40V, standard level) qualified to 175 °C.
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) - : T Steady state/ H
Z(twwmf) Transient region i DC ryegian H
| |
5=0. S —
101 . —11 —t
0:1 aE!
0.05-"’—_—_--—/ —
=
[ L H [
10 0.025—] " 5=
=
]
T
103
10% 105 104 103 102 101 1
tp (s)

23a-029191

Figure 4 | Transient thermal impedance from junction to mounting base as a function of pulse
duration

As can be seen from the graph in Fig. 4 the MOSFET thermal response is similar to
an RC network electrical response — hence the thermal models provided on
Nexperia support page representing this response are referred to as RC thermals
—see the Support tab of the PSMNR70-40SSH product information page. For
detailed information about RC thermal models see application note AN11261
(chapter 5 of this book) - Using RC Thermal models.

The curve in the graph showing pulses up to 100 ms is known as the transient
condition section (transient region) and the parameter used is Zi.mp)- It is given in
single shot pulse or repeated PWM pulses with various duty cycles. The transient
region is relevant to situations such as short circuits, power surges or switching
transitions, they tend to be high power for short periods of time. Larger devices
normally perform better in this region due to their bigger drain tab areas.

For pulses above 10 ms, as can be seen from the graph the curves start to plateau
and will flatten after 100 ms. This section of the graph is referred to as steady state
and is given as thermal resistance parameter Ren(mb).

From 100 ms onwards the MOSFET will transition into thermal stability and is
considered in DC state. In this region the thermal impedance reaches its maximum
value and the steady state capabilities of the MOSFETSs are given against this
maximum value.

Note: the time it takes the MOSFET to reach steady state is not necessarily the
same for the PCB where the MOSFET is mounted on as the PCB thermal response is
slower. Therefore it is important to use the right thermal impedance for each the
PCB and the MOSFET when running thermal analysis for a given condition. RC
Cauer models found in Nexperia support page allow for PCB RC network to be
added if known.
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5.2 Maximum continuous drain current

The maximum current a MOSFET can achieve is primarily derived from the
maximum power allowance in the MOSFET. When calculating maximum continuous
current, the maximum steady state power must be used.

Example:

Device Name: PSMNR70-40SSH
Tmb=25°C

Timax =175 °C

Ring-mb) = (0.4 K/W max)

Table 1. Thermal characteristics

Symbol Parameter Conditions Min Typ Max  Unit
thermal resistance from .
Renmb) junction to mounting base Figure4 - 035 04 K/w
[2]
T -T 175- 25
Jj(max)~ " (mb)
P (max) = = = 375W

This value for maximum power can be found in data sheet limiting values table:

Table 2. Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134).
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Symbol Parameter Conditions Min Max  Unit

Prot total power dissipation Tmp=25°C - 375 W

Using the power formulae:
P = PxR 3]

Where | is the drain current (Ip) and Ris the on-state resistance of the MOSFET
(Roson))- Ip can then be calculated as:

o /T a
b= RDS(on)
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The on-state resistance value that must be used to calculate Ipmay), is the MOSFET
Ros(on) at Tj max —in this case Rps(ony at Tj= 175 °C.

/ _ [ Amay [5)
D) “\/ Rpseny @175 °C

A factorisation graph is provided in the data sheet for Rps(on) as a function of
junction temperature, (see Figure 5). This can be useful to calculate the current for
a specific temperature requirement. For PSMNR70-40SSH the Rps(ony multiplication
factor for T; = 175 °Cis 2.19. Note: this graph is based on measured values.

0.8

0.4

60 -30 0 30 60 90 120 150 180
T (°C)
RDS(on)

R 25°C

Ds(on) 333-026897

Figure 5 | Normalized drain-source on-state resistance factor as a function of junction temperature

From the data sheet characteristics table,
Max RDS(on) =0.7mQ (VGS =10 V, TJ' =25 OC)Z

Table 3. Characteristics

Symbol Parameter Conditions Min Typ Max Unit

Static characteristics

Ves=10Vilo =25 ATj 043 062 07 mQ

Roston) drain-source on-state =25°C
on) resistance Vee= 10 V- Ip = 25 A: T
as = 1D~ 11
—175°C 0.85 1.23 1.53 mQ

The resulting Rpson) at Vs = 10V, Tj=175°C = 1.53 mQ, (2.19 x 0.7 mQ). This value
is also included in the data sheet characteristic table. For further details about
MOSFET data sheet parameters please refer to application note AN11158 (chapter
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1 of this book) - Understanding power MOSFET data sheet parameters..

Ioman= e = =22 4954 6
Dma) ™\ Rpson) V) 0.00753 ~ 2

495 A'is considered to be the theoretical capability at Tj= 175 °C. Another term
commonly used is silicon capability.

Once the theoretical maximum Ip is established, the next stage is to validate this
value through test and verification. This will allow for other limiting factors to be
highlighted and considered in finalising and protecting the Ipmax given in the data
sheets.

In the case of PSMN70-40SSH, the validated Ipgmax @ Tmp = 25 °Ciis 425 A.

Table 4. Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134).

Symbol Parameter Conditions Min Typ Max Unit

Ves =10 y; Top = 25 °C [11 043 062 07 mQ

Ip drain current
VGS=10V; Tmb=100 °C - 350 A mQ

[1] 425A. Continuous current has been successfully demonstrated during application. Practically, the
current will be limited by the PCB, thermal design and operating temperature.

The formulae:

/ _ A (max)
B2 "\ Ros(on) @175 °C

can also be used for different temperatures. For example Ipmax at 100 °C can be
calculated as follows:

B Tj(max)_ T(mb) _ 175- 100

P = = 187.5W [7]
(max)
Reng-mb) 0.4
187
/D(max) = m = 350/4 [8]

The same principle applies across the full operating temperature range. MOSFET
data sheets contain a drain current de-rating graph in the limiting values section,
see Figure 6.
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500
I

400 —— (™

300 N

200

100 \
\

0 25 50 75 100 125 150 175 200
Tmb (°C) 23a-029500
Vgs 210V

0

(1) 425 A continuous current has been successfully demonstrated during application tests. Practically
the current will be limited by PCB, thermal design and operating temperature.

Figure 6 | Continuous drain current as a function of mounting base temperature
Fig. 6 shows:

* Ip(max) for silicon capability @ 175 °C (solid curve)
Ip(max) capped value (dashed line)

As stated in Nexperia data sheets the continuous Ipmax value in the limiting table is
not given as a figure verified by design i.e. theoretical, but rather demonstrated
through testing. Some of the reasons for capping the continuous lp(max value at
lower limits than the solid curve given in the graph are as follows:

Package limit

« Thisis normally associated with wire bond MOSFETSs.

» Historically old parts (10 years or older) experienced issues with the package
- this was due to a combination of:
1. Wire bond fuse - being a major reason for lowering the current rating
2. Plastic mould compound.

« This limited Ip(max to 100 A- 120 A, and this legacy approach had been carried on
for some devices even if they were clip bond LFPAK and less than 10 years old.

« As MOSFETSs capabilities have reached a much higher level than has been
possible in the past, it is only appropriate to select the right plastic compound
and adapt a more accurate approach so that these new limits are achieved.

» By making the package not the limiting factor Nexperia MOSFETs can operate
to their optimum level, giving the designer full advantage of these capabilities.

Test boards

+ Test boards are important part in verifying the Ip(max capabilities more so at
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Nexperia as they may be the limiting factor — as mentioned previously only

In(max) vValues that are verified through test are used.

« Improvement have been made in recent years so the right test boards are used
to maintain Ty, at 25 °C.

. Note that some MOSFETs vendors state continuous max current as
verified by design and some limit the rating to a one second test.
Although for Ry, thermal stability is considered to be reached at one
second, (represented by the flat line in Zy, graph) and for the MOSFET this
is steady state condition. The length of time for max Ip test at Nexperia
exceeds 30 seconds continuous.

Tj(max) €xceeded

+ Junction temperature Tjis monitored during continuous Iy testing. Higher Ip
values resulting in Tjexceeding 175 °C are not considered.

Silicon limit

» Thesilicon capability at 175 °C given in the data sheet as the solid curve is the
absolute limit. Meaning only the Ip values that PASS the test at the curve level or
below are validated. Instances where MOSFETSs Ip measure values above the
curve can be explained by the fact that most MOSFETs operate at their typical
Ros(on) Values while the curve only considers the Rps(on)(max) Values.

Source pins

» Calculations based on the source pins dimensions i.e. length, width, cross-section
area, size, etc., as well as the alloy/copper property are used to make sure the
current density and capability of the pins meet the Iy rating.

»
wl
[
(7]
o
s
[ =
(]
3
o
Q
<
o
[
-
()
=
(]
Q
X
()
4
£
w
hed
c
()]
=
(=
=
(]
w
=
o
=
c
£
[=
o
(V)
E
=2
£
X
()
=

In summary the final maximum continuous Ip rating is based on the lowest
limit met by any of the above criteria.

5.3 Maximum continuous source current

Although Is has always been given as a separate parameter, its value had historically
been linked to Ip. The value of Is was based on calculation and was either lower than
Ip or made the same even if it was calculated to be a higher value. A more accurate
approach is to rate the current capabilities for both Iy and Is separately. This
approach is now standard and verification through testing in the same way as
explained previously is applied.
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Determining the Is limiting value

As far as the maximum power in the MOSFET is concerned, it is the same power
allowance whether it is applied through the MOSFET channels (Ip) or the MOSFET
body diode (Is). Therefore the simple power formulae to useisP =V x |, where Vis
the body diode voltage drop (Vsp) and I is the source-drain current IS. Therefore the
power calculated in the previous sections still applies, and in the case of the device
example given, P =375 W.

» The power through the MOSFET channelis P =12 x R
» Power through the MOSFET body diode is P =V x |, where V is the diode voltage
drop (Vsp) and I is the source-drain current IS

The Vsp maximum value given in the data sheet characteristics table is 1V, (see
Table 5 below).

Table 5: Characteristics

Symbol Parameter Conditions Min Typ Max Unit

Source-drain diode

|5:25A;V05:0V,'Tj _

S 075 1 v

Vsp source-drain voltage

In theory Is should be =375 A, (I=P/V, P=375W, V = 1). In reality though Vsp is
typically around 0.75 V and this would be the case for more than 90% of all devices.
Furthermore, Vsp is temperature dependant and the voltage will drop as
temperature goes up. It is also true to say that the voltage Vsp goes up when
current increases, but the heating element (induced by the current as self-heating)
has a bigger impact.

The continuous source current that has been measured and is validated in the data
sheet for PSMNR70-40SSH is 500 A, see Table 6 below.

Table 6. Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134).

Symbol Parameter Conditions

Source-drain diode

s source current Tmp =25°C [ - 500 A

[1] 500A. Continuous current has been successfully demonstrated during application. Practically, the
current will be limited by the PCB, thermal design and operating temperature.
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Source-drain characteristic

MOSFET data sheets include a Vsp characteristic graph, see Figure 7 below.

k 400 / l

(A)

320 l
|
240 / /
/
160 / /
/]

175°C|
80

0 J
0 02 04 06 08 v (1\/) 12

'sD v
Vgs =0V 333-029198

Tj=[25°C

Figure 7 | Source-drain (diode forward) current as a function of source-drain (diode forward) voltage;
typical value

The above graph is obtained by testing the device with pulsed current to avoid
self-heating, (which would result in higher values for Vsp). In real applications
self-heating will most likely occur, as currents lasting more than 100 ms will be
sufficient to get Ry, in steady state region and allow the device to heat up.

To help determine Vsp values at higher temperatures Figure 7 includes curves for T;
=25°Cand for Tj= 175 °C. This shows that the Vsp value reduces with increased
junction temperature. As can be seen from Figure 7 (T;= 175 °C curve), with Is = 400
A, Vsp is just over 0.8 V and with power = 375 W this will result in Is = 440 A. The
rating for Is given in data sheet is = 500 A, this difference can be explained by the
following: power of 375 W is based on max Ry, of 0.4 K/W. However, a typical Ry, is
=0.35 K/W resulting in power = 428 W. With Is = 500 A, VSD = 0.85 V.
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Note: the Is value given in the data sheet (in this case 500 A) has been proven
through testing and the value is validated.

6 Practical application examples

This section details the function and configuration of power MOSFETs in a basic
application circuit. Three key application stages will be discussed - RPP (Reverse
Polarity Protection), isolation and load drive. Figure 8 below shows a simplified

circuit capturing some basic operations of the different MOSFET configurations.
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Reverse Polarity Isolator Output Load drive
Protection s circuitt
Cable Filter /:I\
R L Lt Motor drive
RN B s/\rﬁ{]u of TILNS I 1ot iy e
U] ILoad T4
T T2
G -
=,
DC/Battery ITotal )
Supply ct —=® —=®
gu
1
- Isolator Output Load drive
e . circuit2
o/ 7. \s LR LR DC-to-DC converter
ILoad T6
T3
I > L
=c =c
T7
TC

a3a-031929

Figure 8 | Simplified motor drive and DC-to-DC converter application diagram

6.1 Output load drive MOSFETs T4, T5, T6
and T7

The circuits shown in Figure 9 and Figure 10 both show a pair of power MOSFETs
implemented as a half-bridge, a common configuration for motor drive (T4 and T5
see Figure 9) and DC-to-DC converters (T6 and T7, see Figure 10) — for details on
half-bridge MOSFET switching parameters and performance refer to Nexperia
application note AN90011 (chapter 7 of this book) - Half-bridge MOSFET switching
and its impact on EMC.

Output Load drive Output Load drive
circuit! Motor drive circuit2 DC-0-DC converter
L R L R L R L R
ILoad T6
L
=cC =cC =c
T7
TC

aaa-031931 2aa-031932
Figure 9 | Output load drive circuit 1 (motor drive) Figure 10 | Output load drive circuit 2
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In this example we look at output load drive circuit 1, T4 and T5 in relation to
current demand which will be gated by the type of motors driven and the power
requirement of the application.

Motor drive application

Parameters profiling a motor can be summarised in Figure 11 below:

Speed
N V2> V1
~
~
\\
N Max Power
Yop, > *
\l We . >~ e
KT o
VN
o
~
~
~
<
~
~
\\
/// S
Normal - S
° ~
operating ~
~ area
e SN
- ~
~ Torque
~ ~
- ~
Max speed Max torque:
No load stall current 233-031933

Figure 11 | Motor operation parameters

Normal operating area is where a motor is designed and specified to spend most of
its working life. However, it is expected that motors will go through situations of
stalled rotation a number of times in their operating life. These stalled motor
situations, albeit don’'t happen on a prolonged periods, are considered part of the a
normal operation. Adding to this profile, fault conditions situation such as short
circuit where motor drive circuit are expected to recover from, one can appreciate
the type of power capabilities that need to be considered in selecting a power
MOSFET driving such application. Note: although stall conditions may last few tens
or hundreds milliseconds, as explained previously this will be enough to make the
MOSFET operate in DC conditions and therefore continuous current capability is
key.
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Some designs may drive two different output loads. A representation of such
circuits is given in Figure 12 above. MOSFETs T2 and T3 are used to isolate their
respective circuits as they may not need to operate at the same time.

MOSFETSs are also used as isolators is designs using the same circuit duplicated to
drive one common output. This may be due to redundancy requirement in order to
meet a safety standard (usually associated with automotive application to allow
continuous operation even in cases of failure — such redundancy circuit is not part
of this example here, but the same principle applies).

In such applications particular attention should be given to:
» Current capability in MOSFETs. T2 and T3 need to cater not only for the current

needed to drive the loads, but also for the immediate drive circuits current
drawn (Figure 12 circuit 1 & circuit 2 respectively).
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- Some designs require large capacitors in the drive circuit. The drive circuit itself
can be treated as a capacitive load and therefore high inrush current or soft
start capabilities are important in the selection of MOSFETs — soft start mode is
applied to MOSFET's turn on so that high inrush currents are brought under
control and this type of operation requires a MOSFET with strong SOA
performance. For SOA related details please see Nexperia application note
AN11158 (chapter 1 in this book) - Understanding power MOSFET data sheet
parameters.

» Anotherissue that might result from such large capacitors used in the drive
circuits is the current they supply in a case of a fault incident explained as
follows: In a case where T3 is off (circuit 2 is disabled) and T2 is ON, if a short
circuit occurs in drive circuit 1, charged capacitors from drive circuit 2 can
supply very high current to drive circuit 1 through the MOSFET body diode of
T3 and through T2 (the same can occur in the opposite direction). In this
example it is important to pay attention to Is capability in a MOSFET

MOSFETs T2 and T3 require strong capabilities in continuous Ip, Is and
depending on implementation of soft start, strong SOA.

6.3 Reverse polarity protection MOSFET T1
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Figure 13 | Reverse polarity protection MOSFET T1

See Figure 13 continuous current capability is of most relevance here as the
MOSFET T1 is implemented on the supply line which allows the flow of all the
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current needed for the whole module on a continuous basis.

It can also be seen that current flows through T1 from the supply regardless of
whether the MOSFET is ON or OFF —when MOSFET is OFF it will still conduct
through its body diode. As such it is important to pay attention to Is capability.
To avoid current flowing through MOSFET body diode some designs implement
two MOSFETs back to back for reverse polarity protection, see Figure 14.

Reverse Polarity
Protection

aaa-031936 23a-031935

Figure 14 | Reverse polarity protection using back-to-back MOSFETs

In a back-to-back configuration the other parameter that becomes of relevance is
the avalanche performance of the MOSFETs. A situation where a fault condition
occurs and T2 turns off as part of a protection mechanism. Due to inductances in
the cable and/or the circuit a build-up of a voltage at the drain of T2 might occur
and potentially lead to an avalanche event. For details on avalanche topic see
Nexperia application note AN10273 (chapter 7 of this book) - Half-bridge MOSFET
switching and its impact on EMC.

Multiple MOSFET parameters are highlighted in the application examples given
above, all showing the importance of, and the need to use a MOSFET that is
capable of handling high continuous current.
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Chapter 11

LFPAK MOSFET thermal
resistance - simulation, test

and optimization of
PCB layout

Application Note: AN90019
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1 Introduction

This chapter explains the parameter thermal resistance from junction to ambient
and how it can be reduced by careful PCB layout.

Nexperia MOSFET data sheets contain a parameter Rey (o) Which is the thermal
resistance from junction to ambient. This is a guide to how much heat can be
dissipated from the device to its surroundings in a typical application. For a
surface-mounted device such as an LFPAK MOSFET this is highly dependent on the
type of Printed Circuit Board (PCB) on which it is mounted. The type of material,
the thickness of copper and the shape of the copper footprint all contribute to

Reh(-a)-

This application note looks at the structure of an LFPAK MOSFET and the way it is
mounted on a PCB. It uses thermal modelling techniques to analyse how heat,
generated inside the device, is transferred to its surroundings. Various circuit
layouts are considered and tested so that developers can use a value for Rip-s) that
closely reflects practical applications.

2 Definition of thermal resistance Repgj-a)

Rin-s) Is the thermal resistance from the active surface of the silicon crystal to the
surrounding environment. It is a value that represents the net effect of all the
possible series and parallel paths from the semiconductor junction to ambient and
includes heat transfer by means such as conduction, convection and radiation.
Rin-o) is defined as the temperature difference between junction and ambient that
transfers one watt of power to the environment. It is given by:

where Rin() is measured in K/W Tj is the junction temperature (°C)
Tamb is the ambient temperature (°C)
P is the heating power dissipated inside the MOSFET (W)

2.1 Test method

The method used to measure Rn-q) is defined by JEDEC standard 51-1 and 51-2A.
The approach is a static implementation, meaning heating power is applied on
continuous basis while monitoring the junction temperature. The formula for Ren(.a)
shown above can be used once a known power is applied and steady state is
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reached. The Device Under Test (DUT) is soldered to a FR4 test board and placed in
the geometric centre of the test enclosure as shown in Figure 1 and Figure 2. The
enclosure comprises a 305 mm cube made from low thermal conductivity materials
such as cardboard, polycarbonate, polypropylene, wood, etc.

Dimensions in mm.
Wiring not shown, but will be placed to avoid interfering
with the convection air flow.

2.2 Heat transferin the JEDEC enclosure

Within the JEDEC enclosure, heat is transferred from the DUT to the PCB and
surroundings by three basic mechanisms; conduction, convection, and radiation.
Conduction is the process by which heat transfers from high temperature regions
to low temperature regions that are in contact with each other. Figure 3 shows how
heat is transferred from the semiconductor junction to the copper clip and from
the clip to the encapsulant. Also, from the junction through the silicon die to the
mounting base, and from the mounting base to the PCB.

Convection refers to the heat transfer process caused by displacement of air
surrounding the test fixture. The movement is caused by the tendency of hotter
and therefore less dense air to rise, and colder, denser air to sink under the
influence of gravity, which consequently results in transfer of heat.

Radiation does not depend on contact as heat conduction and convection do.
Thermal radiation is when an object loses energy in the form of electromagnetic
radiation in the infrared part of the spectrum. In the example shown in Figure 3,
heat is radiated from the surfaces of the MOSFET and the PCB into the space inside
the box.
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The measured thermal resistance of a MOSFET, Rex(-), depends upon the package
size, the material properties and the internal structure of the device. It also
depends on the PCB that is used in the test fixture. Modern surface-mount
MOSFETSs are designed to use the PCB as a heat sink and rely on the copper traces
to spread the heat over a large area to assist with cooling.

Nexperia power MOSFET data sheets usually specify two values for Ry — one
with a minimum footprint that conforms with the JEDEC standard, and another
with a 25.4 mm (1") square of 70 pm thick (2 oz) copper on the top surface. See
Table 1 also Figure 4 and Figure 5 below.

thermal resistance from
Rehgmb) junction to mounting base ) 0.56 0.63 K/W
R thermal resistance from FIgureE ) 50 - K/w
th(-a)

junction to ambient Figure 5 R 125 - K/W
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Id Id

33a-005750 2a3a-005751

3 MOSFET drain-source current path

Modern power MOSFETs have an on-state resistance in the order of milliohms and
surface-mount variants are capable of switching hundreds of amps. In these cases
consideration must be given to the Joule heating effect, i.e. induced heat due to
current flowing through the conductor, in this case current through the device and
the PCB traces.

Figure 6, below, shows the current path through a LFPAK MOSFET. The clip is
attached directly to the semiconductor junction and at low current it acts as a heat
sink, conducting heat away from the junction to the PCB. At high current, however,
it becomes heated by its own resistance and requires cooling by being connected
to a cooling surface connected to the source terminal.
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4 PCB layout optimization

4.1 PCB trace width calculation

To examine the heating effect of the PCB trace let us consider as an example a
Nexperia LFPAK MOSFET; PSMN1R0-30YLD. This has an on-state resistance
RDS(on) =1mQ (VGS =10V, Tj =25 OC).

At a typical current of 55 A, the simplified power dissipation, given by I2R will be
552 x 0.001 = 3 W. This power can be dissipated with the appropriate PCB layout
applying the right amount of copper to spread the heat.

Many PCB manufacturers websites include a trace width calculation tool based on
the IPC-2221 Generic Standard on Printed Board Design. Using an IPC-2221 trace
width calculator we can determine the size of trace required to carry 55 A.

Assuming 70 um (2 oz) thick copper and allowing for manageable 30 °C rise in the
trace temperature, Figure 7 shows that a trace almost 20 mm wide is required.
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4.2 PCB layout simulations

A number of thermal simulations have been carried out using 38 PSMN1R0-30YLD as
an example to find the optimum PCB layout that extracts the maximum amount of
heat from the device and therefore gives the lowest possible value for R-4). All
the simulations were on a 25.4 mm square of 70 pm thick copper. The MOSFET was
fully turned on with a constant current that produced a 3 W power loss in the
device.

The investigation examined different positions of the MOSFET within the copper
square. It also considered allocating different percentages of the copper square to
the source and drain.

Finally, it examined the heating effect of trace width on the temperature of the
MOSFET and the consequences for Rp.;) measurement.

Test layout 1

In Figure 8 the device is mounted on the edge of a 25.4 mm square copper pad.
Ren(j-a) = 41.8 K/W according to the simulation result.

This layout assumes that the main heat transfer path is from the junction, through
the silicon die to the mounting base. All of the copper pad is allocated to cooling
the mounting base. We see from the thermal profile that very little heat reaches
parts of the copper furthest away from the MOSFET and these contribute little to
the cooling. The source trace is very hot because of inefficient cooling of the source
pins. This is evidently not an optimum solution resulting in a relatively high value
for Reh(-a)-
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Test layout 2

The test layout of Figure 9 shows the MOSFET mounted in the middle of the
25.4 mm copper square with the copper area divided equally between source and
drain.

The simulation result gives: Rep(j-a) = 39.1 K/W

Placing the device in the middle of the copper has improved the cooling and
reduced the thermal resistance. However, the copper area connected to the drain
tab is hotter than that connected to the source pins which suggest that more heat

flows through the drain tab. Selecting the proper ratio of source to drain copper is
important to obtain the optimum Rix.a) value.

Test layouts 3,4 and 5

In Figure 10, Figure 11and Figure 12 different layouts examine the effect of various
trace widths for the source connection.

Layout 3 has the MOSFET located in the centre of the copper pad and the Joule
heating effect of the source trace is not considered.

The simulated result gives: Ren(j-a) = 38.6 K/W.



MOSFET & GaN FET Application Handbook

However in a practical working circuit when low Rps(ony MOSFETS are fitted, the
drain-source current can reach tens or even hundreds of amperes, and the heat
generated in the PCB traces cannot be neglected.

Layout 4 shows what happens when the Joule heating of the source trace is taken
into account. In this case the trace width is 0.8 mm. The power loss in the MOSFET
is 3 W as before, but the power loss in the trace is 8.8 W. Figure 11 shows the rise in
temperature of the source trace which is higher than the die temperature of the
MOSFET and is therefore heated significantly.

Layout 5 has the source trace increased to 3 mm. The test conditions are the same
as in layout 4. This time the power loss in the source trace is reduced to 2.4 W but
Figure 12 shows that the temperature still exceeds that of the die.
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The simulated result gives: Ry111= 56.7 K/W.

We can deduce from test layouts 4 and 5 that in a practical application involving an
LFPAK MOSFET careful consideration must be given to trace thickness and width so
that the Joule heating of the current path does not contribute to the heating of
the MOSFET.

Optimal PCB layout - layout 6
Layout 6, shown in Figure 13, attempts to optimise the copper traces to obtain the
lowest possible Ren(-). Approximately 1/3 of the 25.4 mm copper pad is allocated to

the source pins whilst the width of the source trace is a maximum.

The simulation result gives: Rengj-a) = 37.1 K/W.
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5 Conclusion

Nexperia LFPAK MOSFETSs are designed to handle high levels of current, 300 Ain
the case of PSMN1R0-30YLD and in excess of 400 A for packages such as LFPAK8S.
To take full advantage of the MOSFET's ability to handle these levels of current,
designers are faced with the challenge of dissipating the resulting power through
the PCB and therefore care must be taken in the design of the layout.

A larger amount of copper and a larger area used under the MOSFET's drain tab will
provide better thermal performance and thus better power dissipation. Perhaps
less obvious is the PCB layout/ trace for source pins and the importance of the
amount/area of copper used. LFPAK packages provide a good thermal path from
the junction to the source pins as they use one piece copper-clip (i.e. not two pieces
of copper soldered together or copper-ribbon combination). It is therefore very
important, for an efficient thermal design to consider a layout with the right
amount and area of copper for the source pins.

As shown in this application note the best Ry can be achieved when this layout
approach is applied. Another important factor to consider is the width and
thickness necessary for PCB traces providing the electrical connections to the
MOSFETs, in order to handle the high currents.
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Chapter 12

H-bridge motor controller
design using Nexperia
discrete semiconductors
and logic ICs

Application Note: TN90002
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1 Introduction

An example of a H-bridge motor controller designed with Nexperia discrete and
Nexperia logic IC components.

This chapter demonstrates a H-bridge motor controller PCB, built using Nexperia
discrete semiconductors and logic ICs.

The H-bridge circuit is a full bridge DC-to-DC converter allowing operation of a
brushed DC motor (48 V max, 12 V min, 5 A max). The key feature of this design is
that all electronic functions are designed with Nexperia discrete and logic IC
components (low cost, no micro-controller or software needed).

+V — +V

Q1 Q2

&=

TIL
&t/

Q3 Q4

3aa-030956

Figure 1| Simplified MOSFET H-bridge motor control

The left MOSFETs of the full bridge (Q1 and Q3 in the simplified diagram above) are
the switching MOSFETs (see the PCB top view in Figure 26), the right MOSFETs (Q2
and Q4 in the simplified diagram above) select the motor rotation direction:

« right high side MOSFET fully ON = Forward
« right low side MOSFET fully ON = Reverse A switch selects the motor rotation
direction.

Jumpers select one of 3 switching frequencies: 7.8 kHz, 15.6 kHz or 31.3 kHz.
Two tactile push buttons allow the duty cycle (motor speed) to be increased or
decreased. There are 8 steps from 0 to 100% duty cycle. A current limitation
protection avoids over current in the motor and MOSFETSs (set at approximately
6.5A).

This H-bridge motor controller PCB allows the user to choose between 3 Nexperia
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MOSFET packages (LFPAK33, LFPAK56D or LFPAK56), jumpers are used to connect
the MOSFETs chosen by the user.

This chapter describes each of the main functions used in the design.

2 Block diagram and system Functionality

Driving .
Clock PWM Circuitry AP[H'b”dge]_»[ Motor

A A
L
Power cgyreel;;t <
Suppl .
PRl Detection
S 2aa-030969

Figure 2 | H-bridge motor controller block diagram

2.1 Subsystems overview

1. Power Supply
e Accepts 12V to 48 VDCinput
« Transient overvoltage protection
» Reverse polarity protection
* Buck converter (12 V)
+ Linear regulator (5 V) for logic devices
2. Clock and duty cycle generator
* 4 MHz crystal oscillator and frequency divider to create 3 different
switching frequencies
» Duty cycle sets by push button inputs to select the duty cycle (0% to 100%)
* 62.5 kHz output is used to supply the charge pump on the driving
circuitry block
3. PWM
« Reset function to activate other function when Vcc 5V supply is stable
» Dead-time function and PWM enable (over current protection disabling)
« Levelshifter
+ Direction selection
4. Driver circuit
+ High-side and low-side drivers to drive 4 MOSFETs of the full bridge
« Charge pump to supply the high-side MOSFETs
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5. H-bridge
» Reservoir and decoupling capacitors
* Snubber on the left MOSFETs (switching MOSFETS)
« Jumper to connect the selected MOSFETs
» Gate drive resistors
« Low-side current measurement
6. Overcurrent detection
« Comparator, with voltage reference setting current limit
* PWM reset function reactivating PWM if fault disappears

3 Subsystem descriptions

3.1 Power supply

The H-bridge motor controller power supply circuit comprises of:

- DCinput stage with transient overvoltage and reverse voltage protection
* 12 Voutput DC-to-DC buck converter stage

» 5V output linear regulator (for logic ICs) with status LED
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Figure 3 | Power supply circuit

H-bridge motor controller des

Transient overvoltage protection

D8 and D17 (PTVS60VS1UTR) are transient voltage suppressor diodes, rated at 60
V, 400 W for a 10/1000 s current pulse waveform. They protect against positive
and negative transients.

Note: These TVS diodes provide protection for transient overvoltage only - not
for DC overvoltage.
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J1

nn_01x02

D8
PTVS60VS1UTR

D17
PTVS60VS1UTR

GND 33a-030914

Figure 4 | Transient overvoltage protection
Reverse polarity protection

Two parallel P-channel MOSFETs Q1 and Q2 (BUK6Y33-60P) form the reverse
polarity protection.

Q1 and Q2 are biased on through D1 and D2 (BZX84J-B10) respectively when the
supply polarity is positive (Vgs=-10 V). Q1 and Q2 are off when the supply is
negative (Vgs = VF = 0.7 V), current cannot flow because the MOSFET body diodes
are reverse biased.

This means that if the supply is inverted, no current will flow into the circuit and
potentially cause damage.

Qi
BUK6Y33-60P

5 :f:i 1,23
< B

BZX84)-B10

Q2
BUK6Y33-60P
@h\
5 —91,2,3
4

D2
BZX84J-B10

JiN

=

3
o
=Kt
s

23a-030911

Figure 5 | Reverse polarity protection
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Buck converter (12 V)

The next stage is a switching regulator that outputs 12 V. To start the switching
regulator a start- up circuit is used consisting of: Zener diode D18 (BZX84J-B5V6),
R10, and C14. This provides a 5 V supply for inverting Schmitt trigger U21
(74HC1G14) before Vcc (5 V) is available through D19 (BAS316). U21 can then start
the switching regulation.

The buck converter consists of: Q5 (BUK6Y33-60P), Schottky diode D6
(PMEG10030ELP) and inductor L1. The output of the buck converter supplies the
12 Vrail.

When the output of U21 is high it turns on Q5 via the NPN transistor Q3 (BC846)
and the NPN/ PNP dual transistor pair Q4 (BC846BPN). The voltage on node “V_12"
will then increase. When “V_12" reaches 12V, D3 ( BZX84J-B10) is conducting and
there is enough voltage on U21 input to force U21 output low. Then Q5 is switched
off and the voltage at “V_12" decreases until U2 1 input is low enough to restart a
new cycle.

1P5

a5 TEST

L1
ID V_SUPPLY BUK6Y33-60P 390u l—DV-lz

£
5
C10 |c48 |cug
067

LY
5 4
18 PMEG10030ELP  |47U |1u  |1u
<}
BZX84)-B5VE b9
[
v_12 1 "

GND
w2

TEST  BAS316
S

<7

GND

N p3
BZX84)-B10

oo 333-030912

Figure 6 | Buck converter
Linear regulator (5 V) for logic ICs

A linear regulator comprising NPN transistor Q6 (BCP55), Zener diode D7
(BZX84J-B5V6) and R11 provides a regulated Vcc (5 V) rail for the logic ICs.
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3.2 Clock and duty cycle generator

The Clock circuit comprises of:
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» Crystal oscillator and frequency divider
« Duty cycle generator
» Frequency selection jumpers

ign using

Frequency selection jumpers Clock

TR RS

&
Huge ground plane ”~=’='—"V"=‘D’—5—E>°‘;

e [t}
TacLP-a0 7hncasipu-aion

sasisz

Fregquency_duty_cycle.step
MUX {for duty cycle clock)

Duty cycle generator

313Kz duty_cyele_step
#15.6Khe duty.cycle step
B+7.8Khz_duty_o

select duty cycte value with push buttan TSt

i oo

M%
sl CHe Lhd
23 wron2 top-1p I
) T ‘ afsi
D ey $ S

:
o :
5 o

H-bridge motor controller des

4 duty_cyete_autput
h e
swijb ™ o
cameilhy b TAHCIGORGH 3100, pulse generat
(0 o35 Esl A
K 2oz H Sopup L L
w3 [ TyHg16026W-2100
B D021 | eoumas-asve. v
i THcLCoBGH-0100
2 [rohe16020w-a100 Stop_down

23a-030912

Figure 8 | Clock, duty cycle and frequency selection
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Crystal oscillator and frequency divider

A crystal oscillator is used for accuracy and stability. The oscillator frequency is 4
MHz.

U1 (74HCT4060) is a frequency divider, used to obtain different frequencies from
the 4 MHz. It provides outputs at:

* 62.5kHz to drive the charge pump circuit (see Figure 19)
* 31.3kHz, 15.6 kHz and 7.8 kHz for the switching frequency (user selectable)

The switching frequency is selected by the multiplexer U3 (74HCT151) according to
the jumper settings of JP7, JP8 and JP9.

Note: Only one jumper should be fitted at the same time.
The switching frequency output is labeled “Clock”.

A reset signal enables both multiplexer U3 and U19 (see next section for U19
explanation) when Vccis 5 V.

s2

Clock
MUX (for frequency selection)

P13
TEST

Reset_signal

2 us
TAHCL4PY-Q100 74HC151PH-Q100

505152

33a-030937
Figure 9 | Oscillator and frequency divider
Duty cycle generator
Signals with a frequency 8 times higher than the required final switching frequen-
cies are fed to 3 of the inputs of an 8-bit multiplexer IC, U19 (74HCT151). These are
labeled “8*Frequency_duty cycle step”.
Jumpers JP7, JP8, JP9 select both the switching frequency “Clock” and at the same

time, “Frequency_duty_cycle step” which is a multiple (x8) of the switching
frequency.
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This higher frequency is used to create 8 duty cycle steps.

“Frequency_duty cycle step” goes into the clock input of programmable timer U18
(74HC40103PW). U18 uses "Frequency_duty_cycle step” as a clock.

U18 output produce a duty cycle time in “duty_cycle_output” equals to the value
read in input (PO to P3) multiplied by the clock period.

"duty_cycle_output” is the general output of the Clock circuit.

23a-030938
Figure 10 | Duty cycle

Table 1 | Duty cycle selection

PO (1) P1(2) P2 (4) P3 (8) Duty Cycle
0 0 0 0 0%

1 0 0 0 12.5%

0 1 0 0 25%

1 1 0 0 37.5%

1 1 1 0 87.5%

0 0 0 1 100%

The signal “Clock” from U3 resets U18 at each new switching period. When reset,
U18 will read inputs PO to P3 and output a duty cycle in “duty_cycle_output”
proportional to the settings.

The outputs of a 4-bit synchronous binary up/down counter U11 (74HC193) set the
duty cycle value, it is the input of U18. Each time a rising edge appears on the UP
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input, the output value (QO0 to Q3) increases by 1, each time a rising edge appears
on the DOWN input, output value (Q0 to Q3) decreases by 1.

The push buttons SW3 and SW1 with U10 and U22 (74HC1G125) create the rising
edges on UP or DOWN input of U11, when the user releases the push button.

When U11 output reaches a maximum count of 9 (8 to 9 transition), (Q0 and Q3
=1), the “stop_up” output of U12 (74HC1G08) is set to 1 and U10 (74HC1G125) is
deactivated (high impedance), any further impulses on SW3 can't produce a rising
edge on UP input (U11) and the duty cycle reaches a maximum.

When U11 output reaches a minimum of 0 (Q0 to Q3 =0), U17 (74HC1G08)
“stop_down” outputis set to 1 and U22 (74HC1G125) is deactivated (high
impedance), any further impulses on SW1 can’t produce a rising edge on DOWN
input (U11) and the duty cycle reaches a minimum (after 0 the next counter value is
15, we need to stop the counter from setting duty cycle to a maximum).

3.3 Pulse Width Modulation

The PWM circuit consists of:
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« PWM enable and reset
» Dead-time control

» Level shifting stage

» Direction selection
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H-bridge motor controller des
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Figure 11 | PWM, dead-time, level shifting and direction selection
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Reset function

The reset function to activate other function when the Vcc (5 V) supply is stable.

vce
° . ° °

N D22
TL431BCDBZR

R95

GND

Figure 12 | Reset circuit

3aa-030940

When Vcc (5 V) reaches approximately 4V, “Reset_signal” will go high after a delay
set by C15. This validates all functions enabled by this signal. This ensures that all
logic ICs will start with a clean Vcc (5 V).

Adjustable precision shunt regulator D22 (TL431BCDBZR) acts like a comparator.
PNP transistor Q36 (BC857A) is a current source charging C15 when the threshold
is reached.

MOSFET Q37 (2N7002) discharge C15 when V¢ (5 V) is no longer present.

The dual NPN/PNP resistor-equipped transistor Q38 (PUMD13) switches “Reset
signal” high when the voltage on C15 (delay setting) reaches a value high enough
to turn on the NPN transistor (input, pin 2).

Dead-time Function and PWM enable (over current protection disabling)

“duty_cycle_output” is the high side command (a) and “duty_cycle_output" is
inverted by U20 (74HC1G14) to create the low side command (1-a).

The duty cycle command is disabled by U6 (74HC125) through its input “PWM_EN"
equal to 1 (over current protection switch U6 output in high impedance).

A dead time is controlled by U2 (74HC14) and RC filter. Q39, Q40 (2N7002) force
the duty cycle to 0 when “PWM_EN"is 1.
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Dead time delay

BAS316 P21
< TEST

2
74Hc14pW-a100

v
GND

P17
TEST e 23

usp <
duty_cycle_output [ZBHCL 25BN 20100 BAS316 u2a

74HC14PW-Q100

1

13 P18
TEST
74HC125PW-Q100

2 3

1] P16
TEST

PWM_EN

33a-030941
Figure 13 | Dead-time function and PWM enable
Level shifter

Transistors Q9 and Q10 (BC846) interface the 5V duty cycle signal to the high side
and low side drivers (see Section 3.4)

HS_Drive_L

P25
TEST

10V
LS_Supply_Rail

R31

P23
TEST

LS_Drive_L

aaa-030942

Figure 14 | Level shifter
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Direction selection

iclCs

Switch SW2 selects the motor direction by activating either Q7 or Q8 (BC8468BS).

LS_Supply_Rail

ALS_Supply_Rail P20

Switch controls the
direction in which
the motor rotates

HS_Drive_R
DLS Drive_R

asA
BCBLEBS
i

3
SW_DPDT_x2

33a-030943

te semiconductors and log

Iscre

Figure 15 | Direction selection

Q7 or Q8 are fully ON and activate one of the right MOSFETs: high side fully ON or
low side fully ON.
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3.4 Drive circuit

ign using

The drive circuit comprises of high-side and low-side drivers to drive the 4 power
MOSFETs that form the full bridge.

PMEGEO1OER  PMEGSO10ER
I By

V_SUPPLY D> B B
012 013
C_tank)
33 cs8. caL
Tesr O—1

100v

D HS_Gate R

Cpum

Floating_Rail_L
Charge pump.

c1g

=
100V,

D HS_Gate_L

32
TEST

Floating_Rail_2

H-bridge motor controller des

LS_Supply_Rall }

Q238 P41
BCBA6BPN TEST

LS_Drive_R LS_Gate_R

Bottom_Rail

aaa-030944

Figure 16 | Driver circuit
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High-side and low-side driver
Two high side drivers supplied by the charge pump function and regulated at 9 V:

« Q19 (BC846), D15 (BZX84J-B10), C23, R45, Q21(BC846BPN) driven by “HS_
Drive_R” for the right high side

Q20 (BC846), D16(BZX84J-B10), C24, R46, Q22(BC846BPN) driven by “HS_
Drive_L" for the left high side

P34
> TEST

Q19
BCB46

Q21A P36
BCB46BPN  AJEST

D HS_Gate_R

Q21B
BC846BPN

o D Floating_Rail_1
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D HS_Gate_L

=
by
. i P38 BCB46BPN
gZSD TEST Q228
X ? HS_Drive_LD
o o . DFloating_Rail 2

3aa-030945

Figure 17 | High side driver circuit

Two Low side drivers supplied by the 12 V from the buck converter and regulated
atoVv

+ Q16 (BC846), D11(BZX84J-B10), C18, R40 for the supply:
» Q18(BC846BPN) driven by “LS_Drive_L” for the left low side
» Q23 (BC846BPN) driven by “LS_Drive_R” for the right low side

H-bridge motor controller des

a6
BCBA4G

V120

LS_Supply_Reil

P40
TEST

Q23A TP

atea
BCB4GBPN BCB4GBPN TEST

Q188
¢, BCBUSBPN

Bottom_Rail

aaa-030946

Figure 18 | Low side driver circuit
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Charge pump to supply high side MOSFETs

A simple bootstrap function could be used to supply the high side MOSFETs but
due to the fact the duty cycle could be 100% there is no time in this configuration
to recharge the bootstrap capacitor if the high side MOSFET is fully ON (100% duty
cycle) and the low side MOSFET is fully OFF.

The solution is to use a charge pump to supply the high side MOSFETs in every duty
cycle configuration.

PMEG6010ER PMEG6010ER
N ~g

V_SUPPLY D> B I
D12 D13

C_tankl

P33 cs8 c21

C_pump

D14
PMEG6010ER

D
C_pump_refresh S
TP32
TEST

GND 23a-030947
Figure 19 | Charge pump

“C_pump_refresh” from the clock function (see section Section 3.2) controls Q15
(BC846),

Q17 (BC846BPN) with a frequency of 62.5 kHz, 50% duty cycle. The 9 V regulated
from “LS_Supply Rail” is applied on C19 bottom pin at 62.5 kHz, during 50% of the
time, and 0 V during other 50% of the time.

Due to the fact, there is no fast voltage variation across a capacitor, there is always
a voltage equals to “V_SUPPLY" across C19 (“V_SUPPLY" is the supply voltage of the
H-bridge).

» When the bottom pin of C19is 0V, voltage across C19is “V_SUPPLY".
* When the bottom pin of C19is 9V, voltage across C19is “V_SUPPLY" +9 V. C21
and C22 are the filtering capacitor for the driver input voltage.
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3.5 H-bridge

The H-bridge circuit comprises of:

* Power MOSFETs

» Reservoir and decoupling capacitors
« Snubber components

» Low side current measurement

Caps idzally close to NOSFETs  to smooth supply voltage
_suppLY

Tﬂou{ﬂl}u -Eiu{w Iw Iﬂu = zw
an | a0 ~

Snubber mmgate:
soer inging s MOSTETS

T
ol

s Add 10 ohm »
s o an o
e salmie e oSS 2aklc o0 and off
= HS_Gate_R D-
S e l” e & Eqd
rol | Hsate L 23 123
L25Ne. nsz
el
22w
a2
NS GateL  SUKTRLZ-B0E
o 02l50 Conn 0102 Femle
CYis 3 S8 i ikcned
2D sp1 Flaating Rail 2 AT ey
m el Jumper. — —l i {dire ont
o RS9 n Hotar
“Ey . el s iy suhehed by Flosting RaiL1
) i P2 e I o) umper Pviy [szed
isGuer ] e B 4
50 2
BUKTMIRS- 0 | BUKTHORS-60E.
agn L5 Gate R “y
e

1
s o5
LS 5_Gate_| 1B s Gatet s
s § - =
Rae R
123 Tnm Sazs
s =

Bottom_Rail

oy o
4
wfd =

I=
o

HS_Gate R

g
25
e
2
BukTRA2-60¢

T
Tesr O—2

Figure 20 | H-bridge

Reservoir and decoupling capacitors

o

UL Buck converter
o _|cm decoupiing can
i
e zm

aaa-030948

Decoupling capacitor (1 gF) and reservoir capacitor (220 uF) are used to filter the

“\V_SUPPLY".

Snubber on the left MOSFETs (switching MOSFETS)

RC Snubber footprint are implemented on the switching MOSFETs.

An additional RC snubber may be added to further reduce ringing, application note
AN11160 (chapter 6 in this book) - Designing RC snubbers gives an explanation

about snubber calculation.
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Snubber mitigates
ringing as MOSFETs
Q27 1.25TNC are constanly switched

D on and off
5 BUK7M9R9—60E

Cc28
HS_Gate_LD
2n2 NC

R62

3aa-030949

Figure 21 | Snubber circuit
Jumper to connect the required MOSFETs

Each MOSFET package is selected by soldering the following jumpers:
» LFPAK33: JP3, JP4
* LFPAK56D: JP1, JP6
e LFPAK56: JP2, JP5
Note: Solder only the jumpers needed to avoid incorrect operation!

Gate drive resistors

To avoid conflict between the switching MOSFETSs gate resistors should be
desoldered for those MOSFETs not in use.

Adjust the value of the gate resistor to reduce ringing or modify the switching time.

A resistor between gate and source of each MOSFET keeps the MOSFET off when
there is no gate voltage applied.
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Low side current measurement

Bottom_Rail D

TP14 Close to IN—
TEST 1k } DIN—
C13
TOOp
measure

Current

a3a-030950

Figure 22 | Current measurement

A shunt resistor R16 (20 mQ) measures the current in the H-bridge and provide a
voltage proportional to the current to the over current protection input "IN-“. A low
pass filter R17, C13 filters the signal to avoid false triggering of the current limit
circuit due to the noise spike.
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3.6 Overcurrent detection

Overcurrent in the motor drive MOSFETSs is prevented by comparing the current
sense voltage with a reference voltage. In the case of overcurrent the PWM
function is reset. The PWM function will be reactivated if the fault disappears.

H-bridge motor controller des




MOSFET & GaN FET Application Handbook

—
N

7}
PWM reset !
wee o
usA m
Sihcruen-asoo o
T —
-
ab & pPuMEN (=
(]
7
Comparator - ‘6
: g
=
b oo § 9
Pcsct_signalD—A—D_‘—i
o
=
i T}
wn
[}
whed
[}
-
v
4=
33a-030951 o
i
Figure 23 | Overcurrent detection a
a
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Figure 24 | Comparator, with voltage reference -9
I

"IN+" is the maximum current setting input. “IN-"is the current measurement input
reference. R35 is a rudimentary current source for the comparator circuit.

Q13 (BCV61)is a current mirror, this means that the polarisation current from R35
is shared equally between the two current paths.

Q11and Q12 (PMP5501Y) are configured as Darlington pairs to increase the gain
to improve the sensitivity of the comparator.
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Q11 is a differential pair.
« When IN+ > IN- the output (TP28) is high (no overcurrent)
* When IN+ < IN- the output (TP28) is low (overcurrent)

R33 and R34 set the current limitation, R32 adds hysteresis to avoid transitions due
to the noise.

PWM reset

The PWM reset function reactivating the PWM circuit if fault disappears.

PWM reset
vee
UBA
4| T4HCT4PW-Q100
U2E u20
74HC14PW-Q100 74HC14PW-Q100 2 5 ps  ap—=—x
E Clock D——— o Ay 2 8 3 bep
0 ¢ gapb — DPWMEN :
P30 1 g
TEST
..............................................................................................................................
TP29
TEST
74HC1608GW—-Q100
Reset_signal
3a3a-030953

Figure 25 | PWM reset

When there is no overcurrent TP28 is high. “Reset_signal” is high since the V¢ (5 V)
is supplying the circuit. The output of AND gate U4 (74HC1G08) is high.

The signal “Clock” makes “PWM_EN" output from U8 (74HC74) switch to 0 at the
first rising edge and stay at 0. U2 (74HC14) create a delay to have D input high
before the rising edge on Cp).

IF an overcurrent is detected by the comparator TP28 will switch to 0, TP29 will also
switch to 0. Instantaneously “PWM_EN" will switch to 1 and force the duty cycle to
be 0 (see section Dead-time function).

When the overcurrent disappears, TP28 and TP29 switch back to 1 and the next
rising edge of “Clock” makes “PWM_EN" switch to 0 and the duty cycle is re-
enabled.

This allows a cycle by cycle current limit behaviour from the circuit.
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4 PCB top view

note: gate resistors R57,R58, R78, R79 and jumpers JP2, JP5 are fitted, selecting the MOSFETs in LFPAK56 package

Figure 26 | H-bridge motor controller PCB top-view

5 Schematics

Power Supply H-bridge
v_suppLy /_SUPPLY
VA2 - r—
Driver circuitry
PawerSupply.sch V_SUPPLY Floating_RaiL1 Floating RaiLt
Clock V12 Floating_Rail 2 D Floating Rail2
C_pump_refresh D, pump_refresh Bottom_Rail D Bottom_Rail
PWM
duty_cycle_output D duty_cycle_output  HS_Drive_L D> HS_Drive L HS_Gate_L D) Gate L
Reset_signal Clock LS_Supply_Rail S Drive R D> Drive R HS_Gate_R D HS_Gate R
Clack.sch X
PUH_EN LS Drive_L D LS Drive L LS Gate L D LS Gate L
LS Drive_R D> S Drive R LS Gate R D} ISGateR  IN-
Reset_signal DI— LS. SupplyRail DF— H.sch
pum.sch
oriver.sch
Comparator
e Reset signal ol —¢
Clock N-
Comparator.sch
e Decoupling capacitors
<
JE Q& OE Q6 @ 6 F JF J6 60 IED =D
To To T T To T To To o To T T
T T avider MUX  eset mano- Wistate Schmif NAND D flp Comp—
o v flop© aretor 3aa-030955

Figure 27 | Schematics overview
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5.1 Power supply
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Figure 28 | Power supply schematic
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Figure 29 | Clock schematic
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5.3 Duty cycle
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Figure 30 | Duty cycle schematic

54 PWM
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Figure 31 | PWM schematic
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5.5 Overcurrent detection
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Figure 32 | Overcurrent detection schematic

5.6 H-Bridge
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Figure 33 | H-brdige schematic
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5.7 Driver circuit

=
o
H-bridge driving circuit FMEGSOIOER  PMEGSOLDER
V_SUPPLY D——% £
[t Lt
Ctan
e, = s

HS_Gate_R

C_pump

Floating_Rail1

te semiconductors and log

Cherge pump a2
oy
LEEN FHEGSDL0ER BCase
s v 2
== C_ten
v
o 59 [c22
o so0v
Cpumprefresh ps e oo q HS_Gate_L
w2 | T Lo
& o Erc]
! & ing_Rail 2
a0
Low-side driving circuit
o
v $_Supply_Rail
wn v
o BCB4BPN TEST (=
= B somves S orive 8 15 cater g
omm
_Rail
3aa-030944

Figure 34 | Driver circuit schematic
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6 Bill of materials (Nexperia parts)

Table 2: BOM (Nexperia parts)

Reference

D1,D2,D3,D5,D11, D15,

Part number

Description

D16 BZX84J-B10 Single Zener diode 10V

D4,D9,D10,D19 BAS316 High-speed switching diodes
100V, 3 A low leakage

D6 PMEG10030ELP current Schottky barrier

rectifier

D7,D18, D20, D21

BZX84J-B5V6

Single Zener diodes 5.6 V

High-temperature 400 W

D8, D17 PTVS60VS1UTR Transient Voltage Suppressor
D12,D13, D14 PMEG6010ER 1A low VF MEGA Schottky
barrier rectifier
D22 TL431BCDBZR Adjustable precision shunt
regulator
P-channel MOSFET in an
Q1,0Q2, Q5 BUK6Y33-60P LFPAK56 (Power SO8)

package 60V, 33 mQ

65V, 100 mA NPN general-

Q3,Q9,Q10,Q15,Q16,Q19,

Q20 BC846 purpose transistors

Q4,Q17,Q18,Q21, Q22, 65V, 100 mA NPN/PNP

Q23 B general-purpose transistor

Q6 BCPSS 60V, 1 ANPN medium power
transistor

Q7,08 BC846BS 65V, 100 mA NPN/NPN

! general-purpose transistor

PNP/PNP matched double

Q11,Q12 PMP5501Y transistors

Q13 BCV61 NPN general-purpose double
transistors
45V, 100 mA NPN/NPN

Q14 BCBATBS general-purpose transistor

Q24, Q33 BUK7K12-60E LFPAKS56D, dual N-channel

MOSFET




MOSFET & GaN FET Application Handbook

Reference Part number

Q25,Q26,Q31, Q32 BUK7Y7R8-80E

Description

LFPAKS56, N channel MOSFET,
80V, 7.8 mQ

Q27,Q28,Q29, Q30 BUK7MOR9-60E

LFPAK33, N channel MOSFET

Q34,Q35,Q37,Q39, Q40 2N7002

60V, 300 mA N-channel
Trench MOSFET

PNP general purpose

Q36 BCBST7A transistors
NPN/PNP resistor-equipped
Q38 PUMD13 transistors; R1=4.7 kQ, R2 =
47 kQ
14-stage binary ripple
Ul 74HCA060PW counter with oscillator
u2 74HC14PW-Q100 Hex inverting Schmitt trigger
U3, u19 74HC151PW-Q100 8-input multiplexer
U4, U12, U17 74HC1G08CGW-Q100 2-input AND gate

Quad buffer/line driver;

ue 74HC125PW-Q100 3.state
Dual D-type flip-flop with set
us 74HC74PW-Q100 and reset; positive-edge
trigger
U9, U20, U21 74HC1G14GW-Q100 Inverting Schmitt trigger
u10, U22 74HC1G125CGW-Q100 Bus buffer/line driver; 3-state
Presettable synchronous
un 74HC193PW-Q100 4-bit binary up, down counter
U13,U14 74HC1G02GW-Q100 2-input NOR gate
U15,U16 74HC1GOOGW-Q100 2-input NAND gate
u1s 74HC40103PW 8-bit synchronous binary

down counter
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7 Bill of materials

Table 3: BOM

Item Qty Reference Value Footprint Voltage
C1,C2,C3,C4,C5,
Ce, C7,C8, C9, C18, . .
120 C20,C23,C24,C39, 1pF capaciors SMD:
C40, C44, C45, C4e6, -
C48, C49
Capacitors_SMD: CP_
z ! c10 U Elec 6.3 x5.7
Capacitors_SMD:
3 3 C11,C12,C43 51 pF C 0805
Capacitors_SMD:
4 1 c13 100 pF C 0805
Capacitors_SMD:
5 3 C14,C41,C42 1 uF C_0805
Capacitors_SMD:
6 1 C15 470 nF C_0805
Capacitors_SMD:
7 2 C1e6, C17 2.2nF C 0805
C19, C21, C22, C26, . .
8 10 (C27,C34,C35C36 1pF e o s 100V
C37,C38 -
"Capacitors_THT:
o 2 5 220 pF CP_Radial D125 mmp 100V
€28, C29, C30, C31, s "
10 6 C32.C33 user selected 5.00 mm
C50, C51, C52, C53, } .
11 10 (54 C55.C56.C57. 1pF EBSSB'EOFS—SMD' 100V
C58, C59 -
D1,D2,D3,D5,D11, ! Capacitors_SMD:
12 7 D15, D16 BZX84J-B10 C_0805
Diodes_SMD:
13 4 D4,D9,D10,D19 BAS316 D_SOD-323
HandSoldering
Diodes_SMD:
14 1 D6 PMEG10030ELP D_SOD-323

HandSoldering
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Item Qty Reference Value Footprint
15 4 D7,D18, D20, D21 BZX84J-B5V6 Nexperia: SOD128
Diodes_SMD:
16 2 D8, D17 PTVS60VSTUTR D_SOD-323
HandSoldering
Nexperia:
17 3 D12,D13,D14 PMEG6010ER D_SOD123W
Nexperia:
18 1 D22 TL431BCDBZR D_SOD123W
TO_SOT_Packages_
19 1 D23 LED SMD: SOT-23
LEDs: LED_0603
Connectors Phoenix:
20 1 J1 Conn_01x02 PhoenixContact_
GMSTBVA-G_02 x 7.50
mm Vertical
Connectors Phoenix:
51 1 14 Conn_01x02_ PhoenixContact_
Female GMSTBVA-G_ 02 x 7.50
mm Vertical
JP1, P2, JP3, JP4, Jumpers: SolderJumper-
2_P1.3mm Open_
22 9 JP5, JP6, JP7, JP8, Jumper TrianalePad
P9 rianglePad 1.0x 1.5
mm
Inductors_THT: L_
23 1 L1 390 uH Radial_D 10.0 mm P
5.00 mm Fastron_07M
Mounting_
24 4 MK1, MK2, MK3, MK4 Mounting_Hole Holes:MountingHole 4.3
mm M4
TO_SOT_Packages_
25 3 Q1,Q2, Q5 BUK6Y33-60P SMD: SOT-669_LFPAK
Q3,Q9,Q10,Q15, TO_SOT_Packages_
267 316,019,020 BC846 SMD: SOT-23
"TO_SOT_Packages_
27 6 8‘2"2%;3@ 8,Q21. BcgasBPN SMD: SOT-363_SC.70-6
! Handsoldering"
TO_SOT_Packages_
28 1 Q6 BCP55 SMD: SOT-223 3Lead

TabPin2
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y Reference Value Footprint Voltage
"TO_SOT_Packages_
29 2 Q7,Q8 BC846BS SMD:
! SOT-363_SC-70-6
Handsoldering"
"TO_SOT_Packages_
30 2 Q11,012 PMP5501Y Sk
! SOT-363_SC-70-6
Handsoldering"
31 1 Q13 BCV61 Nexperia: SOT-143B
"TO_SOT_Packages_
32 1 Q14 BC847BS SMD: SOT-363_SC-70-6
Handsoldering"
33 2 Q24,Q33 BUK7K12-60E Nexperia: LFPAK56D
TO_SOT_Packages_
34 4 Q25,Q26,Q31,Q32 BUK7Y7R8-80E SMD: SOT-669_LFPAK
35 4 Q27,Q28,Q29,Q30 BUK7M9R9-60E Nexperia: LFPAK33
Q34, Q35, Q37,Q39, TO_SOT_Packages_
0 Q40 2N7002 SMD: SOT-23
TO_SOT_Packages_
37 1 Q36 BC857A SMD: SOT-23
TO_SOT_Packages_
38 1 Q38 PUMD13 SMD: SOT-363 SC-70-6
Handsoldering
39 2 R1, R2 10 kQ Resistors_SMD: R_1206
R3,R11,R17,R19,
R23, R29, R30, R34, . .
40 14 R39. R40, R42. R4S, 1kQ Resistors_SMD: R_0805
R50, R87
R4, R6,R12,R13, R14,
R20, R24, R36, R37,
R44,R45, R46, R47,
R49, R51, R52, R55,
41 34 R56, R59, R62, R63, 10 kQ Resistors_SMD: R_0805

R70, R71,R76, R77,
R81, R82, R83, R86,
R88, R89, R91, R92,
R104
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Item Qty Reference Value Footprint
R5, R7,R18, R21, R22,
42 10 R27,R28,R31,R38, 4.7kQ Resistors_SMD:R_0805
R41
R8, R60, R66, R68, . .
43 6 R69, R74 * user selected Resistors_SMD:R_0805
44 3 R9, R108, R109 100 Q Resistors_SMD: R_0805
45 1 R10 20 kQ Resistors_SMD: R_1206
46 4 R15, R43, R80, R93 1MQ Resistors_SMD: R_0805
47 1 R16 20 mQ Resistors_SMD: R_2512
48 3 R25,R26,R101 2.2 kQ Resistors_SMD: R_0805
49 4 R32,R61, R67, R96 100 kQ Resistors_SMD: R_0805
50 1 R33 51kQ Resistors_SMD: R_0805
51 1 R35 47 kQ Resistors_SMD: R_0805
R53, R54,R57, R58,
R64, R65, R72, R73,
52 17 R78,R79, R84, R85, 100 Resistors_SMD: R_0805
R90, R103, R105,
R106, R107
53 1 R75 510 kQ Resistors_SMD: R_0805
54 4 R94,R97,R99, R100 1.5kQ Resistors_SMD: R_0805
55 1 R95 2.4 kQ Resistors_SMD: R_0805
56 2 R98, R102 5kQ Resistors_SMD: R_0805
57 1 R110 500 Q Resistors_SMD: R_0805
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y Reference Value Footprint Voltage
"Buttons_Switches_
SMD: SW_DIP_x1_W
58 SW1, SW3 SW_Push 8.61 mm_Slide_
LowProfile"
Buttons_Switches_THT:
SW_CuK_
>9 SW2 SW_DPDT X2 355020171CQN_DPDT
Straight
"Housings_SSOP:
60 U1 74HC4060PW  TSSOP-16 4.4 x 5 mm
Pitch 0.65 mm"
Housings_SSOP:
61 u2 _75‘:'501 apw TSSOP-14 4.4 x 5 mm_
Pitch 0.65mm
"Housings_SSOP:
62 U3,U19 _75‘?5015“3"\’ TSSOP-16 4.4 x 5 mm
Pitch 0.65 mm"
74HC1GO8GW  TO_SOT Packages._
63 U4, U1z, Utz Q100 SMD: SOT-353_SC-70-5
Housings_SSOP:
64 Us 75‘?&125% TSSOP-14 4.4 x 5mm
Pitch 0.65 mm
"Housings_SSOP:
65 us _75‘?5074% TSSOP-14 4.4 x 5 mm
Pitch 0.65 mm"
74HC1G14GW TO_SOT_Packages_
o8 LS LW, Ut -Q100 SMD: SOT-353_SC-70-5
74HC1G125GW  TO_SOT_Packages_
67 u10,u22 Q100 SMD: SOT-353_SC-70-5
Housings_SSOP:
68 U1t _75'%:01 93PW TSSOP-16 4.4 x 5Smm
Pitch 0.65 mm
74HC1G14GW TO_SOT_Packages_
69 u13, U4 -Q100 SMD: SOT-353_5C-70-5
20 Ve U3 74HC1G14GW  TO_SOT Packages_

-Q100

SMD: SOT-353_SC-70-5
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Item Qty Reference Value Footprint Voltage Y
v
"Housings_SSOP:
71 1 u18 74HC40103PW TSSOP-16 4.4 x 5 mm
Pitch 0.65 mm"

Crystals: Crystal_SMD_

72 1 Y1 Crystal HC49-5D
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Chapter 13

Power and small-signal
MOSFET frequently
asked questions

and answers

Technical Note: TNOO0OO8
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1 Introduction

This chapter provides several important questions regarding the use of MOSFETs
and the platforms required. Although it is focused on automotive applications, the
principles can apply to industrial and consumer applications. It strives to provide
clear answers to these questions and the reasoning behind the answers.

This chapter is intended for guidance only. Any specific questions from customers
should be discussed with Nexperia power MOSFET application engineers.

2 Gate

2.1 Q: Why is the Vs rating of Trench 6
automotive logic level MOSFETSs limited to
10 V and can it be increased beyond 10 V?

A: The Vs rating of 10 V given to Trench 6 logic level MOSFETs is driven by our

<1 ppm failure rate targets and was rated to the best industry practices at the time.
The ppm failure figures are not given in any data sheet nor are they part of
AEC-Q101 qualification. In other words, two devices can both be qualified to
AEC-Q101 and still have different ppm failure rate figures.

Methods of defining, characterising and protecting these ratings have improved
and there is now a possibility to operate beyond the given rating of 10 V. This will
be a function of time, voltage and temperature. For further explanation see below;
more details are available in Nexperia application note AN90001 (chapter 2 in this
book) - Designing in MOSFETSs for safe and reliable gate-drive operation.

Additional information

There are two key words in the above question that are worth expanding on -
“rating” and “logic level”.

Logic level MOSFETs are primarily intended for applications where the drive
voltage is 5 V and thus optimised accordingly. To achieve a fully-on MOSFET and
best Rps(on) performance with relatively low gate voltages these MOSFETs will
need a thinner gate oxide than standard-level parts which operate with a drive
of 10 V Vgs. Thinner gate oxides will breakdown at lower voltages and will have
a lower rating than standard level devices, (full details are given in AN90001
(chapter 2 in this book) - Designing in MOSFETSs for safe and reliable gate-drive
operation.
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However, there are instances where logic level MOSFETs are chosen for
non-logic level applications. For example, in automotive applications where the
battery supply voltage can drop to a level where drive circuits need to operate
below 6 V. Therefore, MOSFETs must turn ON with lower gate voltages than
standard level MOSFETSs are capable of. Conversely, the MOSFET gate needs to
withstand the nominal battery voltage of approximately 12 V.

Is a logic level MOSFET suitable?

In terms of capability logic level MOSFETSs are not expected to suddenly fail as
soon as higher voltages are applied. However, applying higher Vs than the
maximum rated voltage will compromise the <1 ppm failure rate and therefore
Nexperia would not consider including these ratings in data sheets.

Nexperia's methodology of removing defectives and reducing early life failures
is achieved through effective screening at production. As a supplier Nexperia is
committed to zero defects and high quality levels. Therefore, the ratings may
appear lower than our competitors where commitment to quality is possibly
not as stringent. Nexperia Vgs max ratings are based on applying 100% max
(rated) voltage at 175 °C for 1000 hours with failure rate <1 ppm — for more
details see: AN90001 (chapter 2 in this book) - Designing in MOSFETSs for safe
and reliable gate-drive operation.

Designers must consider failure rates figures for logic level MOSFETs when Vs
in their data sheets is rated to +20 V

A model exists at Nexperia for calculating life failure rates with higher gate
voltages against temperatures. This information can be provided upon request
as a calculated figure and will only be given as a guide.
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2.2 Q: Why is Vgs maximum limit of Trench 9
automotive logic level MOSFETSs different to
previous generations?

A: The rating is based on meeting AEC-Q101 requirements, as it is with previous
generations. However, Nexperia has developed a new testing methodology which

ensures <1 ppm failure rates over lifetime at the rated Vgs. This has been applied to
Trench 9 and its Vgs rating is set to meet this new requirement.

Additional information

Detailed explanation can be found in AN90001 (chapter 2 in this book) - Designing
in MOSFETSs for safe and reliable gate-drive operation..
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3 Thermals

3.1 Q: When comparing Z;, curves in some data
sheets, there appear to be some
contradictions. From an Ry, point of view, the
BUK9Y38-100E (Trench generation 6) looks
better (lower). However, from a Z,, (at less
than 100 ms) point of view, the BUK9Y30-75B
(Trench generation 3) looks better. The shape
of the graphs indicates that a more advanced
model or measurement was done on the Trench
generation 6 part. Is this assumption correct?

A: The method for setting the Zy, curve has changed between the Trench
generation 3 parts (2008) and Trench generation 6 (2012). The die size is also
different which changes the Zy, and Ry, characteristics.

Additional information

The earlier method used empirical models for Zy, (1 ys) and Ry, joined by an
exponential line.

The latest method uses models for the Zi, generated by Computational Fluid
Dynamics (CFD) simulation, verified by measurement.

The dies in the 2 parts have different dimensions and therefore they have
different Z.

The plots depicted in Figure 1 compare the data sheet curves for the single
shot Zi. There is a good match between the limit lines for both parts. The
biggest difference is in the region 1 ms to 20 ms.

The conclusion from this comparison, is that the Trench generation 3 part is
designed to work within these Z, limits. The Trench generation 6 part is an
excellent alternative that has a very high probability of working satisfactorily.

Itis possible to assess how to rate the Trench generation 3 part using the new
rules with a more accurate reflection of its true performance. Figure 1 shows
the new line in comparison with the two data sheet lines.
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Zth (j-mb)
(KIW)

10 H

=

102

(1) BUK9Y38-100E
(2) BUK9Y30-75B
(3) BUK9Y30-75B (new test method) aaa-013060

Figure 1| Comparison of transient thermal impedance

Although there is a difference in the Ry, it is probably unimportant. In practice, it is
the Rng-amb) that is the limiting Factor for the design. The Ry, of the Printed-Circuit
Board (PCB) that is common to both parts, is dominant.

When considering the old test method with the new one for the BUK9Y30-75B, the
other region of difference is below 10 ys.

For pulse duration between 1 ps and 2 ps, the temperature rise (0r Ziygmp) in the
Trench generation 3 part, is only a half of what the original data sheet curve
predicted. The importance of this factor depends on the application.

3.2 Q:lItis understood that the values for
thermal resistance listed in data sheets are
based on controlled conditions that do not
apply to typical applications. If this
understanding is true, how is the proper
thermal resistance/junction temperature
accurately calculated?

A: This understanding is correct. To ensure reliability of the MOSFET, always limit
the maximum junction temperature to 175 °C.
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Additional information

It is understood that the typical values for thermal resistance listed in
data sheets are based on controlled conditions that do not apply to
typical applications.

Device characterization at a junction temperature of 25 °Cis the accepted
standard in the semiconductor industry. It is also most convenient for users to
take measurements at this temperature.

How is the proper thermal resistance calculated?

Only a maximum value of thermal resistance is given on Nexperia MOSFET data
sheets. The typical value is significantly less than the maximum. It is understood
that thermal cycling can induce an increase in Ren-mp) Over the lifetime of the
MOSFET.

Atolerance margin is included in the data sheet maximum Ren-mb) value which
allows for an increase over the lifetime of the MOSFET.

For worst case design analysis, always use the maximum value. Maximum
Ren-mb) given on the data sheet is evaluated from characterization
measurements.

Its value is not dependent on temperature or other environmental conditions.
How is junction temperature calculated?

MOSFETSs usually operate with a junction temperature greater than 25 °C due to

temperature rise caused by the environment and/or power dissipation in the
MOSFET.
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IF MOSFET power dissipation and mounting base temperature (T) are known,
MOSFET junction temperature can be calculated. Use Equation (1), below to
determine T;.

T =P x Renimb) + Tmb [1]
SPICE thermal models of MOSFETs provide an excellent means of estimating T; by
simulation. It is particularly useful when MOSFET power dissipation changes with
time.

Worked example for a BUK7Y12-40E:

From the data sheet:
Maximum Rpson) at 25 °C=12 mQ
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Maximum Rpsony at 175 °C = 23.6 mQ
Maximum Ren-mb) at 2.31 K/W

From the application data:
PWM frequency = 100 Hz
Maximum duty cycle = 50 %
Vsupply = 14V
Rioad = 0.7 Q
Maximum ambient temperature = 85 °C
Maximum PCB temperature = 100 °C

Calculation based on average power, ignoring any temperature fluctuation
due to the power pulsing and also ignoring switching losses at 100 Hz:

Assume that the temperature of the MOSFET is initially 100 °C and its
maximum Rpson) is 18 mQ. It is midway between 12 mQ at 25 °C and 24 mQ at
175°C.

When conducting, the MOSFETs power dissipation I? x Rpson) is: 20 x 20 x
0.018=7.2W

The duty cycle is 50 %, so the average power dissipation =7.2 x 0.5=3.6 W. It
is assumed that the switching loss at 100 Hz can be ignored.

The rise of the MOSFET junction temperature, above the mounting base is:
2.31x3.6=8.3K.

The maximum MOSFET die temperature in this situation is very safe at: 100 +
8.3=108.3°C

To guarantee that the PCB temperature does not rise above 100 °Cin an 85 °C
ambient, the thermal resistance between PCB and ambient must be: (100
-85)/3.6 = 4.2 K/W

3.3 Q: What effect does changing the device
have on Rip(j-2)? The customer is trying to
achieve ~60 K/W on a dual N channel FET.

A: The customer is trying to achieve a Rin.amb) = 60 K/W using a dual N channel
LFPAK56 (SOT1205).
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Rth-amb) = Reh(-amb) + Reh(mb-amb), S€€ Figure 2.

Tmb

Tj Tamb
o{—1+> 138

Rth(j-mb) Rth(mb-amb)
Figure 2 | MOSFET thermal resistance junction to ambient
Reng-mb) is in Nexperia's control (it is a function of the die size and package design,
for example the bigger the die the lower the Rinmb))- Renmb-amby is @ function of the
PCB design and the thermal management scheme and is not under the control of
Nexperia. A very good multilayer FR4 design with thermal vias would be around 30
- 40 K/W.
Worked example for BUK9K6R2-40E and BUK761R6-40E
From the BUK9K6R2-40E data sheet, the Repgmpy is 2.21 K/W.

However, the Rihmb-amb) is in the control of the customer, i.e. it depends on the PCB
design. Assume the PCB assembly thermal resistance to ambient is 40 K/W.

A. Using a SOT1205 dual LFPAKS56 (such as BUK9K6ER2-40E)
Rethg-amb) = Rehg-mb) + Rehmb-amby = 2.21 + 40 = 42.21 K/W

B. Using a device with a larger die will result in a lower Ry (.mp). For demonstration
purposes a max die D?PAK (BUK761R6-40E) with low Ring.mb) is used (0.43 K/W).
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Rethg-amb) = Rehg-mb) + Renmb-amby = 0.43 + 40 = 40.43 K/W

You can see that for DC conditions, the effects of changing the die size on the
device is swamped by the PCB cooling arrangement, Rin(mb-amb), (Note that the Rey ()
of 50 K/W in the data sheet is for a different PCB thermal arrangement).

So transposing this into temperature: AT = P X Ren(-amb), then for a dissipation of 1
W:

A. 42.21 K/W: if Tomp = 105 °C then Tj = 105 + 42.21 =147.21°C
B. 40.43 K/W: if Tomp = 105 °C then T; = 105 + 40.43 = 145.43 °C

Rh(mb-amb) Will change due to the package size, this effect is ignored here. The
bigger package will result in a lower mounting base to ambient thermal resistance.
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In example B above, Tj will probably be a few degrees lower than calculated. Refer
to AN90003 (chapter 9 in this book) - LFPAK MOSFET thermal design guide for
more detailed information.

To estimate Rin-amb), bias the body diode of the MOSFET with 1 W on the intended
PCB design. Use an infra-red camera or sensor to measure the temperature of the
MOSFET plastic body, this is approximately the same temperature as the junction.

3.4 Q: Why is there no Rep(j-amb) in the data
sheet?

A: The Rep(-amb) is dependent on the PCB design. As MOSFET manufacturers we do
not determine this part of the system and the value would be meaningless,
therefore. We have provided some examples in (chapter 9 in this book) - LFPAK
MOSFET thermal design guide for more detailed information.

3.5 Q: How can | achieve the Rep(j-mb) = | try to
put the rated power in the device, but the
junction is getting too hot?

A: Ren-mb) tells you the temperature difference between the junction and mounting
base for a given power profile. Because of the power dissipation the mounting
base to ambient path will also heat up, causing the junction temperature to rise
further. The junction to ambient is the full thermal path that needs to be
considered and is a function of the PCB design too, please see AN90003 for more
details. (chapter 9 in this book) - LFPAK MOSFET thermal design guide for more
detailed information.

3.6 Q: Why is there no Rgp(j-case) in the data
sheet?

A: The drain tab (mounting base) and source leads are the two main paths through
which a down side cooling package dissipates heat. In fact, contrarily to some
through hole packages (like TO-220), SMD packages such as LFPAK and D?PAK get
rid of all the heat through the PCB. Hot air rises from the board and envelopes the
device lowering the efficiency and thus the efficacy of any heatsink attached to the
top of the plastic case. Instead, when a substantial power needs to be dissipated,
copper traces, vias and planes are employed in order to lower as much as possible
the Rin-s) Of a device.
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3.7 Q: Can I measure T; from Tase?

A: Flotherm simulations and measurements carried out using LFPAKS6 and variable
power dissipation and PCB copper area show how, in steady state conditions,
temperature taken on the top center of the case is, within a reasonably low
accuracy, very similar to the junction temperature. This result is not due to heat
being dissipated from the top of the case but rather from the one coming out of
the PCB that increases the temperature of the surrounding air immediately close to
the device, up to almost that of the junction.

3.8 Q: Why can an LFPAK88 have higher Rp(j-mb)
than an LFPAK56E?

A: Conduction is the predominant phenomena regulating heat flow from junction
to mounting base. The resulting resistance is inversely proportional to the cross
sectional area of the medium through which it propagates (die area) and directly to
its thickness (drain tab). Given an LFPAK56E and an LFPAK88 with the same die size
the former has lower Ry (.mp) because the thickness of its drain tab is lower. It is
worth noting, however, that the thermal path doesn't end here and that the
LFPAK88 shows better thermal performances due to its lower Rinamb) given by a
much larger drain tab.

3.9 Q: Does the LFPAK88 have better or worse
thermal impedance than LFPAK56?

A: For a given die size the LFPAK88 shows an overall better transient thermal
impedance Z(-mb)-

Additional information

Referring to Figure 3 we can see a much lower impedance in the region 20 ps to
10 ms. This is due to the larger mounting base of the LFPAK88. The greater
volume of copper acts as a heatsink with larger thermal capacitance that allows
a faster absorption of heat from the die into the drain tab itself. This is
beneficial in short circuit events, inrush current events as well as other high
current events.

During steady state the LFPAKS6E shows lower thermal resistance Ry .mp) due
to the thinner drain tab (see Section 3.8).
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2 S — i
i FEHH—
BUK7J1R0-40H
(LFPAKS6E).
10-1 }
i
=4
1
102
7z
103
104
107 106 100 104 103 102 1071
tp ()
Based on thermal simulation a3a-031684

Figure 3 | LFPAK88 (BUK7S1R0-40H) and LFPAK56E (BUK7J1R0-40H) transient thermal impedance
comparison

4 MOSFET body diode

4.1 Q: How much current can the MOSFET body
diode carry?

A: The data sheet states the Is capability for the diode. The power constraints are
the same as for the MOSFET conduction. The diode is an integral part of the
MOSFET structure. They are in effect the same size and have the same thermal
properties. The MOSFET can carry the same current through the channel orin
reverse through the body diode. The maximum steady state current in the diode is
dependent on the total allowed power loss for the device. However, the diode
current may be different from the channel current because the power dissipation
may be different under the 2 modes of operation.

Additional information

The objective is to keep the junction temperature below Tjimay S0 it is necessary
to calculate the diode dissipation. In a DC case, it is simply I x V. It is equivalent
to Vsp X Is as used in the Nexperia MOSFET data sheet. For a worse case
analysis, the max Vg of the data sheet should be used (normally 1.2 V).

Where the current is varying but in cyclic manner, the dissipation can be found
using Equation (2) below:

Power = Vg x /(/-\V)+ Rs x 14 (RMS) [2]
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where:

liav) is the average diode current

Irms) is the RMS diode current

Rs is the slope of the Isp/Vsp characteristic graph given in data

Vo is typically where the Rs line meets the axis at Isp = 0. For a conservative worst
case analysis, use 1.2 V.

100

Isp
(A)

|

80 ’
|

|

|

60

I

/
I
/
/
|

40

20
Mif[@ (3)1
. [ [
0 0.5 1.0 15
Vsp (V)

(1) characteristic at 25 °C
(2) idealized characteristic at 25 °C
(3) worst case idealized characteristic at 25 °C 23a-013061

Figure 4 | Diode characteristics

For transient currents, a simulation using the SPICE model of the diode is useful but
care is needed because the model is for a typical part. Once the dissipation is
known, standard thermal analysis methods can be used to check that Tjis
acceptable.
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It can include SPICE simulation using RC thermal models.

4.2 Q: What is the importance of the Q,
parameter?

A: When a MOSFET transitions from diode conduction to blocking state there is an
additional loss, called the diode recovery charge (Q;). The Q; needs to be factored
in the switching loss calculation of the application for accurate analysis. This
switching transition also impacts on the EMC performance and needs careful
consideration - see AN90011 (chapter 7 in this book) - Half-bridge MOSFET
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switching and its impact on EMC and TN90003 (chapter 9 in this book) - LFPAK
MOSFET thermal design for more details.

Additional information

Q;is relevant in all half-bridge topologies, for example DC-to-DC convertors or
motor control. In both examples the MOSFET's body diode will be conducting in
the forward direction before it is required to block voltage in the reverse
direction. This change of operation is called diode recovery and takes time
(reverse recovery time, t;;) during which charge is stored (diode recovery
charge, Q,). The Q; adds additional losses to the switching transient.

In addition to switching losses the recovery of the diode is related to the EMC
performance of a MOSFET in an application. A fast recovery will cause high
voltage spikes and a poorly damped diode will cause voltage and current
oscillations after the switching event causing EMI.

5 Safe operating area and linear mode
operation

5.1 Q: The current derates with temperature.
Is this limit based on power dissipation?

A: The most important factor in current derating or power derating is junction
temperature. Tjis a function of power dissipation. Power dissipation is a function of
Ip current and on-state resistance (P = Ip? x R) when operating in the fully enhanced
mode. Itis the product of Ip and Vps when operating between on and off states.
The Rps(ony of @ MOSFET, increases with increase in temperature. Therefore, for a
given maximum power dissipation, the maximum current must be derated to
match the maximum power dissipation. In Nexperia data sheets, graphs show the
continuous drain current and normalized total power dissipation (see Figure 6) as a
function of the mounting base temperature. These graphs can be used to
determine the derating.

5.2 Q:lIs it necessary to de-rate any limit
(current, voltage, power etc.) to achieve high
reliability?

A: If current, voltage, power, junction temperature, etc. are within Nexperia data
sheet limitations, no additional derating is needed. In the data sheet, there is a
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power derating curve based on junction temperature. Junction temperature (T)) is
one of the most important factors for reliability. Particular care should be taken to
extract enough heat from the device to maintain junction or die temperature,
below rated values. The device should be operated within the SOA region. It should
be de-rated if necessary (see Section 5.3) as recommended in the data sheet and it
should be possible to obtain optimum reliability.

5.3 Q: How do | de-rate an SOA graph for
temperatures other than 25 °C?

A: As an example, assume that the temperature required is 100 °C, instead of 25 °C.
Tjrated is 175 °C for this automotive grade MOSFET. To de-rate when considering
the effect of temperature on SOA performance the current must be reduced, (see
Figure 5). To determine the new current (at temperature) for a fixed voltage, use
the power derating line in Figure 6. For example, power at 100 °C = 50 % of power
at 25 °C. Therefore, the 1.0 A line represents 0.5 A at 100 °C etc. It is explained in
Application note AN11158 (chapter 1 in this book) - Understanding power MOSFET
data sheet parameters. If necessary, the SOA lines for 1 ms, 10 ms etc. can be
extended at the same slope to the right.

103

I
(A)

=
Limit Rps(on)= Vos / Ip

™~~~

102 e

30Aat100°C —__ —
N
10 > =
DC
0.5Aat 100 °C N 1ms
%10
~-100ms
0.05Aat 100 °C —q | \ \
1071 1 10
Vps (V)
Tmb = 25 °C; Ipy is single pulse 23a-002475

Figure 5 | Example: BUK7Y12-55B SOA curve showing derating for 100 °C
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Figure 6 | Normalized total power dissipation as a function of mounting base temperature

Paer= _" 0t _ x 100%

Prot (25°c) B3l

5.4 Q:lIs there a Spirito boundary limit line For
linear mode operation?

A: The Spirito region or hot spotting issue with new higher density technologies
may have more effect in the linear mode of operation. This effect is evident from
the change in gradient in the limit lines for 1 ms, 10 ms and 100 ms at higher Vpg
values (see Figure 5). The 1 ms, 10 ms, 100 ms and DC lines at higher Vpsvalues
emphasize it. The reason is that most newer technologies pack more parallel
fundamental cells to share more current in a smaller die (lower Rps(on) per unit
area). It leads to an increased thermal coupling between cells. Also, to attain higher
current densities, the MOSFETs are designed with higher transconductance or gain
(grs = In/Vcs). It enables them to carry higher currents even at lower Vs values.
However Ves(hy (threshold voltage) has a negative temperature coefficient which
leads to a higher zero temperature coefficient crossover value. For various reasons,
the distribution of temperature in the die is never perfectly uniform. Therefore,
when the device is operated for extended periods in linear mode, hot spotting
occurs. Due to the shift in threshold voltage, there is a risk of thermal runaway and
device destruction where the hotspots form. Because of these reasons, special care
should be taken when using trench or planar MOSFETs for linear applications.
Ensure that operation remains within the data sheet SOA limits.

—
W

")
[
v
=
(7]
c
(1)

O
c
(1)
[7)
c

0

hed
0
(]
2
o

0
Q9

=
7]
(1)
>

—

ohed
c
()
=2
o
[
[=

U

-

w

LL

(%4}

o

=

®
c
=
wn

-

®
E
wn

-
c
(1)
[
v
3
]

o




RN
W

(7]
[
v
S
(7]
c
[

O
c
(1)
[7)
c

S

o)
"
(]
=2
o

O
]

=
7]
[
b

—

whed
c
()
=2
o
()
(=

U

-

L

LL

(%2}

o

=

®

c

o
"

-

m
E
7]

=)
c
[
[
v
3
]

a

Nexperia | A Power Design Engineer's Guide

5.5 Q: Regarding the SOA curve for the 1 ms
and 10 ms curves, there is a bend-down at
higher voltages and low currents. Why does
this bending disappear for longer and shorter
pulse times?

7
7

Limit Ros(on) = Vos /

o T

101 1 10 102 103
Vbs (V)

33a-022335

Figure 7 | Safe operating area: continuous and peak drain currents as a function of drain-source
voltage

A: The inflexion points on the 1 ms and 10 ms lines represent the points where the
‘Spirito’ effect starts. At higher Ip, the lines represent constant power (P); at lower
Ip, P decreases as Ip decreases. The 100 ms and DC lines are straight, but have
higher negative gradients than constant power lines, i.e. power also decreases as Ip
decreases. The flat portion of the DC line represents package maximum Ip.

The Spirito effect is a form of electro-thermal instability i.e. uneven die heating
leading to hot-spot formation. It happens because Vgsh) has a Negative
Temperature Coefficient (NTC) at Ip values below Izr¢ (zero temperature coefficient
current). The consequence is to reduce MOSFET power dissipation capability in
lower Ip zones of the SOA chart.

Measurement at DC, 100 ms, 10 ms and 1 ms establishes SOA capability. The 100 ps
and 10 ps lines on this graph are theoretical constant power lines. They are realistic,
as the Spirito effect is much less significant at higher currents and shorter pulse
periods.

Reliable 100 ps SOA measurement capability has recently been achieved, so future
data sheets include 100 ps SOA lines based on measured data. It is now evident
that the Spirito effect is apparent at 100 ys. Consequently, from 2016, new
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MOSFET releases have a measured 100 us SOA line in their data sheet SOA graph.

See AN11158 (chapter 1 in this book) - Understanding power MOSFET data sheet
parameters for further information.

5.6 Q: How does Nexperia ensure compliance
with the SOA curve during series production?

A: The factors influencing the compliance of the MOSFET with the data sheet SOA
graph are:

+ the uniformity of the MOSFET cells across the active (trench) surface of the die
 theintegrity and uniformity of the die attachment (the solder layer between the
die bottom (drain) surface and mounting base)

Cell uniformity must be good for the MOSFET to work. However, cell uniformity can
never be perfect and there is always some variation between cells.

The integrity of the soldering to attach the die must be good without voids or die
tilt. If not, the local (junction to mounting base) thermal impedance varies with
location across the die. It gives uneven cooling. Uneven die surface cooling may be
due to either or both of the factors stated. However, the consequence is the same
i.e. SOA non-compliance with the data sheet graph.

In production, linear mode power pulse tests are used to stress the MOSFET
thermally. If the die cooling is not sufficiently uniform, hotspots can form and the
device parameters can change more than expected. A decision to reject parts can
be made based on the results.

5.7 Q: How can a part be identified when it is
designed for linear mode operation?

A: While all Nexperia MOSFETSs can be used in linear mode operation, some
Nexperia MOSFETSs are designed specifically to be used in linear mode. The device
description in the data sheet states that the device is suitable for operation in linear
mode. To determine the suitability for operation in linear mode, perform a
thorough analysis of the SOA graph. This analysis includes derating the SOA graph
for junction temperatures above 25 °C. The naming convention indicates that the
MOSFET is designed for linear mode applications.
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5.8 Q: For parts designed for linear mode
operation, are there any restrictions (such as
the Spirito boundary)?

A: Even if a MOSFET is intended For use in linear mode applications, the part
must not be operated outside its SOA. Post 2010, all Nexperia MOSFETs have a
measured SOA characteristic. The limit of linear mode capability on Nexperia parts
is shown in the SOA characteristic. As a result, the boundary of what is safe is
established via measurement rather than calculation. The Spirito capability limit is
shown in the SOA characteristic.

6 Avalanche ruggedness and Unclamped
Inductive Switching (UIS)

6.1 Q: Are trench designs susceptible to the
UIS issue (parasitic BJT turn-on)?

A:In general - Yes, but Nexperia Trench MOSFETSs are designed to suppress this
effect. The trench structure, unlike planar, can be very easily designed to suppress
parasitic turn on of the BJT. For new Nexperia MOSFET technologies, the failure
mechanism is thermal, which represents the limit of achievable UIS performance.
Planar (on the left in the diagram) and trench (on the right in the diagram) MOSFET
technologies, are shown in Figure 8. In the trench case, a design feature in the
source contact effectively short circuits the base-emitter of the parasitic BJT. In
older planar technology, the shorting of base to emitter of the parasitic bipolar is
not as effective. It is due to the longer path length in the n and p regions.

S G S S G S

aaa-015947

Figure 8 | Simplified planar and trench technology
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6.2 Q: Why are planar designs susceptible to
fFailure during UIS?

A: All MOSFETSs are susceptible to failure during UIS. It depends on whether the
MOSFET T reaches the intrinsic temperature of silicon. Furthermore, if the parasitic
BJT is triggered, they can fail even earlier. It is because the BJT can be switched on
relatively quickly but is slow to switch off. Current can then crowd in a certain part
of the device and failure results. Newer Nexperia trench technologies are less
vulnerable to triggering of the BJT than planar designs. See Section 7.1 and the
additional information associated with Section 6.3.

6.3 Q: How are parts constructed to minimize
Failure during UIS?

A: The base emitter path in the silicon design is designed to minimize the risk of
triggering the parasitic BJT.

Additional information
There are two strategies employed to prevent triggering of the parasitic BJT:

1. Reduce the avalanche current per cell - To reduce the avalanche current per cell,
there must be a higher cell density. It is easily achieved with trench technologies
but more difficult with planar devices. If improvements in planar technologies
are seen, it is likely that modern fabrication equipment achieves a high enough
cell density. Increasing cell density too much, deteriorates linear mode
performance (Spirito boundary occurs sooner), so cell density is a trade-off. For
this reason, Nexperia has not been as aggressive as other trench MOSFET
manufacturers in achieving very high cell densities. The target is to ensure that
the thermal limit in UIS is achieved.

2. Ensure that the current flow during avalanche does not flow through the
base-emitter region of the BJT. This feature is the significant advantage of
trench over planar. The parasitic bipolar is formed between the source of the
MOSFET, the body region (i.e. channel) and the epi region (i.e. the drain). If there
is enough avalanche current through body junction, there may be enough
voltage developed to bias on the BJT leading to device destruction. In Nexperia
devices, a modified source contact is used. This contact collects any avalanche
current, preventing it from biasing the BJT on.

For planar devices, strategies include reducing the gain of the BJT by placing
high doped implants close to the channel. It is similar to (2) in intention but it is
not as effective.
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6.4 Q:1Is 100 % UIS testing required on
MOSFETSs?

A: UIS testing is a fundamental part of Nexperia's defect screening procedures. It is
applied to all devices. The test is designed to increase the junction temperature to
Timax)-

6.5 Q: I have parts not capable of parasitic BJT
turn-on. Why?
A: Devices fail at the thermal limit. At the thermal limit, the silicon becomes

intrinsic and blocking- junctions cease to exist. It is considered to be the only
UlS-related failure mechanism in our devices.

6.6 Q: What is the chart accuracy for avalanche
current versus time in avalanche, or energy
versus junction temperature?

A: Avalanche current versus time graphs are based on conditions that take a device
to Tjmax and therefore, our ruggedness screening covers them. All Nexperia
MOSFETSs are ruggedness tested during assembly and characterized during
development. The graphs are accurate and provide the worst case capability of the
device to ensure reliability.

6.7 Q: For energy versus junction temperature
charts (if applicable), how is the inductance,
maximum current, time in avalanche etc.,
determined from the chart?

A: A temperature rise model is used, which is shown in AN10273 (chapter 4 in this
book) - Power MOSFET single-shot and repetitive avalanche ruggedness rating.

Additional information

Although energy levels for UIS are often quoted on data sheets, a single
number can be misleading. Therefore a graph is provided, that outlines
conditions that take junction temperature to Tjmax. The user must determine
the current/time in avalanche based on the particular conditions. Examples are



MOSFET & GaN FET Application Handbook

provided in AN10273 (chapter 4 in this book) - Power MOSFET single-shot and
repetitive avalanche ruggedness rating.

6.8 Q: Are repetitive avalanche ratings the
same as for a single pulse?

A: No. The repetitive avalanche ratings are lower than the single pulse rating. Refer
to the product data sheet for the device capability. An example is shown in
Figure 9.

Additional information

Repetitive means that the avalanche event is an intended operating condition
for the device.

Similarly, single-shot means that the MOSFET is expected to experience an
avalanche event as a result of some unintended fault condition. Only 1 fault can
occur at a time, the MOSFET must cool to the starting temperature and the
junction temperature must not exceed 175 °C. Degradation of device
characteristics is likely after a relatively low number of occurrences.

Nexperia shows both single shot and repetitive avalanche capability in the
MOSFET data sheet. Generally, the repetitive current is 10 % of the single shot
current capability for a given inductor (so the time in avalanche is shorter, see
Figure 9 and Section 6.14).

For calculating repetitive avalanche ratings, calculate the starting junction
temperature for each avalanche incident independently. The calculations are
based on the frequency and duty cycle of avalanche condition and summed
over the entire period of expected repeated avalanche.

This topic is discussed in detail in Application note AN10273 - (chapter 4 in this
book) - Power MOSFET single-shot and repetitive avalanche ruggedness rating.

6.9 Q: Are there any special failure modes
associated with repetitive avalanche?

A: The device can sustain small amounts of damage with each avalanche event and
over time they can accumulate to cause significant parametric shifts or device
failure. Nexperia has performed research into this area and provides the repetitive
ratings in the data sheet. See also Application note (chapter 4 in this book) - Power
MOSFET single-shot and repetitive avalanche ruggedness.
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6.10 Q: How does the increase in cell density
affect avalanche capability of MOSFETS?

A: There are two failure modes: current (parasitic BJT turn-on) and thermal. Cell
density has implications for these failure modes.

Additional information

Current - If enough avalanche current flows through a cell, a voltage drop
occurs in the p- region of the device as the avalanche current flows to the
source contact. This volt drop occurs in the base of a parasitic bipolar device. In
this mode, the resistance in the p-region/ base and the avalanche current (I =
V/R) are important. Once Vg reaches the bipolar switch- on threshold, the
MOSFET is destroyed (Vg reduces with temperature). So at higher cell
densities, for the same avalanche current, there are more cells and current per
cellis reduced. Each individual cell has less current and is less likely to trigger
the parasitic device. It means that the total die current, required to cause a
device to fail, increases. Additionally, since the cell is smaller, the path through
the p-region to the source contact is reduced. It makes it even harder to trigger
the parasitic device and again increases the current required to destroy the
device.

Thermal - If the avalanche current is such that the parasitic BJT is not triggered,
the device heats up. If the avalanche energy is sufficient, the silicon die reaches
temperatures at which the device starts to become intrinsic. The blocking-
junction no longer exists, resulting in the destruction of the device. It is what is
meant when a reference is made regarding failure due to reaching the thermal
limit of a device. If the failure mode is thermal, changes in technology cannot
improve things significantly. New technologies are generally more robust in
avalanche conditions. Note, if a thermal limit is reached, the only solution is to
improve the thermal impedance at the device level. Moving to a smaller die can
be detrimental.
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Summary - New technologies improve the high current avalanche capability of
a device due to increased cell density and reduced parasitic NPN base
resistance. Lower current, higher energy (i.e. longer duration) avalanche
capability is unchanged.

6.11 Q: How many times can a device sustain
single avalanche events?

Example - A device has an avalanche event once in two months so how many cycles
of such an avalanche frequency can the device sustain? This question relates more
to quality and reliability but it is important nonetheless.
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A: Refer to Section 6.8 of this chapter. For the answer to this question, refer to
Section 2.4.3 of AN11158 (chapter 1 in this book) - Understanding power MOSFET
data sheet parameters and all of AN10273 (chapter 4 in this book) - Power MOSFET
single-shot and repetitive avalanche ruggedness rating..

Additional information

Keep each avalanche event within the safe limits for repetitive operation
specified on the data sheet and Tj below 175 °C. There should be no
degradation of the MOSFET characteristics and no impact on MOSFET quality or
reliability. There are some applications where MOSFETs are repetitively
avalanched (e.g. some engine controllers) and the reliability is good. Although
this condition takes Vps beyond the data sheet maximum, the data sheet also
specifies a maximum avalanche energy.

Extensive avalanche testing is performed on Nexperia MOSFETs. All the
indications are that they are very robust. It is understood that most MOSFETs in
automotive applications are likely to experience avalanche conditions at some
stage during their lifetime. It could be due to occasional fault conditions or as a
consequence of the circuit design (e.g. ABS solenoid valve driver MOSFETS).

6.12 Q:lIs it possible for the avalanche current
on a device to exceed the package maximum
current but not the die maximum current?

A: The current specified in the avalanche graph should not be exceeded. It is
restricted to the DC rated current. The device factory test defines the limit which is
guaranteed for the device.

6.13 Q: How is the avalanche rating on the
body diode obtained (testing or modeling)?

If it is tested, how is it tested and what circuit
model is used?

A: The avalanche rating is modeled first and the results are then verified by testing
to destruction. The test circuit used is similar to the one defined in JESD24-5. For
SPICE modeling, the reverse diode characteristics can be defined and modeled. By
adding an RC thermal model of the Z, characteristic, it is possible to estimate the T
of the device.
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Additional information

The body diode of the MOSFET is not a single circuit element, but a structure
distributed throughout the MOSFET. There is a diode element associated with
each cell. In behavior terms, it can be represented as a single (Zener) diode in
parallel with the single MOSFET (representing the sum of all the cells). The
design of the MOSFET determines the avalanche rating. Its representation in
the model is based on parameters measured during characterization testing.

The constraints are the same as for the MOSFET conduction. Diodes are an
integral part of the MOSFET structure. They are in effect the same size and
have the same thermal properties. The objective is to keep the junction
temperature below Tjmayx SO it is necessary to calculate the diode dissipation.

For transient currents, the simulation using the SPICE model of the diode is
useful but care is needed because the model is for a typical part.

Once the dissipation is known, standard thermal analysis methods can be used
to ensure that Tjis acceptable.

6.14 Q: How is the repetitive avalanche safe
operating area derived in the data sheet
graph? The repetitive avalanche SOA curve
seems to be the same as single-shot T;= 170 °C.

A: The repetitive line is the line for a start temperature of 170 °C. It is because it
predicts a temperature rise of 5 °C which is the maximum permissible rise from any
starting temperature, see AN10273 (chapter 4 in this book) - Power MOSFET
single-shot and repetitive avalanche ruggedness rating.). It also corresponds to

10 % of the single-shot current using the same inductor value, see Figure 9.
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Additional information

The reason it applies to any temperature is because the temperature does not
strongly influence the wear-out caused by repetitive avalanche. The strongest
influence is the current.

The avalanche current is composed of high energy charge carriers moving
through the depletion region. As they pass through, they can collide with the Si
structure. There is a chance that a high energy carrier (sometimes called a hot
carrier) is produced that collides with the gate oxide causing damage. It is not
completely destroyed but it does cause it to wear out, which is observed as
parameter variation.




MOSFET & GaN FET Application Handbook

Higher currents mean more electrons, more collisions and more frequent
damaging events leading to faster wear-out and lower reliability. The target
should be a failure level <0.1 ppm over the full vehicle life. Experiments indicate
that if repetitive current is limited to 10 % of single-shot current capability for
Tistary) = 25 °C, it results in a Tjincrease of 5 °C. There is no significant
degradation of the device.

For example: A 15 mH inductor carrying ~19 A gives an avalanche time of ~5
ms. It has a peak temperature rise of 150 °C putting it on the limit line for Tjgtar
=25°C. By reducing the current to 10 % = 1.9 A, ta, reduces to ~500 ys and the
temperature rise is 5 °C.
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Figure 9 | Avalanche safe operating area
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7 Capacitive dV/dt issues

7.1 Q:ls there a particular capacitance or
charge ratio that should be used to prevent
turn-on, or is it circuit dependent?

A: The capacitive dV/dt turn-on is strongly circuit dependent.

If the dV/dt across the MOSFETSs drain to source is too high, it may charge Cgp,
which is the capacitance between drain and gate, inducing a voltage at the
gate. The gate voltage depends on the pull-down resistor of the driver based
on Equation (4):

Vis = Rariver x Cop x dV/dEt [4]

In some bipolar drive circuits, such as emitter follower derived circuits, the
problemisincreased. It is because the driver cannot pull the gate down to 0V
and has approximately 0.7 V offset.

Itis also important that the driver is referenced to the MOSFET source and not
to signal ground, which can be significantly different in voltage.

The ratio of Cgp to Ces is a factor but a good drive circuit is the critical factor.
Even if a Vs spike is present, it is safe for the MOSFET as long as the dissipation
is within thermal limits and MOSFET SOA limits.

7.2 Q: How are parts constructed to minimize
this effect?

A: Nexperia MOSFETs are designed with a high threshold at high temperatures and
we check V¢s threshold at 25 °C is within data sheet limits. Logic level devices are
designed and guaranteed to have a minimum threshold voltage >0.5 V even at

175 °C.

Additional information

Maintain a reasonable ratio between Cgp and Cgs. The gate network structure
of the device is designed to have good control of all areas of the die.
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7.3 Q: How is dV/dt characterized?

A: Itis usually measured in a half-bridge test circuit. It is a measure of the device
dV/dt during body diode reverse recovery. This data is not normally published in the
data sheet. This dV/dt is in practice the highest dV/dt the device experiences.

Additional information

Failure due to dV/dt is not something seen in modern low-voltage MOSFETs
however, dV/ dtis normally characterized for Nexperia MOSFETs. The failure
mode is that the capacitive current resulting from dV/dt, triggers the parasitic
BJT. However, as the voltages are low (dV/dt is more an issue > 600 V) a
current/charge high enough to trigger the parasitic BJT cannot be generated.

7.4 Q: What diode or other parameters are
important to assess susceptibility?
For example, maximum dV/dt and maximum Ig.

A: High dV/dt can induce glitches onto the gate of the MOSFET. A snubber can help
to reduce dV/dt and the magnitude of the Vps spike if significant. The ratio of Cyat
low Vps compared to Cyg value at high Vps is an indicator of the non-linearity of Coss.
A very high ratio can indicate that the device can generate a high dV/dt. Gate driver
circuit design can reduce the gate glitch, see Section 7.1. The ratio of Qgp to Qgs
and the gate threshold voltage can be used to indicate the susceptibility of the
device to gate glitches.

7.5 Q:lIs trench technology sensitive to this
phenomenon?
A:In theory, all MOSFETs are.
Additional information
dV/dtinduced turn-on of the parasitic bipolar transistor is not known as an issue
in low voltage Nexperia MOSFETs. If UIS parasitic turn-on is solved, then dV/dt

induced turn-on is also solved. Refer to Section 6.1 and Section 6.3 for more
information.
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7.6 Q: Does a soft recovery body diode give
lower dV/dt and if so, how is it designed and
Fabricated into the part?

A: Soft recovery does reduce the dV/dt. Although dV/dt is not an issue for the

MOSFET, a lower dV/dt is better for EMI, voltage spikes and crosstalk. The design
and manufacture is very specialized, involving proprietary information.

7.7 Q: How does temperature influence this
sensitivity to dV/dt and why?

A: At high temperatures, it is easier to trigger a parasitic bipolar as its Vgg reduces.
But if the BJT is effectively shorted out and current diverted away from it, as
discussed in Section 6.1, then it is not an issue.

7.8 Q: Can Nexperia provide Rg, Cpg, ViE
saturation values in the parasitic BJT model, as
shown in Figure 11?

A: These values are required to be able to calculate Equation 6. The aim is to obtain
a dV/dt value to check if parasitic BJT turns on, leading to device failure. It is
impossible to measure the characteristics of the parasitic bipolar transistor as its
terminals cannot be accessed independently of the MOSFET terminals. A parasitic
bipolar transistor is always created when a MOSFET is fabricated. Referring to
Figure 10 it can be seen that there are two current paths which could cause
MOSFET problems. Current I flows via Ccp and depending on Cgs and Rg it can
cause the MOSFET to switch on momentarily. It is often referred to as a gate glitch.
Current I, flows via Cpg and Rg which can potentially switch on the parasitic BJT.

Additional information
Vs = I3 x Rg = Rg x Cgp x dV/dt (5]

VBE:/ZXRB:RBXCDBXdV/dt [6]
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Figure 10 | Power MOSFET showing two possible mechanisms for dV/dt induced turn-on
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Figure 11 | Physical origin of the parasitic BJT components that may cause dV/dt induced turn-on
Additional information

Early lateral MOSFETSs (structure shown in Figure 11), were susceptible to
failure caused by the turn-on of this parasitic transistor.

Modern power MOSFETs have greater cell density meaning the current per cell
is reduce and the voltage across Rg is lowered. In addition, the geometry of
each individual cell is smaller compared to previous generations making Rg
shorter in length and therefore a lower value of resistance. Both these greatly
improving the immunity of modern trench MOSFETSs (structure shown in Fig.
12) to dV/dt latch-up.
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In application tests we see dV/dt values in the order of 1-10V/ns for T6 and T9
technology when switched quickly using a high current gate driver with low
gate resistance.

Source

Substrate

3aa-013075

Figure 12 | Trench generation 6 structure

7.9 Q:In a halfF-bridge configuration one
MOSFET is driven off, and the second MOSFET
begins to turn on. The first MOSFET that
should be off is turning back on again causing
cross conduction and an over-current peak.
What could be the cause? See Figure 13 for
phenomena.

0
[
v
2
0
c
[

O
c
n
)
c

=

)
[
v
=2
o

O
]

=
[
[
>

—

whed
c
v
=2
o
v
(=

[t

[

L

LL

(72

(©)

=

®
c

g
"

—_

®
E
v

=
c
[
[
v
3
(=}
o

overcurrent
peak ﬂ

I j
} et

L\
A

2 / 1
o N U

time 2aa-022330

Figure 13 | Blue Vs trace shows gate bounce and the red current waveform spiking when gate
bounce occurs
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A: Itis sometimes referred to as gate bounce. MOSFETs have internal stray
capacitances coupling all three terminals and the gate is floating. The capacitors
are inherent to the internal structure of a MOSFET, see Figure 14.

=CaD
NMOS

= CDs

=Cas

3aa-022333
Figure 14 | MOSFET Schematic representing the internal capacitances

Cep and Cgs form a capacitive potential divider. When a voltage appears across the
drain and source of the MOSFET, it couples to the gate and causes the internal gate
source capacitor to charge. If the voltage on the gate increases beyond the
MOSFET's threshold voltage, it starts to turn back on which can cause cross
conduction. The ratio of the capacitances Cqp and Cgs determines the severity of
this effect.

Additional information

Figure 15 shows a simplified circuit that can exhibit this behavior. It could be a
synchronous buck regulator or one leg of a 3-phase inverter. In both cases, the
load is inductive. A current source represents the inductive element in this
circuit.

S

high-side
FET

TT

low-side l
FET

TIT

3a3a-022334

Figure 15 | Simplified schematic of a MOSFET half-bridge. The high-side and low-side MOSFETs are
switched antiphase to each other
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17 6
voltage  ||— Vigs low-side (V) ‘ current
) Vas high-side (V) (A)

- Vps low-side (V)
— Current (A)

"

N

time aaa-022331
Figure 16 | Waveforms showing the full detail of the gate bounce phenomenon

The waveforms in Figure 16 show the critical part of the applications operation
when the current commutates from one MOSFET to the other. In this instance, the
high-side MOSFET is being switched on as the low-side one switches off. Current
flows from the switch node. Note the low- side MOSFET behaves as a diode when it
is switched off. This behavior is similar when current flows into the switch node. In
this case, the high-side device becomes the synchronous rectifier. Referencing the
waveforms in Figure 16, the blue low-side Vs trace begins to drop and the low-
side MOSFET turns off. The green low-side Vps trace going negative indicates that it
has switched off. The low-side MOSFET body diode begins to conduct the inductive
current and there is a Vg drop of approximately 0.7 V. The high-side MOSFET begins
to turn on to a point where it conducts all of the load current. The low-side diode
turns off and the low-side Vps can now increase to the supply voltage. However, as
the Vps rises, the dV/dt is coupled back to the low-side gate through Cgp. The blue
low-side Vs trace begins to increase again. In this example, the gate voltage rises
sufficiently above the threshold voltage so that it is now turned back on again.
Both high-side and low-side MOSFETSs are on simultaneously. The current rapidly
increases due to the short circuit across the supply as indicated by the red current
trace.
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There are several factors that influence this behavior, the most dominant of which
is the gate resistor. If the gate resistor is set to a level where the gate driver cannot
sink the capacitively coupled current, it must feed into the Cgs. It causes the gate
source voltage to rise as can be seen in Figure 16.
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voltage — VGS atRg =100 Q current

(V) — VGS at Rg =200 Q (A)
W VGS at Rg = 300 Q

--- Current at RG = 100 Q

\ --- Current at RG = 200 Q

a

Current at RG = 300 Q

o ®
| —
w IS

2 J\ 1
N

ol A 0

Each waveform has a different external gate resistor. Increasing the gate resistor has a

detrimental effect on the severity of the gate bounce. 333-022332

Figure 17 | Effect of Rg on Vs, and shoot-through current

Itis good practice to keep the external gate resistor as low as possible. In reality,
there is a limit to how low this value can be, due to EMC considerations. Good
design practices can be employed to improve EMC while maintaining a low enough
value of gate resistor to prevent gate bounce. Simple alternatives to increasing the
gate resistor include adding extra capacitors external to the MOSFET between gate
and source, located close to the MOSFET connections. It helps with radiated
emissions without affecting the gate turn off waveforms as much.

Other key factors include the MOSFETs threshold voltage (V). The lower Vyy is, the
more enhanced a MOSFET is for a given gate bounce voltage. It therefore increases
the severity of the cross conduction. Vth is also temperature dependent. It reduces
as die temperature increases, further compounding the severity.

7.10 Q: Does the BUK9Y29-40E Fulfill the
Following requirements?

Table 1: Turn on/off delay, rise time and fall time requirements

Symbol Parameter Conditions Min Typ Max Unit

turn on delay time + Tamb=25°C; Vos =30V,

taon) * & ise time combined \R/GS = 5_\/5; ?): 50; 8 13 18 ns
G(ext) =
. Tamb =25 °C; Vps =30V,
by - e O dElay time & Ves=5V;R=500; 9 14 19 s

fall time combined
RG(ext) =50
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A: Typical values of tg(on), tr, tq(orr), and tr are given in the BUK9Y29-40E data sheet:

Table 2: Turn on/off delays, rise time and fall time BUK9Y29-40E
specifications

Symbol Parameter Conditions Min Typ Max Unit

Tamb =25 OC; VDS =30 V;

Ed(on) turn on delay time Ves=5V;R =5Q; - 6 - ns
Reexty =5 Q
Tamb=25°C; Vps =30V,

[ rise time Ves=5V;R.=50Q; - 7 - ns
RG(ext) =50
Tamb =25 °C; Vps =30V;

Ea(off) turn off delay time Ves=5V:R =5Q; - 9 - ns
RG(ext) =50
Ty = 25 OC} VDS =30 V;

v3 fall time Ves=5V;R =5Q; - 5 - ns
RG(ext) =50

td(on) + & Must be between 8 ns and 18 ns. For the BUK9Y29-40E, this value is
typically 13 ns.

td(ofr) + tr Must be between 9 ns and 19 ns. For the BUK7Y29-40E, this value is
typically 14 ns.

Minimum and maximum values for ty(n), tr, taorr, and tr are not stated in Nexperia
MOSFET data sheets. It is because accurate and repeatable measurements of these
parameters, particularly t; and tf, very much depend on the test environment.

Even measurement probe positioning is critical because stray inductances,
capacitances and coupling fields change when the probe is moved (unavoidable).

A good worst case estimate tolerance on these parameters is +50 %, however these
parameters have only a very small effect on MOSFET dynamic operation.

The typical BUK9Y29-40E fulfills these requirements, but if these parameters are
slightly different, the consequences to the circuit switching performance are not
significant. In the parametric test, a 50 Q load resistor and 5 Q external gate resistor
are used. It is very unlikely that these values are the same as the values used in the
application.

Gate drive characteristics, MOSFET capacitances and the nature of the load circuit
have much more profound effects on the dynamic switching behavior of the
MOSFET. Specifically, its power loss, efficiency and EMC performance.
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8 Package and mounting

8.1 Q: On the drawing for the power SO8/LF-
PAK56 common Footprint, there are no vias on
the exposed pad. Are the addition of vias advi-
sed and, if so, which diameter?

A: Ifimproved thermal resistance is required, vias can be added to the footprint.

The effect of adding vias is discussed in Section 3.5 of AN90003 (chapter 9 in this
book) - LFPAK MOSFET thermal design guide.

Additional information

Nexperia has used 0.8 mm successfully but it does not mean that other sizes
would not work. The vias should be pre-filled with solder and hot air leveled, to
give a flat surface, before the devices are placed.

If the vias are not pre-filled, there is a chance that the solder under the part is
drawn into the vias, which may result in voids.

The extra process steps on the PCB and the potential problems mean that vias
should not be used unless they are needed. Consult the manufacturing process
engineers regarding surface mount and soldering process issues.

8.2 Q: How are devices tested For HV isolation
tests? An application is tested at
approximately 1 kV For HV isolation testing
across various terminals and a significant value
is seen across the MOSFET. Are there tests
that perform HV isolation analysis and, if so,
what are they?

A: We do not perform any HV isolation tests on any automotive MOSFETs or specify
any HV isolation parameter in our data sheets. Insulation testing is only applicable
to TO-220F packages (Nexperia SOT186A)

Additional information

HV isolation is specified for MOSFETs with insulated drain tabs or in modules
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with isolated bases. The test voltage applied in the Nexperia factory is 2.45 kV
for 0.4 seconds (V;ms at 50 Hz).

8.3 Q: The efficiency of my DC-to-DC converter
exceeds my requirements. Can | use smaller,
higher Rps(on) MOSFETS to save money?

Environmental conditions: 4-layer FR4 board at 105 °C ambient temperature.

A: Although it is possible to reduce efficiency, other factors become the
constraints.

Additional information

The dominating factor is likely to be the temperature allowed at the solder joint
between the MOSFET and the PCB. It is unlikely that 125 °C may be exceeded
with FR4. If the dissipation is 2 W, the thermal resistance of the path from the
MOSFET mounting base to ambient must be <10 K/W.

(125°C-105°C)/2 W = 10 K/W.

Some special arrangements are required to achieve this figure. However the
customer has indicated an allowed dissipation of 2 W so they may have some
more information about their system indicating that it is achievable.

If dissipation is increased to 5 W, the temperature at the mounting base
reaches 155 °C which is probably not allowed. The alternative would be to
improve the thermal resistance to <4 K/W, which is extremely challenging.

0
[
v
2
0
c
[

O
c
n
)
c

=

)
[
v
=2
o

O
]

=
[
[
>

—

whed
c
v
=2
o
v
(=

[t

[

L

LL

(72

(©)

=

®
c

g
"

—_

®
E
v

=
c
[
[
v
3
(=}
o

An indication as to what can be achieved, is given in AN90003 (chapter 9 in this
book) - LFPAK MOSFET thermal design guide.

The junction temperature of the MOSFET has not yet been mentioned. It is
because it is only a few degrees higher than the mounting base. For example,
consider an application for an LFPAKS56 device, such as BUK7Y7R6-40E. The
thermal resistance is 1.58 K/W. So for 2 W, the Tjwould be 128.2 °C. For 5 W, it
would be 133 °C (assuming T can be held to 125 °C). Both of these values are
well below the Tjmax of the MOSFET which is 175 °C. So in summary, the
limiting factor of what can be done with dissipation is the PCB and its thermal
path to ambient, not the MOSFET.
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8.4 Q: What is the position of Nexperia on
using Pb free solder for internal soldering
(die attach, clip attach)?

A: Nexperia is a member of the DA5 working group. It is a project consortium
comprising Nexperia, Bosch, Infineon, and ST. The goal is to find new solder
materials or alternative die attach methods which do not use lead. The European
directive 2011/65/Eu exemption (RoHS), allows the use of lead in high melting
point solders until 2016. So far, no reliable and cost effective alternative process
has been developed, especially where the requirements of AEC-Q101 are consid-
ered. An extension to the expiry date of this exemption was applied for in January
2015 by representatives of the electronics industry, including the DA5 working

group.

The End of Life Vehicle (ELV) Directive (2000/53/EG) also applies. A similar
extension to the Pb free exemption was applied for by the DA5 group in November
2013. It is expected that if approved, this directive allows the use of Pb based
solders until 2018 at the earliest. It has been requested that the EU aligns the Pb
free exemption between the ELV directive and the RoHS directive.

9 SPICE models

9.1 Q:lIs thereis a large difference between
the data sheet and the SPICE model behavior
and in particular, the gate charge
characteristics?

A: There is a strong similarity between the data sheet characteristics and the
Nexperia SPICE models at 25 °C. It is especially true for transfer curve, Rps(on), diode
characteristic, and gate charge. The SPICE model also accounts for the package
parasitic resistances and inductances.

Additional information

In PWM circuits, the SPICE model gives quite a good similarity to the behavior
of the real device. The SPICE model can therefore be used to give a good
indication of the switching losses at turn-on and turn-off, as well as the

conduction losses.

The SPICE modelis only correct at 25 °C, the Rps(on) Versus temperature
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characteristic can be used to estimate conduction losses at higher
temperatures. Switching losses are known not to change significantly with
temperature.

The SPICE model also reflects a typical device according to the data sheet
characteristics.

The method of creating models has been continuously improved over time. The
latest model creation process used for Trench generation 6 devices and newer
technologies results in models which closely match measured device behavior.

9.2 Q: Why does the SPICE model not match
the data sheet?

A: The SPICE models provided by Nexperia are generated from measurements
performed on a sample of devices. Several parameters such as transfer
characteristics, output characteristics and gate charge are used. Values for parasitic
package impedances and the data sheet maximum Rps(on) value are combined to
produce a model that emulates the behavior of the sample MOSFETs.

« |tisimportant to note that the SPICE models generated by Nexperia:
. represent typical parts that can be found within the production
distribution.
. are set close to the maximum Rpson) Of the part without adversely
affecting the other model parameters.
. are only valid for T; = 25 °C.

Customers wishing to do design validation using a SPICE model, are advised to
proceed with caution given the information provided above. Nexperia encourages
designers to perform Monte Carlo simulations and use tolerance stacks in their
simulation design. These factors permit part to part variation of their whole system
to be accounted for.

Nexperia can advise on what reasonable levels of tolerance on key parameters for
the MOSFET would be.

10 MOSFET silicon technology

10.1 Q: What is drift engineering?

A: Drift engineering is optimizing of the drift region between the bottom of the
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trench and the epi/ substrate interface (light green area). The drift region supports
most of the drain-source voltage in the off state. The purpose of drift engineering
is to reduce the resistance of the drift region while maintaining the drain-source
breakdown voltage Vgr)pss capability (see Figure 18).

Source

- Package type dependent
&= - Leadframe/bond wires (clip)

resistance

Source - Metal spreading resistance is layout and
<= m package dependent

[[] switch
© )
i =\
O [ substrate

Specific Rps(on)
(mQ mm2)
=
T T2 T3 T4 T6

Drain :I'echnology

33a-016144

Figure 18 | Resistance in power MOSFETs

10.2 Q: What is obtained from reduced cell
pitch?

A: Reduced cell pitch generally results in lower resistance and higher capacitance.
The goal of each new generation of MOSFET technology is to reduce Rps(ony Without
a large increase in capacitance that usually accompanies reduced cell pitch.
Reduced cell pitch also reduces SOA capability (linear mode operation) but
improves avalanche capability.

10.3 Q: What is obtained from a shorter
channel?
A: Shorter channel gives a lower Rps(on) and a lower Cgs capacitance simultaneously.

It has higher leakage current and the transfer curve (Ip versus Vgs characteristic)
becomes more dependent on Vps. It is also observed in the output characteristics.
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10.4 Q: What is obtained from thick bottom
oxide?

A: Thick bottom oxide refers to gate oxide at the bottom of the trench (see Figure
16). It is made thicker than the gate oxide at the side of the trench. It acts as a

thicker dielectric between the gate and the drain resulting in a much lower Cgp
value.

11 Supply and availability

11.1 Q: What statements can be made concer-
ning the long-term availability of previous
generations of TrenchMOS parts?

A: Nexperia continues to supply older products where the volumes of manufacture

are economically viable. The sales price margin is commercially viable and there are
no manufacturing reasons which prevent manufacture.

A Discontinuation of Delivery (DoD) document notifies key customers (including
distributors), when a part is planned to be withdrawn. It allows customers to make
arrangements to buy sufficient products for future requirements and if necessary
qualify alternative products.

12 EMC and ESD

12.1 Q:1 have EMC issues, what can |1 do?

A: We have a detailed appliaction note on this subject, AN90011 (chapter 7 in this
book) - Half-bridge MOSFET switching and its impact on EMC, please refer to this
for any EMC related concerns.

12.2 Q: What parameters affect the ESD
tolerance and how much does it vary for a
particular device?

A: The key parameters are the gate oxide breakdown voltage and the gate input
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capacitance (C,). JESD22-A114 specifies the ESD Human Body Model test
arrangement and results assessment criteria.

Additional information
The main ESD failure mechanism for any MOSFET is due to breakdown of the
gate oxide. The point where the oxide is thinnest will be where failure is most

likely to occur.

For Nexperia MOSFETs, factors which affect the thickness are:

. Gate rating: usually standard level or logic level (note that other gate
oxide ratings are available from Nexperia)
. Technology used: gate oxide thickness will vary according to the

technology used. Check with Nexperia for details of the oxide thickness
or rating if this is critical information

The gate oxide is most sensitive between the gate and source. The gate to drain
path (typically the gate oxide at the bottom of the trench and semiconductor
junction in series) offers a higher capability.

There are 6 combinations of applying an ESD pulse to a MOSFET:

Table 3: ESD test pulses pin combinations

Pin ESD pulse applied to Pin(s) grounded Pin Floating
G S D

G S,D

D G S

D G,S

S D G

S D, G

The ESD pulse can be positive or negative for each condition. The simplified
capacitance model for the MOSFET shown in Figure 19 below is key to
understanding how the gate oxide can be damaged by extreme voltage

‘I* NMOS
k = Cps

=Cas

3aa-022333

Figure 19 | MOSFET schematic representing the internal capacitances
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The worst-case condition is always by applying the pulse to the gate pin with the
source pin grounded and the drain pin floating. This has been verified by
experiment. In the case of the pulse being applied between gate and source with
the drain floating, the capacitance of the device is minimised, see Figure 20 below.
Grounding the drain, for example, would increase the gate — source capacitance, so
it becomes more difficult to damage the oxide.

Note that the body diode acts to protect the drain pin of the device: if drain goes
negative due to ESD pulse on the drain, then diode conducts. The body diode is
capable of handling high current, much higher than due to ESD pulses so is not
damaged by ESD. If the drain goes positive, then the diode will avalanche and easily
absorb the ESD energy (like a TVS).

Drain floating

= CeD

}_
J<; NMOS
1 H ==Cps

Gate

=4,
ESD pulse C2

Source 2aa-022333

Figure 20 | MOSFET schematic representing the internal capacitances

12.3 Q: How can gate-source ESD rating be
estimated?
A: This formula estimates the ESD capability:
Vesd (HBM) =16 x VGS(max) x Ciss (NF)

Additional information
The simplest approximation for ESD is to assume that the device fails when Cis is
charged to the breakdown voltage of the gate oxide (Vgreox)- AS a conservative
estimate Vgrox) is approximately 1.6 times the Vs rating as per the limiting values
section in the data sheet.
Figure 21 shows the ESD test setup, once ESD test has completed then the voltage
across both capacitors is the same and total charge is conserved. At the last

surviving voltage, then voltage across the capacitors is as follows:

Vesd % Cesd = VBRr(ox) X Cesd + VBR(ox) * Ciss
Vesd = VBR(ox) * (Ciss/Cesg + 1)
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Vesd = 10 x VBR(ox) x Ciss
Vesqg = 16 x VGS(max) x Cigs

Rc Rp
MQ 1500 Q
o—1{  F——
charge current ’X, discharge
limit resistor resistance
Device
Vesp | HIGH VOLTAGE Ciss|  Under
DC SOURCE Cza 1 Test
100 pF =T~
storage
capacitor
= 23a-031668

Figure 21 | Test circuit for ESD testing (human body model)

12.4 Q: Does relationship between C;;s and ESD
rating change by trench generation?

Yes. As per Section 12.3 the ESD rating relies upon Ciss and gate oxide breakdown
voltage. As Nexperia improves technology and the levels of quality and reliability
also improve new generations tend to have stronger gate oxides. However as we
improve our switching figure of merit (Qg x Rps(on), Now for the same Rps(orn) New
technologies will have lower Cis and therefore lower ESD rating.

12.5 Q: Why are Nexperia power MOSFETSs not
ESD protected on the chip by gate-source
protection networks?

In order to effectively screen MOSFETs with weak gate oxide and achieve <1 ppm
quality levels, Nexperia uses special test techniques which involve accurately
measuring the gate-source leakage behavior. Adding ESD protection networks
means that it becomes very difficult to measure the gate-source leakage
characteristics of the gate oxide because the ESD protection network will have a
significantly higher leakage current. This means we cannot screen out weaker
oxides and will result in a higher field failure rates. Furthermore, adding protection
networks results in higher production costs. ESD protection networks are therefore
only used where necessary.

Generally, for larger MOSFETs with good gate oxide quality and relatively high Ciss

—
W

")
[
v
=
(7]
c
(1)

O
c
(1)
[7)
c

0

hed
0
(]
2
o

0
Q9

=
7]
(1)
>

—

ohed
c
()
=2
o
[
[=

U

-

w

LL

(%4}

o

=

®
c
=
wn

-

®
E
wn

-
c
(1)
[
v
3
]

o




RN
W

(7]
[
v
S
(7]
c
[

O
c
(1)
[7)
c

S

o)
"
(]
=2
o

O
]

=
7]
[
b

—

whed
c
()
=2
o
()
(=

U

-

L

LL

(%2}

o

=

®
c

o
"

-

m
E
7]

=)
c
[
[
v
3
]

a

Nexperia | A Power Design Engineer's Guide

there is no need for ESD protection, as long as these are being mounted onto a PCB
in a controlled ESD environment. For special applications where the MOSFET would
be subjected directly to ESD in a finished product such as a lithium ion battery
module or a power or signal port then on-chip ESD protection may be required to
meet IEC 61000-4-2 or other ESD test specifications. Some very small MOSFETs
from Nexperia may require on chip ESD protection networks in order to allow
handling (such as NX3008NBKW), even in well controlled manufacturing
environments.

13 Leakage, breakdown and MOSFET
characteristics

13.1 Q: How does drain current (lIpss) vary with
respect to temperature?

A: The fundamental relationship between drain leakage current and temperature is
exponential in form. The data sheet gives maximum values of Ipss at T;= 25 °C and
175 °C. This example is specific to Nexperia Trench generation 2 technology but the
same principles can be applied for other Nexperia technology. An exponential fit to
these points provides the plot of Figure 22. Itis also in line with some testing which
is performed during the development of new MOSFET technologies.

Figure 23 is the same curve, plotted with a log scale for Ipss to ease reading the
value of 20 pA at 50 °C. These values are for a Vps at the rated voltage. Reducing
voltage reduces leakage current. Note that Figure 22 and Figure 23 are not in the
device data sheets.

600 103
Ipss Ipss
(WA) (uA)
400 / 102
200 10
0 1 1
0 50 100 150 200 0 50 100 150 200
T (°C) T (°C)
23a-013067 2aa-013068
Figure 22 | Ipss as a function of temperature, Figure 23 | Ipss as a function of temperature,

linear axes log - linear axes
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13.2 Q: What is the relationship between
breakdown voltage V(gg)pss at Ip = 250 pA) and
drain leakage current (lIpss)? Both state the
same Vpss value but the drain current is
different.

A: Although these two parameters reference the voltage rating of the part, they
look at different characteristics of the product. Drain leakage current (Ipss) is the
current which flows when Vps equal to the rated voltage is applied. The test checks
that the current is below the limit.

The breakdown voltage of a device Vgrjpss is the Vps required to cause a drain
current of 250 pA to flow. In practice it is slightly higher than the rated voltage of
the device and the actual voltage varies for the same nominal type due to
manufacturing variations. The minimum Vgrjpss stated in the data sheet is the
rated voltage. Breakdown voltage looks at the characteristic of the part when it is
in avalanche. The mechanisms causing leakage current and avalanche current are
different.

13.3 Q:Is the standard level gate device
BUK7Y28-75B guaranteed to work witha 7V
gate drive at -40 °C for 25 A?

A: Nexperia has a high degree of confidence that this scenario would be OK even in
the worst case. However, it cannot be 100 % guaranteed by a production test at
25°C.

Referring to Figure 24, the typical gate threshold voltage Vggen is 3 V. It rises to
approximately 3.5V at-55 °C (i.e. a rise of approximately 0.5 V). The highest Ves(h)
rises from approximately 4 V to 4.5V (again, approximately 0.5 V). So in the worst
case at-55 °C, the threshold voltage shifts by 1.5 V from the typical 25 °C value.

Looking at Figure 25, it would shift the gate drive curve from 7.0 Vto 5.5V for a
worst case device (1.5 V shift).
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Figure 24 | Gate threshold voltage Vs as a function of temperature
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(= Figure 25 | Drain current as a function of Figure 26 | Drain-source on-state resistance
n . . . . .
- drain-source voltage: typical values as a function of drain current: typical values
[}
3 ) o ) )
8 The 5.5 V drive curve allows more than 25 A and is still in the linear Rps(on) region of

the output characteristic.

The Rps(on) Values for the 5.5V characteristic at 25 A in Figure 26 is pessimistic for
operation at-40 °C. It uses the 25 °C Rps(on) curves, and the carrier mobility increas-
es with lower temperatures making the Rps(n) better. The threshold voltage
increase has already been accounted for.

It explains why a 7 V gate drive at -40 °C would be OK for this particular standard
level gate device (BUK7Y28-75B). The same principles can be applied to other
Nexperia devices. However, the customer must judge whether there is adequate
margin in the design, as the result may be slightly different from what is observed.
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13.4 Q: What is the lowest voltage Vgg)pss to
be expected at -40 °C for a 40 V device using
Trench generation 6?

A: The following principle could be applied to any Nexperia MOSFET technology at
any breakdown voltage rating. In the data sheet, the values for minimum drain-
source breakdown voltages are specified at -55 °C and 25 °C. The correlation
between Vgrjpss and temperature is approximately linear over this range.
Therefore, a straight line can be plotted at Temperature (-55 °C and 25 °C) versus
V(BR)DSS (at -55°Cand 25 OC)

For example: a 40 V Trench generation 6 part, has a Vgrypss at -55 °C of 36 V and 40
V at 25 °C. Using linear interpolation, gives a V(ggpss of 36.75V at -40 °C.

13.5 Q: What Factors affect the value of drain
current according to the transfer characteristic
graph for BUK9275-55A, especially over the
Vs range of 2.2V to 3.0 V?

A: The answer to this question is not simple - there are several factors which would
affect the Ip value.

1. The graph depicted in Figure 27 is typical. The BUK9275-55A MOSFET has a
distribution of parameter values within the production tolerance limits. The
graphis only intended to illustrate how Ip, Vps and Vs are related when the
MOSFET is operating for a particular Vps condition. Vs has a significant
influence on the characteristic of a particular device. Temperature is also a major
factor. The limiting values and characteristics listed in the data sheet should be
used for circuit design.

2. Junction temperature T; strongly affects the Ip / Vs characteristic. The graphin
Figure 27 is for Tj=25°Cand Tj= 175 °C. The same graph for the same part with
T;=-55°C, would be very different. The mode of operation preferred by the
customer is with Vgs in the range 2.2 V to 3 Vin the saturation region before full
enhancement. In this mode, the MOSFET power dissipation is likely to be
significant. As a result, the junction temperature may be high. Figure 22
demonstrates how Ip changes with Tj for a given Vs value.

3. Adashed vertical red line on the graph is shown at Vgs = 2.2 V. If Tjincreases
from 25°Cto 175 °C, Ip approximately doubles (from approximately 1 Ato 2 A).
However, at Vs = 2.8 V (dashed vertical green line), the same junction
temperature change has no effect on Ip. At Vgs > 2.8V, an increase in T results
in adecreasein Ip.
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|
;
Ti=175°Cc)/f Tj=25°C

4 5
Vas (V) 33a-015948
Figure 27 | Transfer characteristics: drain current as a function of gate-source voltage - typical values

Itis clear that the relationship between the MOSFET parameters is complex and
their relationship with the thermal environment is also complex.

13.6 Q: Can Nexperia provide Cgp, Cgs and Cps
numerical values for T;=-55°Cand T; = +175 °C
(3t Vgs =0V, Vps =16 V)? Ifit is impossible to
test, a theoretical one is also acceptable. A
graph is provided in Figure 23, but it is for T; =
+25 °C.

A: Unfortunately, Nexperia cannot supply values for these capacitances at the
extremes of the MOSFET operating temperature range requested. It is due to the
limitations of our parametric test equipment. However, we can comment on how
these capacitances vary with temperature and the MOSFET terminal voltages.

Ciss is the input capacitance formed by the parallel combination of Cgs and Cgp, and

Cgs dominates. Cgs is formed across the gate oxide so it does not vary significantly
with temperature or the MOSFET terminal voltages. As Cqs depends on gate oxide
thickness and other defined die feature dimensions, it should not vary much
between samples.

C,ss is the reverse transfer capacitance which is essentially the gate-drain
capacitance (Cgp). Itis formed across the MOSFET body diode depletion layer. This
layer becomes thicker, as the reverse voltage (Vps) across it increases. Crss increases
as Vps decreases. Crss has a greater variability than Ciss because it depends on the
body diode depletion layer.
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Coss is the output capacitance formed by the parallel combination of Cps and Cgp.
The drain- source capacitance (Cps) also dominates this capacitance. It varies with
Vps in a similar way to C varying with Vps and it has similar variability to Ci for the
same reasons.

These relationships are illustrated on the data sheet graph depicted by Figure 28. It
has been observed that switching losses only slightly increase at Tjmax), in the order
of 10 %, since the capacitances only marginally change. Other factors can influence
switching behavior, especially where the gate driver current capability changes
significantly with temperature. The depletion layer thickness varies in proportion to
the square root of the absolute temperature in K and it affects Crss and Coss.

104

(PF) ~

103 =

102
101 1 10 102
Vps (V) 33a-013072

Figure 28 | Input, output and reverse transfer capacitances as a function of drain-source voltage:
typical values, Vps=0V

13.7 Q: Can Nexperia provide the minimum Vgg
threshold values for T; from -55 °C to +175 °C?
A graph is already in the data sheet. However,
the numerical data of minimum values in the
range of -55°C to +175 °C are required for a
standard level gate threshold.

A: Worst case values of minimum and maximum Vgsh) should be used for design
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purposes. They are given in the data sheet Characteristics (see Table 4).
Additional information

Table 4: Characteristics
Voltages are referenced to GND (ground = 0 V).

Symbol Parameter Conditions Min Typ Max Unit

lo="1mA; Vps = Vcs; 24 3 4 v

Tj=25°C
gate-source threshold Ip=1mA; Vps = Vcs; )
Vst voltage Tj=-55°C se Y
Ip=1mA; Vps = Vgs; .
T;=175°C ! v

These values are guaranteed worst case values. In this case, the 175 °C minimum
Vas(en is not less than 1 V. The -55 °C Vs is not greater than 4.5 V.

13.8. Q: Can Nexperia provide the inherent Rg
component value with T; from -55 °C to
+175 °C?

A: The measured R¢ value is in the range of 1 Q to 3 Q and it does not vary
significantly with temperature. In our general MOSFET characterization, it is
presently not possible to test Rg over the temperature range.

Additional information

In a circuit such as the 3-phase motor drive circuit, switching speed is not usually
critically important. The PWM frequency is usually moderate (<50 kHz).
However, to mitigate emissions due to high dV/dt, the circuit designer often
deliberately slows the switching of the MOSFET.

A low value (10 Q) fixed resistor connected between the gate driver output and
the MOSFET gate helps to stabilize the gate driver voltage and damp out any
voltage transients or oscillations.

Often, even higher external gate driver resistor values are chosen to slow down
the gate driver and reduce the EMI effects of the MOSFET switching.
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13.9 Q: How is the maximum permissible drain
current estimated, at the point of Vpg = 0.1V,
from the SOA curve of the BUK9K12-60E
shown in Figure 24? Some manufacturers
describe down to the Vps value in their SOA
curves.

103

Ip
(A)
o Limit Rps(on) = Vps / Ip N
= tp=10ps
= T
_ 100 ps
10 - NN
DC \\
1 éﬂ ms
10 ms
| ] 100 ms
L1
101 1 10 102 108

Vs (V)
aaa-022335

Figure 29 | Safe operating area: continuous and peak drain currents as a function of drain-source
voltage

A: The minimum current that is expected at a Vps of 0.1 V can be calculated from
the maximum (175 °C) Rpson) Value (26 mQ):
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Table 5: Rps(on) values g
o
a

Parameter Conditions Min Typ Max Unit
Ves=5V;Ip=15A;Tj=
. o 9.5 11.5 mQ
Roson) drain-source on-state 25°C
on ist _ b — 09—
resistance 1V§55‘C5 Vilb=15AT;= 21,5 26 mQ

The drain current that flows with these conditions is 0.1/0.026 = 3.846 A. The
maximum die temperature is the critical factor. Do not allow it to exceed 175 °C.

However, if the Rps(on) is Not at the top limit of the value range or the die tempera-
ture is lower, it is lower. As a result, the corresponding drain current is proportion-

ately higher.

From Table 5 the maximum Rps(on) is 11.5 MQ at Typ = 25 °C. The maximum die
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temperature is likely to be higher than 25 °C in most applications.

If the mounting base temperature is maintained at 100 °C or less, the (fully ON)
MOSFET can safely carry a continuous current up to 35 A, (see Table 6).

Table 6: Ip values

Symbol Parameter Conditions Min Typ Max Unit
Tmp=25°C; Vgs=5V - - 35 A

I drain current
Tmp=100°C;Vgs=5V - - 35 A

The (fully ON) MOSFET can also sustain a current pulse of 204 A for a period up to
10 us, (see Table 7).

Table 7: Ipm values

Symbol Parameter Conditions Min Typ Max Unit

Iom peak drain current Tmb=25°Ctp<10ps - - 204 A

13.10 Q:Is the BUK7K52-60E drain current
specified individually for each (FET1 and FET2)
or as a total of 15.4 A?

Table 8: Drain specifications
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Symbol Parameter Conditions Min Typ Max Unit
Vs drain-source voltage T,225°C;Tj<175°C - - 60 V
Io drain current Ves=10V; Trp=25°C - - 154 A
Ptot total power dissipation Tmb=25°C - - 32 W

A: The ratings given on the data sheet are for each individual MOSFET in this
device, (see Table 8).

Although there are two MOSFETs housed within the package, they are fully
electrically isolated from each other.

However, as the MOSFETs share a common package, there is a small amount of
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thermal coupling between the two MOSFET dies through the plastic package
material. The heat generated by the power dissipated in one MOSFET increases the
temperature of the other, even though the other may not be dissipating power. In
an application, there is also an external thermal coupling path via the PCB to which
the device is mounted. In practice, it is the main thermal coupling mechanism
between the two dies.

To guarantee long-term reliability, it is very important that the junction tempera-
ture of either of the dies is never allowed to exceed 175 °C.

The individual MOSFET mounting bases are the main exit routes for heat generated
in the dies. In practice, the mounting bases are soldered to copper pads on a
Printed-Circuit Board (PCB). They provide the electrical connections to the MOSFET
drains and heat sinking. Both MOSFETs in the package should operate at their rated
power/current when their mounting bases are maintained at 25 °C. However, it is
very difficult to achieve in practice and de-rating must be done in most cases.
Example:

Using a BUK7K52-60E for two MOSFETs in a half-bridge, driving an inductive load.
Assumptions:

MOSFETs conduct alternately, never together.

Switching losses are neglected.

PCB material is standard FR4.

Standard FR4 PCB material has a maximum operating temperature of 125 °C,
although special higher temperature materials are available.

The maximum temperature of the MOSFET mounting bases is limited to 125 °C by
appropriate PCB cooling. The maximum de-rated power that can be dissipated in
one MOSFET is:

32/3=10.67 W.

Hence, the temperature rise of the die above the temperature of its mounting base
i5:10.67 (W) x 4.68 (K/W) = 49.9 K.

Therefore, the maximum die temperature is 125 + 49.9 = 174.9 °C, which is
marginally safe.

Worst case Rps(on) at Tj=175°C =101 mQ.
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Maximum allowed current = v(P/Rps(on) = 10.28 A.

Note: This calculation is a theoretical example. The PCB cooling required to
maintain a 125 °C mounting base temperature with 10.67 W power dissipation
would be very difficult to achieve in practice.

13.11 Q: How does V plateau shift with
temperature and process variation?

Data from a T9 MOSFET family device BUK7J1R4-40H is considered but the
principle can be applied to T6 devices also. The plateau voltage in the gate charge
characteristic is the horizontal portion of the graph (Figure 30) and is related to the
transfer characteristic (Figure 31).

10 360
Ves Io l

(] (A)
300

Vpg =14 180
32V

J
/

25°C

60
175°C
/ Tj 5-65°C

0 0
0 10 20 30 40 50 60 70 80 0 1 2 3 4 5 6
Qg (nC) Vas (V)
=20 [p =201 232-026115 Vos =8V 232-026113
Figure 30 | Gate-source voltage as a function of Figure 31| Transfer characteristics; drain
gate charge; typical values current as a function of gate-source

voltage; typical values

The plateau voltage is around 4.25 V typical for a current of 25 A. This corresponds
to the value in the transfer curve, also for a typical device. So at -55 °C then the
plateau voltage will be 4.35V and at 175 °C it will be 3.9 V for a typical device.

Note: transconductance reduces with increasing temperature, so the device
will switch a little slower and switching losses will increase.

When considering a “worst case” device then the spread in gate threshold Vgsch)
needs to be considered. It is assumed that the gain (transconductance) of the
device is not affected by the same process related reasons which affect Vi) . The
transfer curve for a typical device would be shifted along the Vs axis according to
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the delta in the Vgseny (Figure 32).

The plateau voltage at the 25 A test condition would be 3.65 V for minimum Vs eh)
and 4.85 V maximum Vgsch) -

Figure 32 | Transfer characteristic at 25 °C

13.12 Q: What is the current which each device
can conduct and how does this relate to the
device power rating for the SOT1205 device?

A. Consider a specific example such as BUK9K52-60E. The data sheet shows the
following capability:

Table 9: Quick reference data; BUK9K52-60E

Symbol Parameter Conditions in Typ Max Unit
Vps drain-source voltage T;225°C Tj<175°C - - 60 Y,
Io drain current Vs =5V, Tmp =25 °C - - 16 A
Piot total power dissipation Tmb=25°C - - 32 W

The key point is the Py of 32 W. This is per die at data sheet conditions which
assume that the mounting base is maintained at 25 °C. The maximum DC current
allowed in each device would be 16.04 A, based on Rps(on) 0f 124.3 mQ (Vgs=5V) at
175 °C.
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1. =\[(PR)
1. =\(32/0.1243) = 16.04 A

If both devices in the package are considered then the total power dissipation
when both mounting bases are maintained at 25 °Cis 32 W x 2 = 64 W. This only
applies when the mounting bases of the devices are maintained at 25 °C (using an
infinite heatsink). The power capability will decrease as the mounting base
temperatures increase such that Tjdoes not exceed 175 °C. Consequently the
current will decrease as shown in the graph Figure 33 of Ip vs Ty, if the mounting
base is maintained at a different temperature such as 125 °C, the current rating
would be 9.26 A.

4 \
0
0 30 60 920 120

>
Vesz5V 003aaj559

Figure 33 | Continuous drain current as a function of mounting base temperature

In practice it is not a realistic condition to mount the device on an infinite heatsink,
the device might be mounted on a PCB with Repmb-amb) = 50 °C / W. In which case
how can the steady state current capability be calculated?

The diagram in Figure 34 below shows a simplified thermal model from the
junction of each die to ambient. It is assumed that there is good coupling on the
substrate such as a PCB between the devices (usually the case but not always) and
that there is minimal coupling between the devices within the package (this is
>100°C/ W).
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Tj1 sz
Rth j1toj2
100 K/W

Rth j1to mbl
4.7 KIW

Rth j2 to mb2
4.7 KIW

Rth mb1 to mb2
5 KIW

Tmb1 Tmb2

Rth mb1 to amb
100 K/'W

Rth mb2 to amb
100 K/IW

Tamb Tamb

Figure 34 | Dual MOSFET thermal configuration

If the ambient temperature is 25 °C then the maximum total package power
dissipation would be 2.87 W assuming the power is shared equally between the
two dies.

Px100+Px4.7=TA =150 °C
.. P=1.433 W per die
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This corresponds to a maximum current of 3.40 A in each device simultaneously.

1. =\[(PIR)
he [ (1.433/0.1243) =3.40 A

This will result in a mounting base temperature of 168.2 °C. This is above the typical
transition temperature for the PCB of 125 °C. The simplified thermal resistance
model can be used to calculate the power based on the actual conditions and
requirements. For highly accurate calculations, computational fluid dynamics
simulations or calibrated measurements should be conducted.
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14 MOSFET reliability

14.1 Q: How is the FIT-rate calculated?

A: FIT (Failure In Time) is commonly used to express component reliability. It is
defined as the number of failures occurring in 1 x 109 hours (1 billion hours).

At any elapsed time (t), the reliability (R) of a group of operating semiconductors is:

R(t) = (no - nA/No

Where:

N, is the original sample size and nf is the number of failures after time t.

Over the standard time of 10° hours, it approximates to F = (1/nq)*(n¢/t)*10°.
Accelerated testing
A major factor in determining the reliability of a semiconductor is the total
stress applied by the application. Operating temperature results from ambient
temperature and the heat due to power dissipation. It is the most important
applied operating stress where a product is otherwise generally operated
within its ratings.
The Arrhenius equation is used to model the effect of temperature on
component failure rate:

Acceleration factor = e(Ea/k)(1/T1-1/T2) 7

Where:

Ea = activation energy (eV)

k = Boltzmann constant (8.60 x 10 eV /K)

T1 = operating temperature (°C)

T2 =reliability test temperature (K referenced to absolute zero)

Accelerated testing makes components perform at high levels of (thermal) stress.
The results are then extrapolated to convert short life under severe conditions into
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the expected life under normal conditions.
Under accelerated life test conditions:

F=(nf/n0x A x t)x 109FITs (8]

Time tis now equal to A x t, where A'is the acceleration factor.

Based on the life-test results for an example part, the FIT data provided in Table 10
has been calculated. Note that an adjustment is made to the number of failures
based on Poissons probability distribution. It is used to indicate the number of
failures expected in a larger sample depending on the confidence level. It is
described in JEDEC JEP122F Section 5.18.1.4 and in numerous other references.

Table 10: Calculated FIT data

High Temperature Reverse Bias (HTRB) +
Test name High Temperature Gate Bias (HTGB) +
High Temperature Storage Bias (HTSL)

Test temperature 175 °C

Number of device hours 35,051,000

Number of observed failures 0
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Confidence level 90 %

Activation energy 0.7 eV

Failure rate Unit
Failure rate at 125 °C at 90 % confidence=  6.725 FIT
Failure rate at 85 °C at 90 % confidence=  0.688 FIT
Failure rate at 55 °C at 90 % confidence = 0.086 FIT
Failure rate at 25 °C at 90 % confidence = 0.0007 FIT
MTBF Unit
Mean time before failureat 125 ° at 90 % confidence = 1.49 x 108 hour
Mean time before failureat 85  ° at 90 % confidence = 1.45x 109 hour

o

elEeNEaEe)

Mean time before failure at 55 at 90 % confidence= 1.16 x 1010 hour

Mean time before failure at 25 ° at 90 % confidence=  1.40 x 1011 hour
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Chapter 14

Leakage of
small-signal
MOSFETs

Application Note: AN90009
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1 Introduction

Description of current leakage behavior for small-signal MOSFETs. Examples for
typical gate- source and drain-source leakage of MOSFETSs is shown. Distinguish
between ESD protected and unprotected devices.

Device current leakage is an important factor for the energy consumption of a
circuit application. This is especially true for mobile electronic devices such as smart
phones, tablets, wearables or medical devices as the off-state current leakage may
influence battery life and therefore operation time. The scope of this application
note is the current leakage description of a small-signal trench MOSFET in different
pin configurations.

2 Leakage currents

The following chapters are related to the pin configurations drain-source (D-S) and
gate-source (G-S) as illustrated in Figure 1 below.

D
D
. /N
Vbs & Vbs
U S

a. ESD protected small signal MOSFET b. Non protected small signal MOSFET

aaa-030427 aaa-030428

Figure 1| Illustrated pin configuration for device leakage

For gate-source leakage it is important to distinguish between ESD protected
MOSFETs and non- protected ones. Due to the presence of additional ESD
protection circuit the Vs to Igs leakage characteristic of such a device is different
while the drain-source characteristic is independent from this constructional
feature.

2.1 Drain-source leakage

For an enhancement mode MOSFET in the off-state (Vgs = 0 V), the drain-source
leakage is given by a p-n junction diode in reverse direction. In the ideal case this is
given by the rectifier equation:
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=IS [exp(qV/KT) -1]=IS (V<0,-V<<KkT/q) [1]

Where Vis the applied voltage, g the electronic charge, k the Boltzmann constant
and T the absolute temperature. V > 0 represents the diode in reverse direction
with a remaining Is, (the so called saturation current):

D n? D, n?
I =q-A _—
=q* r N + T N, (2]

with the cross-section area A, the diffusion coefficients of holes and electrons Dy,
Dy, the donor and acceptor concentrations Np, Na, the intrinsic carrier
concentration ni and the carrier lifetime of holes and electrons t,.

It can be seen that the ideal description of the leakage is independent from the
applied voltage. The leakage increases with the cross section area A and therefore
the channel width which is proportional to the Xtal size if the same technology is
used. The larger the Xtal the higher the leakage.

In practice an additional current is added to the ideal saturation current which is
increased at higher reverse voltage applied. (Moll, 1958) Reasons for this
component are:

» Surface leakage and inversion layers
» Body defects
» Generation and recombination

‘%%

VDS(max) T

I
T 71
107 ]
PMCMB501VPE .

108
PMCM4401VPE
109
i i —t i i
1010 | I [ | J
5 10 15 20
Vps (V) 23a-030429

Figure 2 | Drain-source Ip leakage current as a function of drain-source voltage for PMCM4401VPE
and PMCM6501VPE at Tj=25 °C
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The drain-source leakage as a function of drain-source voltage is given by Figure 2.
Both types have a specified maximum voltage of 12 V with a safety margin up to
the breakdown voltage of approximately 17 V when avalanche occurs. Specified
maximum value for Ipss leakage at maximum drain source voltage specified is 1 pA
however in reality for small-signal MOSFET this current is significantly below this
standardized limit. Due to the larger chip size by a factor of 2.3 the PMCM6501VPE
has an increased leakage which is related to the higher channel width described in
equation (2). Even for the larger chip the real leakage is more than one order of
magnitude away from the specification limit.

The saturation current Is is temperature dependent. In case of silicon the
recombination and generation of carriers is increased above room temperature
leading to increased leakage. This relation is given as example for PMCM4401VNE
in the figure below:

104 EB—=——=——— ==

Ip | i i i i =
A) | i i i H1— A | i i i i i i i

105 % 105 %

8 e s e =

‘ = ‘ ‘ | F—
1010 LF I | | | J 10-10 | | | | | | | J
0 5 10 15 20 25 0 25 50 75 100 125 150 175
Vs (V) Ti ()
a. As a function of drain-source voltage; Vgs =0 V b. As a function of junction temperature;
Vps =12V, Vgs =0V
23a-030430 33a-030431

Figure 3 | Drain-source leakage current of PMCM4401VNE

2.2 Gate to Source leakage

An unprotected MOSFET has an electrically isolated gate with very small leakage
from gate to source while a protected MOSFET shows the typical leakage curve of a
bidirectional Zener diode. Figure 4 below shows the gate-source leakage current of
the ESD protected BSS138BK and the unprotected BSS138P. Both types are
specified with a maximum gate to source voltage of 20 V. Channel width and gate
oxide are equal.
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Figure 4 | Gate-source leakage current of ESD protected BSS138BK and non protected BSS138P

It can be seen that where minimizing gate-source leakage is essential an
unprotected MOSFET gives the best choice over a wide voltage range. The Zener
diode of a protected device is a trade-off between ESD protection and device
gate-source leakage. It is designed in a way that the clamping voltage is lower than
the oxide breakdown voltage to protect the ESD most vulnerable part of the
MOSFET and higher than the specification to keep the leakage at a minimum over
specified range. Due to the poly-crystalline construction of the Zener diode the
leakage below breakdown voltage is still higher compared to a single crystal diode.
The gate leakage temperature dependency for the Zener diode is similar to a silicon
p-n junction. The following figure shows an increase in leakage for higher
temperature. The leakage of an un-protected MOSFET remains almost constant in
the same temperature range.

5
10 ——
les i
& 1 6 ©
50 °
106
70°C
. 25 °C
7
108 /
b 7
2
10 @
i~
I
I/
L
10-10
2 4 6 8 10 12
v 8V Ves (V)
E= ey 23a-030434

Figure 5 | Gate-source leakage current of an ESD protected MOSFET at different junction
temperatures
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3 Applications

Normally, when selecting a MOSFET for an application, the typical selection criteria
are things like Vps voltage, Rps(on), gate threshold voltage and so on. With the
ongoing trend towards battery driven and even energy harvesting based
applications, other performance criteria such as leakage start to be become more
important.

There are several use-case scenarios where ultra-low leakage of a MOSFET is a key
parameter and one of the first things a designer looks at when selecting the
component.

3.1 Load switch

When powering an application from a finite power source such as a battery,
designers often implement so called low power modes of operation. Most modern
microcontrollers feature several levels of low power operational modes.
Nevertheless, to get the lowest possible application standby power, the best way is
still to simply power everything down while leaving a small fraction of the circuit
powered up to handle detection for waking back up. The whole application
operates then in a PWM mode of operation. It is powered off most of the time,
while only waking up periodically.

The common method to implement this powering-up and down is to use a load-
switch that (dis)connects the circuit power from the battery. Many load-switch IC
solutions exist, often offering additional features such a current limit, in-rush limit
and more. Still, the simplest way to implement a load-switch function is to use a
MOSFET. Refer to Figure 6. Here we see a high-side switch implemented with a
P-channel MOSFET.

Battery Application
-LiJ- Power Plane
R1 P-channel MOSFET
}—[l] R2
[
—

N-channel MOSFET

CTRL 4'

v 333-030435

Figure 6 | Load-switch using MOSFETs



MOSFET & GaN FET Application Handbook

One of the nice “side-effects” of using a MOSFET for this function is that the
leakage current can be very low. Clearly when implementing a switch to turn some
circuit completely off, you would want that switch to be as high Ohmic as possible,
i.e. the leakage current between source and drain should approximate zero as
much as possible.

Per Figure 6 a separate N-channel MOSFET is often used to control the P-channel
MOSFET. A high level on the gate of the N-channel MOSFET will pull the gate of the
P-channel MOSFET low and turn it on (connecting battery to the application power
plane). Here we see another important leakage path, the one from the control
drive line via the gate of the N-channel to either Source or Drain. For optimal
application standby time an N-channel MOSFET with very low gate leakage

is required. Resistors R1 and R2 are used to further optimize leakage levels. Their
values are a trade-off between lowest leakage levels obtainable, Vgs switch levels
reachable and switching speed of the load-switch circuit.

3.2 General purpose logic

For those applications that require the absolute lowest leakage, it may actually be
better to implement basic logic functionality (such as gates) using discrete
MOSFETs. While not very commonplace, this is sometimes required in applications
using energy harvesting as their only source of power.

The exact circuit implementation dictates what is required, but refer to Figure 7,
where a basic discretely build inverter is shown (simplified). Clearly, for lowest
possible system level leakage, gate-source and drain-source leakage are important
here.

AN

|—<
P P-channel MOSFET
|_

IN — —— OUT

l_
<+ N-channel MOSFET
l_‘

v 2aa-030436

Figure 7 | Inverter using MOSFETSs (simplified)
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4 Selecting a low leakage MOSFET

The data as shown in this note elaborates on the (physical) background of leakage
in MOSFETSs. To help with selecting the right product for low leakage applications,
we can summarize this as follows:

« Asthe drain-source voltage across the MOSFET gets closer to the maximum
specified Vps there is a risk of significantly increased channel leakage. Hence the
need to stay away from the maximum specified Vps

» Athigher temperatures, leakage goes up significantly and not the same for all
MOSFETSs. Low threshold parts will see a bigger increase

« With rising temperature, leakage increases. Leakage will increase faster in low
Vs(th devices

+ Gate protection structures cause an increase to gate leakage.

Combining all of the above, we can argue that the highest chance for lowest
possible leakage is to select a device that:

1. Has a max Vps that is at least twice as high the highest Vps that will be seen in
the application

2. Has the highest acceptable Vgsh) to help minimize leakage increases at higher
temperature

3. Does not have protection on the gate. While not ideal for ESD sensitivity, an
unprotected gate will help keep gate leakage down, especially at elevated
temperatures

4. Has the highest acceptable Rps(on). While not 100% accurate, if we assume the
same process for two different devices, the type with the lower Rps(on) has a
larger die size, and hence will show a (minimally) higher leakage.

In all cases Nexperia can only guarantee the limit as per specification.

5 Nexperia low leakage MOSFET portfolio

The market shows a large and growing interest in MOSFETs with a low leakage
specification for Ipss and Igss due to an increasing number of battery-driven
applications in the market such as wearables, Bluetooth trackers, wireless
measurement devices, computing accessories, e-metering and smoke detectors. In
applications that are required to have a long battery life time, although driven by a
small coin-cell, every additional leakage current has to be avoided.

Nexperia introduced a low leakage MOSFET portfolio depicted in Table 1 below.
The space saving leadless packages DFN1006-3, DFN1006B-3 and DFN1010B-6
have been chosen to support compact board designs. The height of DFN1006-3 is
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0.48 mm, DFN1006B-3 and DFN1010B-6 have a reduced height of 0.37 mm only. In
DFN1006 single FETs as 20 V P-channel and N-channel version are available. The
DFN1010 variants are dual-FETs containing a dual N-channel, a dual P-channel or a
complementary pair. Using the complementary PMCXB900UEL allows for a very
compact load switch, with the topology of a high-side switch shown in Figure 6. For
small battery-driven applications, the load currents are normally not very high so
that an Rps(on) Of about 1-2 Ohms is fully sufficient.

Table 1: Low leakage current MOSFET portfolio

RDS(nn) RDS(on) RDS(on)
Type name Polarity Vps Vgs Ip @Vgs @Vgs @Vgs Package

=45V =25V =18V

(V) (V) (A) (m) (mQ) (mQ)

PMZ600UNEL N 20 8 0.6 470 620 845 DFN1006-3
PMZB600OUNEL N 20 8 0.6 470 620 845 DFN1006B-3
PMZS50UPEL P 20 8 0.5 1020 1270 1700 DFN1006-3
PMZBO50UPEL P 20 8 0.5 1020 1270 1700 DFN1006B-6
PMDXB600UNEL dualN 20 8 0.6 470 620 845 DFN1006B-6
PMDXB950UPEL dualP 20 8 0.5 1020 1270 1700 DFN1006B-6
20 8 0.6 470 620 845 DFN1006B-6

PMCXB900UEL
20 8 0.5 1020 1270 1700 DFN1006B-6

The maximum leakage for the drain -source path is reduced from 1 yA down to
25 nA specified for Vps equal 5 V. The gate-source leakage limit is lowered from
10 A to 50 nA for a gate voltage of 1.8 V.

Table 2: Comparison of maximum leakage current ratings between
standard and low leakage MOSFETs

Standard type Low leakage type

|bss(max) 1 PA 25nA@ Vps=5V
Ipss(max) 10 pA 50nA @ Vps=1.8V

6 References

Moll, J. L. (1958). The Evolution of the Theory for the Voltage-Current
Characteristic of P-N Junctions. Proceedings of the IRE (Volume:46 , Issue: 6),
1076 -1082.
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Chapter 15

DC-to-DC conversion
with small-signal
MOSFETs

Application Note: AN11119
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1 Introduction

This chapter explores different methods of DC-to-DC conversion.
It contains several examples of DC-to-DC down-converters using small-signal
MOSFETs.

In modern electronic designs various supply voltages need to be generated. In most
cases power supply provides one or a few different DC voltages. These voltages
need to be converted to another voltage for several functional units in the
application. Voltage conversion can work in both directions: it can be step up or
step down.

Using linear voltage regulators for voltage conversion was common, even if a
voltage had to be reduced significantly or if the load currents were high. Because
linear voltage regulator works as a controlled series resistor, a lot of energy is
dissipated thermally.

Due to the environmental requirement to improve energy efficiency of electronic
equipment, switch mode power supplies are replacing linear voltage regulators. In
switch mode power supplies, energy is stored in the magnetic field of inductors or
as a charge in capacitors. Ohmic loss of energy has to be avoided as much as
possible.

Newly developed electronic components for implementation of switches, such as
modern MOSFETSs, support design of highly efficient power supplies. Although Fully
integrated solutions are available, applications with external switching stages are
widely used due to flexibility and cost reasons.

2 DC-to-DC conversion methods

2.1 DC-to-DC down-converter

Figure 6 shows the circuit diagram of a simple DC-to-DC down-converter. In
contrast to a linear regulator, this circuit would have 100 % efficiency in case of
ideal components application. In practice, there are losses in switching transistor
because the on-resistance is not equal to 0 Q) and also because transistor needs
switching time, which introduces switching losses. Other components add losses
too. Inductor has an ohmic resistance from the wire of the windings and magnetic
core adds losses too. Magnetic core losses result from the change of the magnetic
field which causes motion of small magnetic domains. The bigger the hysteresis of
the core material, the bigger are these losses. Eddy currents cause further loss in
the magnetic core of an inductor. Changing magnetic fields can induce circulating
loops of current which heat up the ferromagnetic material. For high frequency
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switching, the current in the wire no longer uses the whole cross-section, instead it
concentrates closer to the surface. This is a well-known skin effect which leads to
higher ohmic losses.

Also the output capacitor has a residual resistance that leads to energy losses and a
temperature increase. Finally, the diode introduces forward voltage losses and
reverse current losses. These mechanisms and facts reduce the energy efficiency of
DC-to-DC converters from 75 % to 98 % in real life conditions.

Figure 6 | Simple DC-to-DC down-converter

The P-channel FET Q1 works as high-side switch. When the FET is switched on, the
current in the inductor L1 increases with a linear A/, = (€,0/L1) x (Vin * Vour),
curve Voyt is constant.

When the switch is opened, the current continuously flows via the path of the
diode D1. The cathode of D1 is negative with the forward voltage VF against
ground. The current decreases linearly. C2 buffers the output voltage. The bigger it
is, the smaller the ripple will be.

Figure 7 depicts a SPICE simulation. The high-side switch is implemented with
NX2301P P-channel FET. It works at the voltage supply V1. The inductance of the
inductor is chosen to 68 pH, the output voltage is filtered with 10 uF capacitor.
PMEG2010AEH Schottky diode is selected as a free-wheeling diode. To control
NX2301P, a N-channel driver FET is implemented, which is switched from a square
wave generator with 3.3 V high level (V2). In this example, the switching frequency
is 100 kHz. A load resistor of 10 Q is connected to the output.
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Figure 7 | SPICE simulation diagram for a simple DC-to-DC down-converter using NX2301P as
high-side switch and PMEG2010AEH as low-side Schottky diode.
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Figure 8 shows simulation result. The current Iy which flows through the inductor
shows a linear increase while Q1 is switched on. The voltage at SW node Vs nearly
equals to the input voltage. When Q1 is switched off, the current through the
inductor decreases. The signal SW changes to a negative voltage of about 300 mV,
which is the forward voltage of the Schottky diode. The output current is the
average of the triangle shaped waveform and is about 330 mA. The output voltage
Vour is stable at roughly 3.25 V.

In the abovementioned example, the current flows through the inductance for the
whole period of the switching cycle. This mode is called continuous mode of a
DC-to-DC converter. Below is a calculation of output voltage. The voltage at an

inductor is:

V. =Lx(dIL/dt) (6]
or

Vi =Lx(Al/At) (7]
so

Al -V /L xAt (8]

The stored energy in an inductor is:
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E=L/2xP [9]

For the Stationary mode while switch is closed, the energy increase in the inductor
must be identical to the energy loss while switch is open.

Neglecting Rpson losses in the switch and the forward voltage of the diode, we get
the formula for Aly:

Al = (Vin=Vour ) x ton = Vour * tog [10]
Vour/Vin= ton/ (bon + tog )= ton/ T (1]

where T is cycle time and the duty cycle D is:

D=¢tn/T (2]

Vour =VinxD [13]

In our example:

Vour=4,5V x (7,2/10) = 3,24 V [14]

If the duty cycle is 1 as a corner case, the switch is always closed and the output
voltage equals the input voltage. If the duty cycle is smaller than 1, the output
voltage is reduced by factor D.

The ripple of the current is:

Al = (Viy = Vour)/L x ton [15]

In our example:

Al = (4,5V~3,24V)/68 uH x 7,2 us=133 mA [16]
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Figure 8 | Curves of the current through L 1, SW node voltage and output voltage

If the load current is increased in the continuous mode, the output voltage stays
constant (ideal components) . This means that duty cycle for the switch does not
need to be changed to a significant extent from a DC-to-DC controller IC as long as
the converter runs in the continuous mode. There is a current limit where the
continuous mode is left. A relevant equation is below:

Alp = 2 X Iy average) = 2 X lioad [17]

If curve 3 in Figure 8 moves down by decreasing the output current until the x-axis
is touched, the limit of the continuous mode is reached. From this point onward the
duty cycle has to be reduced in order to keep the same output voltage.

If non-continuous mode is reached, the voltage curve of SW node of the circuit
changes significantly. Normally there is roughly a square wave between V\y and -V¢.
If the current through the inductance reaches 0 A, the voltage at the diode changes
from forward direction to reverse. The diode blocks the output capacitor, which is
charged to Vour from being discharged via L1 (Q1 is still closed). After the current
through L1 went down to zero, SW node shows an oscillation supported by the
resonance circuit of L1 and Coyr. Figure 9 shows this typical behavior. Circuit on
Figure 7 was modified by reducing the inductance of L1 to 6.8 pH for this
experiment. This leads to a higher current ripple, and a non-continuous mode.
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Figure 9 | Converter in a non-continuous condition, current curve of I reaches the
x-axis at 0 A, curve of SW node jumps from -V to an oscillation around Voyr

Figure 10 shows a change in the down-converter topology to improve efficiency of
the simple circuit. The Schottky diode generates forward voltage losses for the
time period when high-side switch is opened. A MOSFET can replace a diode. The
low-side switch needs to be turned on when the upper FET is switched off. The
controller has to take care that there is never an overlap of the on-states of both
transistors in this case the switching stage would create a short circuit with a
significant current peak, high losses and risk to damage the FETs. Because every
MOSFET contains a body-diode from the source to the drain, the circuit would in
principle work even if Q2 is never switched on. In this case, the body-diode of Q2
would work like a Schottky diode in the simple topology on Figure 6.

Therefore the turn-on time of Q2 is not very critical. If Q2 switches on after Q1 is
closed, the body diode conducts the current from L1.
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Figure 10 | Synchronous DC-to-DC down-converter (FETs including body-diodes)
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2.2 DC-to-DC up-converter

In the previous chapter, inductor-based DC-to-DC down conversion was discussed.
With a small change in the topology, the down-converter can be changed into an
up-converter. Figure 11 shows the topology of a simple DC-to-DC up-converter. If
the low-side switch FET Q1 is closed, the current in the inductance increases:

Al = Vi x bon (18]

The diode D1 is driven in reverse mode because the anode is connected to the
ground and the cathode is connected to the positive voltage Voyr at C2. If the
switch is closed, the current IL continues to flow through D1 into the output. If the
converter runs in a stationary mode, we can calculate:

Alp=Vin/L x bop= (Vour = Vin )/L x bog [19]
Vin % ton= (Vour = Vin ) x tor [20]
Vour = Vin  (ton/togr + 1) [21]

where the duty cycle is:

D=t /T [22]
T=top + bofr (23]
Vour = Viy x (ton + toff)/ bopr=Vin X T/(T-to)

“Vnx 1/(1-ton/T) [24]

=Vinx1/(1-D)

The corner cases of the equation show that for D = 0, which means that the
transistor is never switched on, Voyt = Vin. It makes sense to consider lossless
components. Lossless means a diode with no forward voltage and an inductance
without an ohmic resistance of the windings and the additional loss mechanisms
discussed in the previous chapter. If D gets close to 1, the output voltage increases
rapidly. This is critical for safe operation because high duty cycle can result in very
high voltages at the FETs drain.
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Figure 11| Simple DC-to-DC up-converter

Figure 12 shows SPICE simulation. The low-side switch is implemented with
PMV20XN N-channel MOSFET in SOT23 package and PMEG2010AEH Schottky
diode. The converter is switched with 100 kHz signal control signal with a duty cycle
of 0.5.

1
V1 JEEQ[.)H
Y
GND i}
Bl
=]
GND PMEG2010AEH _L
- B L
PMV20XN A0H 5
&o o &

%LSE{UV 5V 00 1ps 0 1ps 5ps 10us 500)

GND

Figure 12 | SPICE simulation diagram for a simple DC-to-DC up-converter example with PMV20XN
N-channel FET and PMEG2010AEH Schottky diode

Figure 13 shows simulation results. Curve 2 represents output voltage. For ideal
components, the output voltage would be twice as high as the input due to the
duty cycle of 0.5. In practice, the forward voltage of the diode reduces the output
voltage. Curve 1 shows drain voltage VD of the N-channel FET. It switches between
ground level and Vpmax and equals:

Vpmay=Vinx 1/(1=D) + V¢ [24]
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In the simulated case with the duty cycle D= 0.5,
VD(max) =2xVn+ Ve [25]

|l MOSFETs
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Figure 13 | Simulation results, simple up-converter

Similar to DC-to-DC down-converter, energy efficiency of the up-converter also can
be improved if the Schottky diode is replaced by a FET, which switches on for the
correct phase in the switching cycle. Figure 14 shows the topology of synchronous
DC-to-DC up-converter.
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Figure 14 | Synchronous DC-to-DC down-converter

2.2.1 DC-to-DC up- and down-converter

If two topologies of the DC-to-DC down-converter and up-converter are combined
as shown on Figure 15, the output voltage can either be reduced or boosted in
relation to the input voltage. The MOSFET switches need to be controlled in a
proper way to allow the conversion in both directions. Q3 and Q4 can switch
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similarly to the DC-to-DC down-converter shown on Figure 10. In addition, Q2 must
be switched on constantly to connect the inductor to the output capacitor. For the
up-conversion mode, MOSFETs Q2 and Q1 work as the switching stage, as
described for the synchronous up-converter on Figure 14. The MOSFET Q3 is
constantly switched on to connect the inductor to the input supply voltage in this
case.
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Figure 15 | Up-down converter

3 Medium power DC-to-DC down-converter
using small-signal MOSFETs

3.1 DC-to-DC down-converter application
board

Figure 16 shows an application Printed-Circuit Board (PCB) with Nexperia small-
signal MOSFETs implemented in a DC-to-DC step-down converter. Nexperia offers
small-signal MOSFETSs in small SMD packages such as SOT457, SOT23, SOT223 and
DFN2020MD-6 (SOT1220). Many of these MOSFETSs provide very low Rps(on)
together with a good switching performance.

The topology of the application board on Figure 16 is a synchronous down-
converter same as in Section 2.3.1. The circuit contains a controller LTC3851 of
Linear Technology Corporation. Two N-channel MOSFETs build switching stage. The
high-side switch connects the node with the inductor to the input supply.
Therefore, it is necessary to have a control voltage available that is higher than the
input voltage itself. This extra voltage for the control of the gate of the upper
MOSFET is generated with a charge pump. The capacitor C25 is connected to the
SW node, the switched output and via Schottky diode to a stabilized voltage
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INTVCC (pin 12). INTVCC is provided by an internal 5V LDO. The capacitoris
charged via the diode when the low-side switch is turned on. In this case, one side
of C25is connected to ground. If Q2 is turned off and Q1 is switched on, the
charged capacitor gets connected to VIN. At the pin BOOST (pin 14) a voltage of
VN + INTVCC - Vg (forward voltage of the diode) can be measured. This boosted
voltage can drive the high-side switch properly. Low current Schottky diodes are
sufficient for the charge pump (For example, BAT54J, 1PS765B40 or 1PS76SB21).
These diodes are supplied in the SMD packages like SOD323F and SOD323.

The LTC3851 controller contains a 0.8 V precision reference voltage for the output
voltage regulation. The output of the down-converter is fed back to the pin FB. A
resistor divider formed by R41 + R39 and R38 adjusts the output voltage.The
equation for the output voltage is:

Vour=0,8V x (1+(R41+R39)/R38) 26]

The controller works with a constant frequency. As described in Section 2.3.1, the
output voltage of DC-to-DC down-converter can be controlled rather easily for
higher currents, but low current conditions are more ambitious for the control. The
duty cycle needs to be changed significantly or the controller can change to a
different control mode like burst operation. For the LTC3851 there are three
options: forced continuous operation, burst mode operation and a pulse-skip
mode.

Burst mode operation gives better efficiency, but more ripple and a higher
ElectroMagnetic Interference (EMI) level. The best mode depends on the
specification and requirements of the end application.

The switching frequency can be programmed in a range from 250 kHz to 750 kHz.
The resistor R30 determines the frequency. Alternatively the controller can
synchronize the internal oscillator to an external clock source (MODE/PLLIN, pin 1).
In this mode an RC network needs to be connected to pin 2 (FREQ), which serves as
PLL loop filter.
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3.2 Small-signal MOSFETs suitable For
DC-to-DC conversion

DC-to-DC converters can be found in many applications. Topology of step-down
converter controller with an external FET stage are often implemented in
computing and consumer applications. Modern concepts with latest generation
SOC (System-on-Chip) solutions require many separate supply voltages. These can
be processors on motherboards, in notebooks and tablet PCs, on core chips of
LCD-TV or a set-top box.

The power requirements range from more than hundred watts down to a few
watts. In desktop PCs, DC-to-DC converter can be found on the motherboard which
provide a current capability of up to 100 A and an output power of up to 130 W.
MOSFETSs in switching stages are Loss-Free Package (LFPAK) types and to a growing
extent Quad Flat-pack No-lead (QFN) 5 x 6 packages. For net- and notebooks the
power requirements are smaller. The power consumption ranges from 18 W to

55 W. The switching MOSFETs are mainly SO-8 and QFN 3 x 3 types. In consumer
applications such as LCD-TVs and set-top boxes as well as in low-power netbooks or
tablet PCs, power requirements from 7 W to 15 W can be found.

For medium power range small-signal MOSFETSs can replace SO-8 versions
nowadays in smaller packages like QFN 3 x 3, but also in QFN 2 x 2 or SOT457.

3.3 Dimensioning aspects for the inductor and
output capacitor

In order to reach a desired current ripple, choose carefully inductance of the
inductor used in the down-converter. With a bigger current ripple, the output
voltage shows a larger ripple. The ripple increases the smaller the inductance
becomes and the higher the input voltage is. Furthermore it increases if the
switching frequency is reduced.

Al can be calculated:

Al = Vin/L x top= Vour/L x bogr [27]
with:

T=ton+togr=1/f 28]
we get:

Ali= Vour/L) x (1=Vour/Vin) x 1/F [29]
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this means:
L =Vour/Al,) x (1=Vour/Viy) x 1/f (30]

For the corner case in which circuit runs at the limit of the continuous mode,
current goes down exactly to zero before it increases again and we get simple
relation:

Al =2 x /average [31]
Putting equation 32 into the formula for A/
L =Vouyr x (7 - VOUT/V/N)/Z x /average Xf [32]

In practice, the ripple current Al is about 30 % of the maximum current, as a rule of
thumb.

The ripple of the output voltage does not depend on the chosen inductance and
the Al only, but also on the capacitance of the output capacitor. The bigger the
capacitor, the smaller the ripple is. Figure 17 shows the waveform of the current
into the capacitor. For a lossless capacitor, there is basic equation:
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t2

Vc=1 x[lcxdt [33]
C to

0] t1 t2
AlL

le—— ton «——— toff —

Figure 17 | Capacitor current Ic versus time
For t0 to t1:

/C: A/L/[-on x € [34]
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and fort1tot2
IC = AlL/toff x t [35]

the integral formula for the capacitor ripple voltage can be written as:

ton toff

Voo™ 2] (el : ﬁ(ﬁ: ” .
0 0

with:

T=tont+tog=1/f [37]

the result is:

Ve _rippte =1L/ (C x 8 x f) [38]

For real capacitors take into account an Equivalent Series Resistance (ESR). So we
get an equation:

Vi _ripple = Al x (ESR + 1/(8 x [ x Coue)) (39]

3.4 MOSFET losses calculation

For MOSFETSs used as switches consider two loss processes. One is the ohmic loss
caused by the residual on-state resistor Rps(on). The second loss process happens at
the switching transients. Because FETs are not ideal switches that can change from
off- to on-state or reverse without a small turn-over time.

The Rps(on) losses are also called 12R-losses and they can be calculated:

Pup_side_switch = D x (loyr)? x (1 + 6 ) x Ros(on) = Vour/ Vin X (lour)? X (1 + 6) x Ros(on) [40]
with duty cycle:

D=t,,/T [41]

The term 1+6 contains the temperature dependency of Rps(on) of @ MOSFET. & has
typically a value of:

6=(0,005/°C) x (T;—25°C) [42]

For the low side switch, there is a similar formula. Because synchronous FET is



MOSFET & GaN FET Application Handbook

conducting while the high-side switch is closed, the I2R looses can be calculated
with the equation:

Plow _side_switch = (1-D) x (lour)2 x (1 +8) x Ros(on) =
1= WVour/ Vin) x (lour)? x (1+6) x Ros(on) [43]

Regarding the transition losses, only the high-side switch suffers from this
mechanism. The reason is that the implemented free-wheeling diode (D1 on Figure
16) is getting conductive. It reduces the voltage over the synchronous FET to its
small forward voltage V. If the circuit does not contain a free-wheeling diode, the
situation is different: losses of the body diode need to be added to the Rps(on)
losses of the FET. In general, efficiency suffers from the higher Vr and reverse
recovery time of the body diode if there is no free-wheeling Schottky diode
implemented.

Figure 18 | Diagram for switching behavior tests for MOSFET

Figure 18 shows a test circuit for the switching behavior of a MOSFET. The parasitic
capacitors from the gate to the source Cgs and from the drain to the gate Cpg are
depicted explicitly. Current source Ig controlls gate. At the drain another current
source is connected towards Vss with a free-wheeling diode in parallel. As long as
the FET is closed, the current flows through this diode.

Figure 19 shows how the switching-on process looks like. If the current source I¢ is
switched on, voltage at Cgs rises with a linear curve until gate-source threshold
voltage Vgs(en is reached. At this time a drain current starts to flow. This means that
the FET remains in the off-state during the time period t0.

During t1 the drain current increases. Also the gate voltage increases until Vs gy is
reached. Vsl is commonly known as plateau voltage of a MOSFET. It is normally
not explicitly mentioned in data sheets, but it can be derived from the diagram
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gate charge versus gate-source voltage which can be found in detailed data sheets.
After the time period t0 and t1, the charge is Q0 = Vj x (Cgs + Cps ).

In the next time period t2, the drain voltage decreases and gate-source voltage Vs
stays constant at Vgs(py. Cps gets charged in the reverse direction with the charge
Q1 whichis:

Q17 = Vss x Cps [44]

Cps is similar to the Miller capacitance known from bipolar transistors and has a
significant impact on the switching performance of a MOSFET.

During t3 the gate voltage increases again until the current source is stopped

where the desired maximum gate voltage is reached. The Rps(on) Of the FET is
reduced further. The gate driver provides an additional charge Q2, whichis:

Q2 = (Vesieay— Vespy ) x (Ces + Cos) [45]

The total charge follows the equation: Qg = Q0 + Q1 + Q2

This charge can easily exceed 100 nC for a power MOSFET. With the equation:
Ic=Q¢/ts [46]

the gate current can be calculated to achieve a switching time t,. Therefore, if small

transition times are desired, in order to keep the switching losses small, apply
powerful drivers to control MOSFETSs.

VGSA
VGS(pl) """""""" -
Ve = Q0 Q1 Q2 .
A
VDS
Vin
|D
>
to t1 2 £3 t4

Figure 19 | Turn-on process for MOSFET, Vs, Vps and Ip curves

During the time t1, there is the full input voltage at the FET while drain current Ip
increases. In the next time section t2, Ip is constant while drain-source voltage Vps
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decreases. The major switching losses occur during these two time periods in the
switching process. Rather small losses during t3 are neglected. During 3 Rps(on)
falls to the minimum value that is reached when the final Vs voltage is reached.

Switching losses during turn-on occur in the time period t1 and t2. The most
dominant time is t2 where the gate voltage of the MOSFET remains at the plateau
voltage Vp). The losses can be calculated as:

Psutory = Vin x 172 x (E3 + 1) x 1/T [47]

with the switching frequency of converter: foy =1/T

Turn-off behavior of a MOSFET is similar to the turn-on process. Total switching
losses can be summarized as:

Py = Vin x 1/T x (Inin /2 x bop + Ipax/2 x toff) [48]
Switching time depends on the current drive capabilities of the driver device and
the gate resistance of the FET. If we assume an identical drive current for turn-on

and turn-off event, switching time equals: tsw = Qc/ldrive

For the LTC3851 tsy can be estimated roughly as follows. Rgrive is about 2 Q for the
controller. The relevant voltage is driver voltage INTVCC - V), S0 we get:

tsw = Qg * Rdrive/ (Vdrive — VGS(th))
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1 Types of load switches
This chapter presents simple load switches in mobile and computing applications

There are several reasons why a circuit or subsystem is required to be disconnected
from the power supply by means of a load switch. A very simple and very common
reason is, that it helps saving power. An unpowered subsystem may not consume
power due to leakage or standby currents. In portable electronic devices, load
switches can be used to prevent damage from electrical surges, incorrect battery
insertion, and other damaging events that can enter through the power source.

Before diving deeper into the key parameters, let's look at the different types of
load switches, first. A high-side load switch connects or disconnects a power source
to a load. The switch is controlled by an external enable signal. High-side switches
source current to a load. Low-side switches connect or disconnect the load to
ground, thus sinking current from the load.

A load switch can be easily implemented with a MOSFET pass transistor. The
MOSFET passes current from the power source to the load and is turned on or off
via a control signal. Providing the control signal to the MOSFET, a gate-drive circuit
connects to the MOSFET's gate to switch the MOSFET on or off.

1.1 P-channel MOSFET load switch

Using a P-channel MOSFET a high-side load switch can be implemented by
connecting the input voltage to the MOSFET source and the load to the MOSFET
drain, see Figure 1. Pulling the gate low will enable the current flowing into the
load.

P-Ch MOSFET

Vin @

131

- Load
enable

Figure 1| P-channel MOSFET load switch
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1.2 N-channel MOSFET load switches

N-channel MOSFETs have lower ON resistance values than P-channel devices of the
same size. However, to get the lower resistance values, a high voltage is needed to
drive a MOSFET's gate in the implementation of a high-side load switch using an
N-channel MOSFET, see Figure 2. A voltage higher than the input voltage Vi, has to
be provided for proper gate drive otherwise the MOSFET would not turn on
entirely but runin linear mode with high power losses.

N-Ch MOSFET

Input

Load

;

Figure 2 | N-channel MOSFET load switch with high voltage control line

HV control line

If a high enough voltage to drive the gate is not available, a charge-pump circuit can
be used to increase the drive voltage applied to the MOSFET's gate, see Figure 3.
While this increases the complexity of the circuit, it is rewarded with the lower ON
resistance of the N-Channel MOSFET. However a charge-pump circuit will dissipate
some power so that in very energy critical applications that may stay most of the
time in stand-by mode, a P-Channel topology can be more efficient.

N-Channel MOSFET

Vin @

1xl
r = i |
I Charge 1 Load
I pump I
| P -
enable T
77

Figure 3 | N-channel MOSFET load switch with high voltage control line
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Without high voltage or additional circuitry, the N-channel MOSFET can be used in a
low-side load switch. This implementation of a low side load switch is shown in
Figure 4. A downside of the low-side load switch is the slight lifting of the ground
potential of the load. This needs to be considered especially if the load has
communication lines with external components.

N-Channel MOSFET

Vin
Load
enable

Figure 4 | N-channel MOSFET low-side load switch

More advanced load switch features include reverse voltage protection, reverse
current protection. This can be implemented with MOSFETs in common-drain or
common-source configuration as shown in the next section

1.3 Reverse current protected load switches

Load switches based on a single MOSFET topology can block current in one
direction only. As MOSFETs have an inherent body diode they act like a diode in
off-state if driven reverse. In some applications it is required to be able to block
current flow in both directions.

Applications, that need blocking of reverse currents are e.g battery driven
applications, where discharge of the battery shall be prevented for fault conditions
like a short at the charger connector side or in case of electrical failure causing
leakage in connected cables and AC adapters.

A common way to block reverse currents is by applying diodes. However, this
function can be realized far more efficiently with MOSFET load switches. In order to
achieve blocking for both current directions, two MOSFETs have to be put in series
with reverse polarity to each other. In this case one of the body diodes can block
current flow if not both FETs are turned on. This approach allows to create two
alternative topologies of back-drive protected load switches. Either the drain
contacts or the source contacts can be connected.
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P-Channel MOSFETs

Figure 5 | Reverse current protected common drain load-switch

Control of the back-drive protected load switches can be done with separate gate
drive or connected gates. The common drain topology, see Figure 5 has the
advantage for a semiconductor component that the drain contact is located
towards the substrate side. So, the common drain can be attached directly to the
lead frame with a good thermal path into the PCB. For mobile applications often
CSP packages can be found. Here the source and gate contacts are facing down to
the PCB whereas a drain contact needs an additional down contact. If there is no
need to make the drain accessible necessarily. In this case a CSP design becomes
very space efficient because no chip area needs to be sacrificed for down
connections of drain.

Back Metal
DS(on)

- Chip 145um

Solder ball

Figure 6 | Turn-on resistance (Rps(on)) of a single CSP MOSFET
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Back metal

Chip 100-200um

Polymide

Bump Cu/Sn

Figure 7 | Turn-on resistance (RDS(on)) of a common-drain CSP MOSFET
The common source topology requires an access to the source connection between

the MOSFETs. The gate has to be discharged after a turn on, see Figure 8. This does
not work without access to this node if the common sources might float.

P-Channel MOSFETs
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Figure 8 | Reverse current protected common source load-switch

1.4 Reverse polarity protection and supply
OR-ing

In cases where no switching of the load is needed a single MOSFET can be used for
reverse polarity protection only, Figure 9. The MOSFET can replace simple diodes
e.g. in supply OR-ing applications this has the advantage of a lower voltage drop
across the MOSFET compared to the voltage drop across the diode.
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P-Channel MOSFET

Vin @

14]

Load

’

Figure 9 | Reverse current and reverse polarity protection with a P-Ch MOSFET

Another important application of back-drive load-switches is power OR-ing, see
Figure 10. If a circuit is able to be powered by one of several power supplies then
current flow back into a non-selected supply has to be avoided.
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P-Channel MOSFETs

Vin1 ﬁéh\ internal supply

14]

Vin2

14]

r==== -
1 Or-ing / supply 1
1 priotity circuit

1
L 4
Figure 10 | Power supply OR-ing with P-Channel MOSFETs

2 Important parameters

Important key parameters of a load switch are the turn-on resistance (Rps(or)) of the
MOSFET that connects between the voltage input and voltage output pins, the
maximum current Ipmax) that the transistor withstand, and the maximum voltage
Vps(max) that the circuit can withstand. The lower the turn-on resistance, the lower
the power dissipation of the transistor and the lower the voltage drop from input
to output.
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While Rps(on), Ip(max), aNd Vpsmax) are parameters of the MOSFET, the maximum
voltage drop and the maximum power dissipation of a loadswitch can be calculate
for a given current | with the formulas below.

Vdrop =% RDS(on)(max
pP=1* Vdrop =P* RDS(on)(max

Today's MOSFETSs typically have turn-on resistance values in the tens of milliohms,
so, for example, if the load switch has an ON resistance of 50 milliohms and
controls a 200 mA load, the MOSFET dissipates just 2 mW when ON, and has an
input-to-output voltage drop of 10 mV. Even a peak current of 1 A would only cause
avoltage drop of 50 mV and peak power dissipation of 50 mWw.

As load switch circuits are active whenever the power is on and are thus designed
to have low leakage currents, see Nexperia Application note AN90009 (chapter 14
in this book) - Leakage of small-signal MOSFETs.
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3 Figures

Figure 1. P-Channel MOSFET [0ad SWItCh.....oiiieiceceeeeeeeeeee e
Figure 2. N-Channel MOSFET load switch with high voltage control line
Figure 3. N-Channel MOSFET load switch with high voltage control line
Figure 4. N-Channel MOSFET low-side l0ad SWItCh .......cccoeiiieirieeinieeeeeene
Figure 5. Reverse current protected common drain load-switch.......c.cccoooeveieneie.
Figure 6. Turn-on resistance (Rps(on) of a single

Chip-scale package MOSFET ......ccoeiieieeeceeeeeeeeee e senenas
Figure 7. Turn-on resistance (Rps(on) of @ common-drain

Chip-scale package MOSFET .......ccccoeveeevveeeeeeeeeeeceeeeeaeienes
Figure 8. Reverse current protected common source load-switch
Figure 9. Reverse current and reverse polarity protection with a

P-Ch MOSFET ...ttt sas
Figure 10. Power supply OR-ing with P-Channel MOSFETS......ccccccovvvveveveeevcecrennns
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1 Introduction

Logic level shifting may be required when interfacing legacy devices with newer
devices that use a smaller geometry process. For bidirectional bus systems like the
[2C-bus, such a level shifter must also be bidirectional, without the need of a
direction control signal. The simplest way to solve this problem is by connecting a
discrete MOSFET to each bus line.

Present technology processes for integrated circuits with clearances of 0.5 ym and
less limit the maximum supply voltage and consequently the logic levels for the
digital I/O signals. To interface these lower voltage circuits with existing 5V
devices, a level shifter is needed. For bidirectional bus systems like the 12C-bus, such
a level shifter must also be bidirectional, without the need of a direction control
signal. The simplest way to solve this problem is by connecting a discrete MOSFET
to each bus line.

2 Bidirectional level shifter for Fast-mode and
Standard-mode 1°C-bus systems

In spite of its surprising simplicity, such a solution not only fulfils the requirement
of bidirectional level shifting without a direction control signal, it also:

* Isolates a powered-down bus section from the rest of the bus system

» Protects the ‘lower voltage’ side against high voltage spikes from the
‘higher-voltage’ side.

The bidirectional level shifter can be used for both Standard-mode (up to100 kbit/s)
or in Fast-mode (up to 400 kbit/s) 12C-bus systems. It is not intended for Hs-mode
systems, which may have a bridge with a level shifting possibility.

2.1 Connecting devices with different logic
levels

Different voltage devices could be connected to the same bus by using pull-up
resistors to the supply voltage line. Although this is the simplest solution, the lower
voltage devices must be 5V tolerant, which can make them more expensive to
manufacture. By using a bidirectional level shifter, however, it is possible to
interconnect two sections of an I2°C-bus system, with each section having a different
supply voltage and different logic levels. Such a configuration is shown in

Figure 1. The left ‘low-voltage’ section has pull-up resistors and devices connected
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to a 3.3 V supply voltage; the right ‘high-voltage’ section has pull-up resistors and
devices connected to a 5V supply voltage. The devices of each section have I/Os
with supply voltage related logic input levels and an open-drain output
configuration.

The level shifter for each bus line is identical and consists of one discrete N-channel
enhancement MOSFET; TR1 for the serial data line SDA and TR2 for the serial clock
line SCL. The gates (g) have to be connected to the lowest supply voltage Vpps, the
sources (s) to the bus lines of the ‘lower-voltage’ section, and the drains (d) to the
bus lines of the ‘higher-voltage’ section. Many MOSFETs have the substrate
internally connected with its source, if this is not the case, an external connection
should be made. Each MOSFET has an integral diode (n-p junction) between the
drain and substrate.

Vpp1 =33V Vpp2 =5V
Ry [|] Rp g| TR1
SDA1 s/ T \d SDAy -
g|TR2
et AIAY sl |
3.3 VDEVICE 3.3V DEVICE 5V DEVICE 5V DEVICE
mgk879

Figure 1| Bidirectional level shifter circuit connecting two different voltage sections in an 12C-bus
system

2.1.1 Operation of the level shifter

The following three states should be considered during the operation of the level
shifter:

1. No device is pulling down the bus line. The bus line of the ‘lower-voltage’
section is pulled up by its pull-up resistors Ry, to 3.3 V. The gate and the
source of the MOSFET are both at 3.3V, so its Vs is below the threshold
voltage and the MOSFET is not conducting. This allows the bus line at the
‘higher-voltage’ section to be pulled up by its pull-up resistor R, to 5 V. So
the bus lines of both sections are HIGH, but at a different voltage level.

2. A 3.3V device pulls down the bus line to a LOW level. The source of the
MOSFET also becomes LOW, while the gate stays at 3.3 V. Vs rises above
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the threshold and the MOSFET starts to conduct. The bus line of the
‘higher-voltage’ section is then also pulled down to a LOW level by the 3.3V
device via the conducting MOSFET. So the bus lines of both sections go LOW
to the same voltage level.

3. A5V device pulls down the bus line to a LOW level. The drain-substrate
diode of the MOSFET the ‘lower-voltage’ section is pulled down until Vs
passes the threshold and the MOSFET starts to conduct. The bus line of the
‘lower-voltage’ section is then further pulled down to a LOW level by the 5V
device via the conducting MOSFET. So the bus lines of both sections go LOW
to the same voltage level.

The three states show that the logic levels are transferred in both directions of the
bus system, independent of the driving section. State 1 performs the level shift
function. States 2 and 3 perform a ‘wired-AND’ function between the bus lines of
both sections as required by the 12C-bus specification.

Supply voltages other than 3.3 V for Vppq and 5V for Vpp; can also be applied, e.q.,
2V for Vpps and 10 V for Vpp; is feasible. In normal operation Vpp, must be equal to
or higher than Vpp1 (Vpp2 is allowed to fall below Vpp4 during switching power on/
off).
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3 Figures

Figure 1. Bidirectional level shifter circuit connecting two different voltage
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1 Introduction

This chapter explains the content of Nexperia Power GaN FET data sheets.
Nomenclature, pinning and key parameters are detailed.

The chapter details the data sheet for the GAN063-650WSA GaN FET device from
Nexperia. Visit the product information page on Nexperia.com to download the
latest version of the full data sheet.

2 Nomenclature

The device name (type number) is shown at the top of the data sheet. The name
contains some important information about the device. In the below example for
GANO063-650WSA, the maximum on-state resistance and the limiting drain-source
voltage are specified, together with letter codes indicating the package, the
mounting base electrical connection and the technology generation.

Nexperia R ps(on) (Max.) Drain-source voltage (max.)
GaN FET 63 mQ) 650V

— A =
GAN063-650WSA

w = package code TO247
S = TAB connected to Source
A = Nexperia technology generation 1
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Figure 1| GaN FET Nomenclature

3 Pinning information

Table 1: Pinning information

Symbol Description Simplified outline Graphic symbol
1 G ate
° ifeXi
O O
2 S source
3 D drain e

000 s

12 3

mounting base;
connected to source TO-247 (SOT429) 333-028116
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The Nexperia GAN063-650WSA is packaged in a TO247 (SOT429) package with a
source tab. The traditional TO-247 provides excellent heat transfer, and therefore
excellent power-handling capability.

mounting base

/connected to source

23a-029292

Note: the pin functions are different from a standard MOSFET: pin 1 is the gate,
pin 2 is the source and pin 3 is the drain.

(O)N@) O O
G D S G S D
7L 2L
gate power gate power
loop loop loop ! loop
23a-029293 333-029294
Figure 2 | Conventional pin assignment Figure 3 | Nexperia pin assignment

Using pin 2 as the source pin allows the circuit designer to keep the gate loop and
the power loop separate. This facilitates a very clean design and greatly reduces or
eliminates cross coupling. The PCB design can be optimised to take advantage of
this feature.

4 Two-chip, integrated, normally-off power
switch
The full graphic symbol of a GaN FET is shown in the pinning information section of

the data sheet. Note that the symbol includes two devices:

D

S
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» Low-voltage Si MOSFET with a p-n body diode
» High-voltage GaN FET without a p-n body diode

The full graphic symbol shows that the device is a two chip integrated switch.
Functionally the switch is normally off. Internally the device is built with two chips.
The high-voltage GaN HEMT or FET is normally on, which is the type most naturally
made with GaN, and is combined with a high performance normally-off Si MOSFET
specifically developed to complement the GaN HEMT. The two chips are integrated
with absolute minimum inductance between them.

2aa-029295

Figure 4 | Simplified GaN FET symbol

In circuit schematics where just the basic switching function is important, a simple
N-channel FET symbol is used to represent the complete, integrated switch (see Q1
circled in red above). When you see the simple symbol, understand that it
represents this two-chip integrated combination.

5 GaN FET limiting values

The limiting values table provides the range of operating conditions allowed for the
GaN FET. The conditions are defined in accordance with the Absolute Maximum
Rating System (IEC 60134).

Operation outside of these conditions is not guaranteed, so it is recommended that
these values are never exceeded. Doing so risks immediate device failure or
reduced lifetime of the GaN FET. To calculate how the limiting values change with
temperature de-rating curves are provided.

The limiting values table for the GAN063-650WSA is given as an example of a
standard limiting values table, in Table 2.
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Table 2: Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134).

Symbol Parameter Conditions Min Max Unit
Vps drain-source voltage -55°C<T;<175°C - 650 Vv
transient drain to source  pulsed; ty = 1 ps; gactor )
Vios voltage =0.01 s
Vas gate-source voltage -20 20 \Y%
Peot total power dissipation Ty = 25 °C; Figure 8 - 143 W
Vs =10 V: Trp = 25 °C - 345 A
Ip drain current
Ves=10V; Trp = 100 °C - 244 A
lom peak drain current pulsed; t, < 10 ps; Tmp = 25°C - 150 A
Tstg storage temperature -55 150 °C
T junction temperature -55 175 °C
peak soldering . g
Tstan temperature 260 C
Source-drain diode
Is source current Tmb=25°C; Vgs=0V - 345 A
Ism peak source current pulsed; t,< 10 ps; Trp = 25°C - 150 A

5.1 Drain source voltage, Vps

This 650 V rating is the maximum value that will give you the desired product life.
GaN FETs do not have an avalanche breakdown mechanism. The Nexperia GaN FET
does not typically show any significant leakage current until a Vps well beyond

800 Vis reached. So there is an extra margin in Vps before excess leakage occurs. If
the GaN FET is subjected to a sufficiently high voltage, well beyond the specified
maximum, then because there is no clamping mechanism damage and failure will
occur. Since GaN FETs do not have an avalanche breakdown mechanism they are
immune to cosmic radiation and so no further derating is required.

—
co

n
[
[
o)
v
E
[
[
n
a
)
[
[}
=
"
[\
)
0
o
[
w
TN
Z
0
O
[
[}
2
=]
o
[=)]
£
0
(=
[
ohd
0
[
[}
0
(=
=)




—
00)

w
[
[
ohd
[
E
(L)
[
(1]
Q
ohed
[
()
=
v
L]
whed
1)
O
[
w
L
z
0
O
-
[}
3
o
o
(=]
=
O
c
]
ohd
"
-
()
=
[
=)

Nexperia | A Power Design Engineer's Guide

» Vpsis the maximum voltage the device is guaranteed to block between drain and
source terminals in the off-state. Vps is a DC rating

* Vpsis not limited by avalanche breakdown; the rating can be applied over the
entire operating range of -55 °C to 175 °Cin contrast to the Vps for a SiMOSFET
which must be de-rated below 25 °C

5.2 Transient drain-source voltage, Vps

V1ps is the Maximum repetitive transient voltage the device is guaranteed to block
between drain and source in the off state. This transient rating, applies over the
entire operating temperature range.

» duty cycle 6= M
to t2
t
7l
Tt
Figure 5 | Duty Cycle Definition 006aaa812
800 V ’ + ty th21ps
—
DUT
800 V r 800 V
3ma | Vbs
Ve
= 900 V/
MOSFET
oV oV
10ty
pulse width = 1 ps
duty ratio = 0.1 =+ 233-029296 202029297

Figure 6 | Vps test circuit Figure 7 | Vps waveform
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5.3 Gate source voltage, VGS and total power
dissipation, Pt

Vas

Maximum voltage the device is guaranteed to block between the gate and source
terminals. Thisis a DC rating, and applies over the entire operating temperature
range.

Ptot
Pot is the Total Power dissipation is the maximum for a device with a mounting
base temperature of 25 °C.

n
[
[
o)
v
E
[
[
n
a
)
[
[}
=
"
[\
)
0
o
[
w
TN
Z
0
O
[
[}
2
=]
o
[=)]
£
0
(=
[
ohd
0
[
[}
0
(=
=)

120

Pder
(%)

80

40
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tot
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Ptot(25 °C) 033316

Figure 8 | Normalised total power dissipation as a function of mounting base temperature

Power dissipation is calculated as that which would take the device to the
maximum allowed junction temperature while keeping the mounting base at 25 °C.
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5.4 Continuous and pulsed currents, Ip, Ipm, Is
and Ism
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The 25 °C current ratings are the same for both current directions (Ip and Is).

D Ip D

Is

33a-029304 23a-029304

The maximum current at any Tryp is the current which increases T; to the maximum
allowed temperature (175 °C).
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6 GaN FET static characteristics

These are the device parameters that explain how the GaN FET behaves in it normal
operating conditions

6.1 Gate-source threshold voltage, Vgs(th)

Gate-source threshold voltage for the GaN FET device is the gate-source threshold
voltage of the Si MOSFET. This gate threshold is 3.9 V typically, with a negative
temperature co-efficient.
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Figure 9 | GaN FET gate-source threshold voltage

6.2 Drain-source on-state resistance, Rps(on)
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! 4
RSNS / \ Ip
T t
buT = = .
Ves
JVDS } | vps |480V
R
Ves T LJ t
= - —=12.5ps
B a3a-029305 .01 % duty cycle aaa-029306
Figure 10 | Test circuit for dynamic Rps(on) Figure 11| Dynamic Rps(on) Waveform

Ros(on) is the drain-to-source on-state resistance of the GaN FET. This has a dynamic
value for GaN FETs. When Rpson) is measured immediately after turn-on, following
period of blocking high- voltage, this value will be slightly higher than normal. This
is due to temporary charge trapping in the device structure. Nexperia have
optimised the device so that charge trapping and dynamic Rps(on) are minimised.

As can be seen in Figure 12, Rps(on) is shown as a normalised function of junction
temperature.

B
25
2
1.5
1
0.5
0
0 25 50 75 100 125 15%(0175 200
i
R
DS(on)
a= —R
DS(on)(25 °C) a3a-027810

Figure 12 | Normalised drain-source on-state resistance as a funtion of junction temperature
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7 GaN FET dynamic characteristics

These are the device parameters that explain how the GaN FET behaves in its
normal operating conditions

7.1 Gate charge Qgtor)y Qas and Qgp

Gate charge for GaN FET is defined in the same way as a normal MOSFET, because
the cascode arrangement of a GaN FET means that the gate is in fact the gate of a
LV MOSFET. Since the LV MOSFET is a relatively small device it has a small gate
charge suited to high speed switching.

7.2 Capacitances Cis, Coss and C,
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Traditional small signal capacitance is shown in Figure 13. The discontinuity (step
change) in Figure 13 is where GaN HEMT pinches off. Capacitance relates charge to
voltage and energy to voltage. For a linear capacitance, the following fundamental
equations apply:

cv?

Q=cv E=
2
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Figure 13 | Input, output and reverse transfer capacitance as a funtion of drain-source voltage; typical
values

The capacitances Coer) and Co(tr) attempt to capture these relationships for a
nonlinear capacitance.

7.3 Effective output capacitance (energy
related), Co(er)

The GaN FET capacitance parameter Cqep) is the effective output capacitance
(energy-related) dependent on the drain voltage

Note that 0 < Vps < 400 V shown above, means as the voltage rises from 0 V to
400 V.

E.= [ V,+dg=[V, +C|V,|*dV

DS

—

S
S
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30

Eoss |
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0 100 200 300 400 500 600
Vps (V) 23a-029307

Figure 14 | Epss as a function of Vps

At a specific Vps, a unique value of Cyg satisfies the equation:
E,s= 1/2+Coler) * V.2

e.q.

Eoss = 7/2 * 790,0":'4002 =152 .UJ

By integrating Coss with respect to Vps, the result will be Qoss. If we then integrate
Qoss With respect to Vps, we will then arrive at Egss.

Eoss * switching frequency will give the switching power loss in Watts.

7.4 Effective output capacitance (time
related), Co(tr)

The GaN FET capacitance parameter Co () is the equivalent capacitance to give
same charging time, as Vps rises from 0V to 400 V. This can also be described as a
constant current being used to charge the output capacitance, giving a time related
effective value.
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At a specific Vps, a unique value of Cy satisfies the equation:

t
Q 1
Vs = C"“ = / i(t) « dt
(tr) o(tr) 0
€9 120 ns

"
[
[
ohd
[
E
(L)
[
(1]
Q
ohed
[
()
=
v
L]
whed
1)
O
[
w
L
z
0
O
[
[}
3
o
o
(=]
=
O
c
]
ohd
"
[
()
=
[
=)

7
. / 1.0 A~dt
400V=310pF 4

Q,.=124nC




MOSFET & GaN FET Application Handbook

—
co

w
7.5 Output charge and stored energy, Q.ss and g
E [T}
0SS =
o
Rather than using the Co () and Co(ery parameters, it is much easier to use the graphs g
shown below that are also available in the data sheet. The respective Qpss and Egss a5
values can be read directly for the required Vps. E
w
160 30 n
Qoss // Eoss 4 'If'g'
(nC) () / o
| 25 -
120 74 L
1 20 v
v )4 z
/ / S
80 A 15 /
/ )4 =
e )
10 1 2
v <)
40 v o
/ 5 A o
P £
©
0 0 c
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 n
Vbs (V) Vps (V) T
333-029173 33a-028063 =
)
2
Figure 15 | Typical Qoss Figure 16| Typical Coss stored energy D

7.6 GaN FET switching time characteristics

Nexperia GaN FETs generally require a ferrite bead in series with the gate. This
serves to de-"Q" the gate-source loop and improve the switching stability. The
ferrite bead effectively provides damping impedance at frequencies > 100 MHz. It
also introduces a small propagation delay, however it does not introduce any
additional loss.

The GAN063-650WSA in TO247 package has an integral ferrite bead, and so an
external bead is not required. Newer GaN FETs may not include the integral ferrite
bead, and so one must be included in the external gate drive. Always refer to the
data sheet of specific devices For details.
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Figure 17 | Switching time waveform Figure 18 | Internal Ferrite bead

7.7 Source-drain voltage, Vsp
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This device parameter source-drain voltage refers to the GaN FET device when it is
acting as a two terminal device when not enhanced with the gate Vgs =0 V.

150 T D
Is Tj|=25°C
® | =
125 775,OFC
7775"’,(3
100 —1002C. L
7425:‘1 /
75 —-1507C.
IIRNNY 1 Ve
50
G
25 —
L Ve =0V 5 o
00 2 4 8
Vsp (V)
|
VGs =0V 23a-028059 :
Figure 19 | Source-drain (diode forward) current Figure 20 | Source-drain (diode forward)
as a function of source-drain (diode forward) voltage

voltage; typical values
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Vgp is the voltage developed whilst GaN FET conducts in reverse direction (e.g.
acting as a rectifier carrying freewheeling current) Here the voltage Vsp comprises
the forward voltage of the Silicon MOSFET body diode and the voltage drop across
the 2 DEG channel of the GaN HEMT.

8 Q, for GaN FET switches

dig/dt

511 [F

© E

2aa-029277
Figure 21 | Recovered charge test circuit and measurement waveforms

The Device Under Test (DUT) is carrying a freewheeling current. The switch in the
high side of the test circuit in Figure 21 will then turn on and force a transition at
the switching node from low voltage to high voltage. This will cause the currentin
the DUT to change from freewheeling current to some negative current up until
the point that the DUT is blocking the full DC supply voltage. If you integrate the
negative current you will get the minority carrier stored change plus any output
capacitance charge.

For GaN FETs, the charge on the output capacitance Qpss is the dominant
component of the reverse recovery charge Q,. Hence the reason that the datasheet
for the Nexperia GaN FET specifies the same value for both Qpss and Q;.

Some GaN device manufacturers will claim to have zero reverse recovery charge Q;
because they do not have a PN junction body diode. However, they will still have

Qoss.
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9 Switching-node snubber

To achieve maximum efficiency and stability when switching high currents, a
switching node Rc snubber (R, Csy,) is recommended. For I < 14 A, a switching-node
snubberis not required.

180

Csn

(oF) @

RCpct
(place as close as
I possible to drain pin)

oVo

0 5 10 15 20 25 30 35 40
IL(A)

Rg=30Q;t=Rgy xCsy =1ns 333-029603 33a-029331

Figure 22 | Snubber capacitance as function of Figure 23 | DC-link snubber circuit
load current

Note: a DC-link snubber is recommended in all cases. Optimal is 20 nF in series
with 4 Q, most easily achieved with parallel combination 10 nF and 8 Q. This
snubber lowers the Q factor of any resonance in the bus. That resonance will
act as a load on the high gain amplifier that is the GaN FET and can lead to
instability.

For some GaN FETs, like the GAN063-650WSA, an RC snubber is recommended
for the switching node. This will increase switching loss, so this is only
recommended at high power levels where the losses are a very small
percentage of the total power. Other GaN FETs do not require a snubber on the
switching node at any power level. Always refer to the data sheet of specific
devices for details.

izl

&y X gt
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1 watch video

How to read a GaN FET
datasheet voltage change
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10 Tables

Table 1. Pinning information ....
Table 2. LIMIEING VALUES ...oeeieeceeeeeeeeee ettt
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Chapter 19

An insight into Nexperia
Power GaN technology -

Applications, quality,
reliability and scalability

Application Note: TN90004
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1 Introduction

In this chapter we have concentrated on the Power GaN product and technology
robustness, quality, reliability and volume manufacturability based on GaN on Si
base material. We report here on the product robustness from applications and
parametric point of view and qualification testing results of latest generation 650V
GaN FETs qualified in accordance with AEC-Q101 standard. Devices offer rated
operating temperature of -55°C to +175°C and this family comes with robust gate
with high threshold voltage which provides a high safety margin against
gate-source transients. Some of the tests are performed beyond AEC-Q101
requirements.

Most efficient power conversion requires best semiconductor devices as the
fundamental building block. Power GaN technology offers best possible efficiency.
Proving performance is not in question for those closely following the Power GaN
technology for its performance demonstration in different applications. Providing
robustness of the products in operation, quality, reliability of the technology and
the scalability uptake in manufacturing are yet to prove. Power GaN technology

is Full of challenges. In RF applications they are already successful but in high
current high power applications in high voltage, volume manufacturers need to
address these challenges to satisfaction. In this paper we'd like to share product
robustness for applications, quality and reliability at high voltage and high
temperatures, for the Power GaN technology.

Nexperia Power GaN technology focuses on high power applications like AC/DC,
PFC, OBC, DC/ DC and Traction Inverters within 650V-900V for Automotive,
Telecom, Server, storage, data centres and industrial market sectors.

WBG materials with higher critical electric field and higher mobility together give
lowest Rps(on) (source drain on state resistance) for higher voltages and significantly
better switching FOM (Figure of Merit). WBG devices as beginning to enter the
market shows significant promise and takes away many limitations naturally
imposed by Si IGBT and Si SJ devices. Some of the hard switched application
topologies where Si SJ FETs cannot be used due to the diode reverse recovery can
easily use Power GaN FETs and take full advantage of reduced components count
and higher efficiency with simpler control schemes.

GaN HEMT (High Electron Mobility Transistor) works with the formation of 2DEG (2
Dimensional Electron Gas) due to the spontaneous polarisation and piezoelectric
polarisation combined at the interface of GaN and Al,Ga1-4N. Epi is formed on Si
substrate via seed layer and a graded layer of GaN and AlGaN layers before the
pure GaN layer is grown and thin layer of AlGaN then forms the 2DEG. Electron
mobility in this layer is very high hence the name.

Current Power GaN FETs are of two main flavour: E-mode or single die normally off
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device, and D-mode or two die normally off device. Stability and leakage current of
the E-mode gates are of concern but two die normally off or cascode configuration
currently gives peace of mind as the driving of these FETs are simple and robust.
E-mode device drive is complex, especially for high voltage high power applications.
For high voltage and high power applications, to avoid gate bounce and harmful
shoot through situation, need to have high gate threshold voltage and stable gate
drive without worrying for over drive. This is currently not achievable with existing
E-mode technologies. The device in our presentation is two die normally off
configuration.

2 Product robustness

The product parameters shared here came from our 50 mQ (typical at 25 °C) 650 V
device but all our products/technology share the same common robustness.
Product robustness include parametric assurance like, high reliability gate structure
(£ 20 V) and high threshold voltage (Vi = 4 V) that provides a high safety margin
against gate source transients induced due to the high drain source dv/dt, high
voltage source-drain transient specification (800 V for 650 V device) capable of
handling switching transients up to 800 V reliably, rated operating range of -55 °C
to 175°C with Tjmax of 175 °C, body diode characteristics with very low Vg (1.3V @
12 A) enabling Si- like freewheeling current capability without complex dead time
adjustments and along with other parametric performances are part of the product
robustness of the GaN product family.

3 Quality / qualification of power GaN
technology including Failure modes

The latest generation 650 V GaN FETs are qualified in accordance with AEC-Q101
Rev D level qualification tests. Results shared here are done on 50 mQ (typical at
25°C) 650 V device that include 650V, 175 °C High Temperature Reverse Bias
(HTRB) tests (1000 hrs) and dynamic Rps(on) shifts. In the following, the term
dynamic Rps(on) Will be used to emphasize that Rpson) Measurements are made with
a dynamic, switch-mode test. Temperature cycling tests (1000 cycles) are
performed over the range of -55°C to 150°C. High temperature (175 °C) Gate
positive (+20 V) and negative (-20 V) bias tests were performed. Further life tests
include high temperature biased and unbiased humidity tests and operating life
tests. These are only some of the critical tests performed and passed to show the
reliability and high quality of the technology.
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3.1 HTRB

High-Temperature Reverse Bias has been performed at full rated voltage and
maximum operating temperature: 650 V and 175 °C. The condition for passing is
that Rps(on) does not shift by more than 20%. For GaN FETs it is important that
Ros(on) be tested dynamically to detect any short-term change due to charge
trapping. Figure 1 shows the shift in dynamic Rps(on) for the test population. Note
that the maximum shift is less than 15%. An additional HTRB test was performed
and passed at 800 V for 10 hours. This voltage is well above the DC rating, but does
correspond to the repetitive transient voltage rating.

Measured values
40

Initial

RDS(on) """""""""""""""""""""""""" s
(ma) 30 A v A\ —— 168 hours
A AW NNNS NI NN NV S04 hours
N1 1 T T 1 1 T |- high limit
----- low limit
10
OEEEE%“"353585’”‘%%?§§E??EEE@@E@ES&E%E??S?EB@E%
Control parts Parts on test

Figure 1 | Dynamic Rps(on) measurement during HTRB

3.2 HTOL

High-Temperature Operating Life tests are not part of the AEC-Q101 standard, but
are useful in validating reliability of the parts under actual operating conditions.
This is particularly important for new materials, like GaN, to ensure that any new or
unfamiliar failure modes are uncovered. A basic half-bridge operating in continuous
conduction mode provides the most fundamental exercise of switching behaviour.
For this test, a number of identical half-bridge circuits were prepared using two
each of the GAN063-650WSA. These were operated continuously as synchronous-
boost converters with the following conditions:

¢ Vip=200V

© Vour =480V

* Pout=800W

« T;=175°C

« Frequency =300 kHz

The following graph shows efficiency of all samples during the 1,000 hour test. As
may be seen, there is no indication of degradation in any of the sample circuits.
Following the tests, all devices were tested for shifts in dynamic Rps(on), leakage
current, and threshold voltage. All parameters were found to be stable, with any
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parametric shift within allowed levels.

100
Efficiency

(%) g9
98
97
96
95

0 100 200 300 400 500 600 700 800 900 1000 1100

time (hours)

Figure 2 | Efficiency of boost converters (HTOL) over 1000 hours

loss

W) 9 | Reference device (Si)

g8 | GaNFETs

6 + + +
0 750 1500 2250 3000

Time (hours)

Tested in hard-switched boost converter.
Operating conditions: 200 / 400 V converter operation:
175 °C; 300 kHz; 410 W

Figure 3 | Hard switched boost converter (HTOL) @ 175 °C for 3000 hours

Failure modes addressed by life testing power GaN technology failure modes can
be linked back to the life testing and extra testing performed. Like power cycling
relates to wire bond heel crack, temperature cycling address the solder
degradation, HTGB look at the gate insulator failure, HTRB addresses the field plate
insulator failure while high temperature direct current test addresses the trapped
charge in gate region and consequently higher Rps(on) (>20% assumes fail).
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4 Conclusion

Power GaN technology, though at the early stage of technology maturity offers
significant commercial viability with robustness and reliability. For scaling up,
tremendous growth potential is better addressed with power GaN technology on
Si.

What is CCPAK? GaN FETs delivering CCPAK copper clip
AEC-Q101 level comes to high voltage
robustness applications

-
[ D}

(=] Vvisit blog (& Visit blog (*1 watch video
Power GaN the need for Power GaN FETs a Nexperia copper-clip
efficient power strategic approach to SMD CCPAK GaN FET
conversion bring the best without package in half-bridge

compromising evaluation board

robustness and quality
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6 Figures
Figure 1. Dynamic Rps(on) measurement during HTRB ........c.ccccviuerriencierereeenenns 472
Figure 2. Efficiency of boost converters (HTOL) over 1000 hours........ccccceveunee 473

Figure 3. Hard switched boost converter (HTOL) @ 175 °C for 3000 hours........ 473
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Power GaN technology: the
need for efficient power
conversion
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1 Introduction

Power Gallium Nitride(GaN) technology shows the greatest performance benefits
against other incumbent technologies including silicon (Si) technology. This chapter
details the scalability and growth of the technology as well as the quality and
reliability of Nexperia GaN FETs. The performance of GaN FET power switches in
various applications is examined.

The biggest motivation and driver for semiconductor power device innovation is
improved efficiency in power conversion. Power Gallium Nitride (GaN) technology
shows the greatest performance benefits against other incumbent technologies,
including silicon (Si) technology. A reduction in power losses is the key challenge
industries are facing. Pressure from society and government legislation for reduced
CO, emission are all trending towards more efficient power conversion and
electrification.

Automotive electrification, telecom infrastructure, server storage and industrial
automation using power electronics are the biggest trends in the technology
sector. GaN field-effect transistors (FETs) can enable us to achieve the best
efficiency with lower system costs while making the system lighter, smaller and
cooler. Specifically, electrification in the automotive sector can be the biggest
beneficiary of this new power GaN FET technology.

To make all-electric vehicles (xEVs) a real replacement for vehicles that have
fossil-fuelled internal combustion engines, efficient power conversion is key. There
are many challenges, such as range anxiety, harmful emissions, power losses, heat
dissipation, cooling systems, system weight and power densities. On this journey,
industry is working in many ways to address these major issues to reduce range
anxiety and harmful emissions. These are integral parts to make the xEV platforms
a commercial and social reality.

Application areas in which there is a drive for significant improvement include:

« Improved more efficient power conversion
» AC-to-DConboard charging
* DC-to-DC power conversion
«  DCto-ACinverter to drive the traction motors
« Improved power density
« Simpler driver and control scheme
» Improved traction motors
« Improved efficiency
« Better torque and power
+ Lower losses
» Higher dV/dt handling
« Improved batteries, storage and battery management systems
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Efficient power conversion helps significantly in many ways. An example is a

200 kW inverter with 95% efficiency versus 99% efficiency. A reduction in power
loss in full load is from 10 to 2 kW, about one-fifth, which means a significant
decrease of the cooling system. Not only that the loss is 8 kW lower (which can be
effective for useful traction power), but the smaller cooling also can help with
reducing the cooling energy consumption and on size and weight. Hence, a longer
range or smaller battery can be achieved.

This highlights the importance of achieving very high efficiencies. Power GaN FETs
based on GaN on Si epitaxy (epi) help significantly in this area, not only by offering
higher efficiency but also the most desirable scalability for growth to support the
XEV growth ambitions. The simple Si fabrication (fab) process steps also allow the
best cost roadmap for commercial viability. Power GaN technology currently serves
with 650 V products for 400 V battery voltage and can serve up to 800 V battery
systems with up to 1,200 V power GaN devices. The power range can be up to 300
kW.

2 Power GaN FET switches

High-voltage (HV) power semiconductor switches are the fundamental building
blocks of any power conversion. Si-based insulated-gate bipolar transistors (IGBTs)
are currently dominating this market with significant maturity in the absence of any
better alternatives. The improvement of Si IGBTs and combining them with silicon
carbide (SiC) diodes helps to achieve incremental higher efficiencies, but has a limit
on how much further improvement is possible. Si IGBTs are fundamentally limited
in frequency of operations, speed and poor high-temperature performance along
with poor low- current characteristics. Si super-junction (SJ) technology is
dominating the power conversion at higher frequencies like AC-to-DC power factor
correction (PFC) and DC-to-DC power conversion. To achieve higher efficiency,
these devices are fundamentally limited to size and cost due to their inherent
material limitation for high-frequency operation. These limitations can be
summarised by switching crossover losses, conduction, and reverse recovery losses.

In contrast however, wide band-gap (WBG) materials like GaN and SiC, as
summarized in Table 1 are free from reverse recovery loss and can offer very low
switching cross-over losses (due to very fast turn on and off characteristics) and
lower conduction losses. WBG materials with a higher critical electric field and
higher mobility together give the lowest drain source on-state resistance (Rps(on))
for higher voltages and a significantly better switching figure of merit. The WBG
devices beginning to enter the market show significant promise and remove many
of the limitations naturally imposed by Si IGBT and Si SJ devices. Some of the
difficult switched-application topologies where Si SJ FETs cannot be used due to
diode reverse recovery can easily use power GaN FETs and take full advantage of

the reduced component counts and higher efficiency with simpler control schemes.
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The faster switching speeds and higher frequencies of operation enabled by GaN
power transistors help improve signal control, higher cutoff frequencies for passive
filter designs, and lower ripple currents, allowing for smaller inductors, capacitors,
and transformers. Consequently, the compact and smaller system solution offers
cost savings.

Table 1. Material properties

Band Ga Critical Electron Thermal Saturation
(eV) P Electric Field mobility yo  conductivity velocity
Ec. (MV/cm) (cm?/Vs) (W/cmK) (A
GaN 3.4 3.5 2,000 1.3 2.5x107
SiC 3.3 2.2 950 3.7 2x107
Si 1.12 0.23 1,400 1.5 1x107

There are two main options for current power GaN FETs: enhancement mode
(E-mode) or single die normally off devices and depletion mode (D-mode) or
two-die normally off devices. The stability and leakage currents of the E-mode
gates are of concern but the two-die normally off or cascade configuration
currently offers peace of mind as driving these FETs is simple and robust. The
E-mode device drive is complex, especially for HV, high-power applications. For
these applications, to avoid gate bounce and harmful shoot-through situations, it is
necessary to have a high gate threshold voltage and stable gate drive without
worrying about overdrive,which currently is not achievable with existing E-mode
technologies. For operations up to 1 MHz switching frequency, cascode GaN FETs
are best suited, although current HV power-conversion frequencies are around only
300 kHz and traction inverter frequencies are still below 40 kHz. The GaN on Si
two-die normally off configuration allows significant design flexibility. Nexperia
GaN FET offers a 20 V gate rating with an oxide/insulator gate, 4 V gate threshold
voltage with 0 V turn off, and low gate charge. Hence, simple Si drivers are suitable
for use with these devices and for 0—8, 10, or 12V, any gate drive can be used. In
contrast, the SiC technology generally requires at least 15V, a very-high-current
driver with a negative gate drive capability to turn off the device adds costs for the
driver and increased driver and switching losses. Nexperia GaN also brings a very
good anti-parallel diode built-in that helps with the robust freewheeling conduction
path. The cascode version offers significant freedom to make the gate structure
have the same robustness that automotive customers are used to. This is valid for
both Si FET and the GaN high electron mobility transistor (HEMT) with insulated
gates.

Figure 1 shows the cross-section for the GaN HEMT, which works with the
formation of the 2D electron gas (2DEG) due to the spontaneous and piezoelectric
polarization combined at the interface of GaN and Al,Ga1-4N. GaN Epi is formed on
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the Si substrate via the seed layer and a graded layer of GaN and AlGaN layers
before the pure GaN layer grows. A thin layer of AlGaN then forms the 2DEG.
Electron mobility in this layer is very high, hence the name.

[[e])]

w

(™

(]

>

c

Gate Dielectric Field plate/s D 8
(™

(]

3

Source Drain 8_
Dielectric ‘E

AlGaN 9
[®)

ol e

U

()

(=

A S

('

-l

Si Substrate 33a-032042 23a-028116 g
c

. ) . ) ]
Figure 1| GaN HEMT cross section Figure 2 | GaN HEMT graphic ﬁ

symbol

Figure 2 shows how combining a low-voltage (LV; 30 V) robust Si MOSFET with the
cascode configuration can eliminate all of the major concerns regarding the poor
gate structures of the E- mode devices and make the entire usage very simple. An
LV Si-based gate structure is a very mature technology and engineers are
accustomed to using them.

The reverse recovery charge (Q,,) for the cascode power GaN is very low as shown
in Figure 3 and mostly capacitive and allows the full potential of the power GaN
technology. Actual reverse recovery charge (Q,) for the LV Si FET used here is only
~12 nC. The E-mode device channel mobility is much lower compared to the
channel mobility in a D-mode GaN HEMT channel.
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GaN FET Si MOSFET
Reverse turn-off, 41 mQ Reverse turn-off, 41 mQ
400V, 40 A, 800 Afus, Q=179 nC 400V, 40 A, 800 Afus, Q. =2790 nC

Figure 3| Q. reverse recovery charges for GaN FET vs Si MOSFET




Nexperia | A Power Design Engineer's Guide

N
()

c

(]

% Driving a cascode device is also very simple. Cascode device operation is shown in

] Figure 4 and Figure 5 for different bias situations. Power GaN FETs can be used in a

E bi-directional form and also allow simpler bi-directional power conversion.

S

(™

g D D D
—— —

s — L T LI

whd

5 — — —

S G —5 } G —'ZZ‘T c—I85 _}k

&

‘@

- y S S S

L

— Forward conduction Reverse conduction 1 Reverse conduction 2

5 Vas < Vi) Vas > Vin)

c

()

= 23a-032059

2

o . .

3 Figure 4 | GaN FET operation

<)

c

-

J 200 T T T

B :2) 1 VGs=10V,

fZU 190 / 8V

U 100 ,/ 7V

- ]

7]

3

[«]

o

1L

VGs =0V

-100
Ves =8V

150
-10 -8 -6 -4 -2 0 2 4 6 8 10
Vps (V) 33a-032043

Figure 5 | Cascode GaN HEMFET forward and reverse output characteristics

Since power GaN transistors were introduced to the market, significant
improvements in performance, reliability, cost, and availability have taken place.
More capable GaN power transistors are becoming available to drive higher power
to be compatible with the EV requirements while being well positioned for
applications in data centres, telecom infrastructures and industrial.




MOSFET & GaN FET Application Handbook

3 Scalability and growth

Si wafers are widely available in different sizes. GaN on Si wafers allow us to use
150 mm, 200 mm metal organic chemical vapor deposition (MOCVD) reactors for
epi growth and can be processed in mature silicon semiconductor fabs. There are
lots of Silicon fab capacity that can be utilised. Processing is similar to standard Si
processing, which is not so complex. Tremendous growth potential is better
addressed with power GaN technology on Si at a right cost point.

4 Applications and performance

Whether it is AC-to-DC PFC stage, a DC-to-DC converter Figure 6 or traction inverter
Figure 7 the basic building block for most topologies is a half-bridge (Figure 9).
Hence when GaN FETs are compared against Si FETs in a simple boost converter,
GaN FET shows its superior performance due to the differences in material
properties (Figure 8). All of these applications can take advantage of these benefits
and hence reduce losses. The advantages of power GAN FETs compared to Si IGBTs
come from the light load, high temperatures and higher frequencies when the
losses are very high.

Isolated DC-DC
PFC (Bidirectional)

400 Vpc Bus

1
GaN Si GaN GaN GaN GaN
Power 6.6 kW FET Jé J% FET FET Jé Jé FET FET Jé Jé FET

HV
Battery
240 Vac 4 T (280 Ve
Single - n
Phase 420 Vpc)

n
E N L 0 i | i O = | BT

AC-DC Converter for OBC
and DC-AC Inverter 333-029378

Figure 6 | AC-to-DC PFC stage and isolated DC-DC configuration
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Vpc Bus

GaN GaN GaN
FET FET FET

i i i
GaN GaN GaN CABLE
FET FET FET PSMN

i i i

TRACTION INVERTER 23a-032041

Figure 7 | Traction inverter

Vin L1 Vo

GND

‘”_‘

Vin =240V, Vo = 400V, fgy = 100 kHz
Same converter with replacement

switches
GaN ———eo——
Si ——— a3a-032060
Figure 8 | Half-bridge boost converter Figure 9 | Half-bridge boost converter

(GaN switch vs Si CoolMOS)

GaN FET losses are significantly lower due to the absence of reverse recovery losses
and switching crossover losses. It is possible to achieve near ideal turn on and off
losses with dV/dt of approximately 200 V/ns.

GaN switches are extremely fast and routinely used in radio-frequency amplifiers at
gigahertz frequencies, although at much lower voltages but show the capability as
both use the GaN HEMT structure. Since the GaN devices are very fast and can be
used in applications with high dV/dt and high dli/dt, care must be taken to optimize
the PCB layouts. To minimize parasitic inductances layout optimization is absolutely
fundamental to Power GaN usage. To maximize the performance of surface-mount
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packages and low inductance, high-current, high-performance modules are
essential and being worked on. Currently, using GaN devices in a traction inverter
means slowing it down significantly to save the motor windings. They are nearly
limited to a dV/dt of 10 V/ns, which holds significant potential to improve the
motors and take the frequency up to 40 kHz to improve the power density
significantly. The development of new electric motor technology with improved
ability is on the way to make the system more efficient.

5 Quality and reliability

Power GaN FET technology currently showing good quality and reliability as
multiple vendors demonstrated Joint Electron Device Engineering Council (JEDEC)
and Automotive Electronics Council (AEC) Q101 quality standards. To demonstrate
the reliability of power GaN technology, these are minimums and must be fulfilled.
For GaN, only the existing quality standards are not enough as the material is new
and operates differently. Dynamic Rps(on) OF current collapse phenomena is well
known for power GaN FETs and this method for testing is introduced and devices
are verified. Material quality, trapping and appropriate de-trapping that is
responsible for the dynamic Rps(on) can be measured and given high-level
confidence for its usage as the values getting better and are now around 10%. We
need to continuously look at the different failure modes and take the devices to
failure and understand the physics of failure.

Beyond AEC-Q101 qualifications, for validating the GaN FETs' reliability in actual
operating conditions, several identical half-bridge circuits (with continuous current
conduction mode) were prepared using one high and one low side GAN063-
650WSA. These were operated continuously for 1000 hours as synchronous-boost
converters with the conditions: Vi, = 200V, Vou = 480 V, Poye = 800 W, Tj= 175 °C
and frequency = 300 KHz. There is no indication of any degradation in the
performance of any circuits for all samples for the whole duration of 1000 hours of
test.

Following the high temperature switching tests, all devices were tested for shifts in
dynamic Rps(on), leakage current, and threshold voltage. All parameters were found
to be stable, with any parametric shifts below the allowed levels.

The device specification has 800 V transient voltage capability guaranteed by test
to eliminate any concerns for over voltage spikes Similarly many other over stresses
like voltage and temperatures are used and different acceleration factors are
defined for end of life and Failure in Time (FIT) rates estimated for the application
situations. As the volume of products shipped increases, real field failure rates will
be determined.

Power GaN technology is ready to take its place for efficient power conversion. We
are beginning to see its adoption in the non-auto segments and soon it will be used
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in automotive applications which can take advantage of lower losses and higher
power densities. Si technology is well established in the market but reaching its

limit. Power GaN technology will be the norm in the future as fear of unknown is
reduced going forward.
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1 Introduction - Diode-free bridges

This chapter explains the recommendations for circuit design and PCB layout when
applying GaN FET half bridges.

Power GaN FETs are nearly ideal switches for many applications. A particular
advantage in bridge circuits is that they can carry the freewheeling current without
the need of an additional anti-parallel diode. The diagrams in Figure 1 compare a
traditional high-voltage half bridge to a half bridge made with GaN FET devices. In
the traditional half bridge each switch (shown here as an IGBT) is paired with a
freewheeling diode. Because the HEMT channel exists in pure, undoped GaN, there
is no parasitic p-n junction to provide an unwanted current path, and bidirectional
flow of majority carriers can be realized in the channel.

Vdd Vdd
— .
Hi/Lo j Hi/Lo _
DRIVER DRIVER
o .
v v 33a-029628

Figure 1| Comparison of a traditional high-voltage half bridge to a GaN FET half bridge.

In Nexperia's two-die GaN FET the freewheeling current does indeed flow in the
body diode of a silicon MOSFET, but because the silicon MOSFET is a low voltage
part, the injected charge is very small. Indicated in Figure 2 are the current paths
for three modes of operation. In the reverse conducting mode the conduction loss
may be reduced by enhancing the silicon MOSFET (driving Vs > Vis(thy)- As indicated
in Figure 2, the voltage drop from source to drain decreases by about 0.8 V with a

5 Areverse current when the gate is enhanced.
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aaa-029630 aaa-029631
aaa-029629 b. Reverse conduction c. Reverse conduction
a. Forward conduction Vgs < VGS(th) Ves > VGS(th)
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(2)Vgs=4V  (4)Ves=0V, 1V, 2V 232029632

Figure 2 | Current paths in the GaN FET switch for three operating modes, and the corresponding |-V
characteristic.

Some transistor technologies include junctions which could, if permitted, serve the
function of the freewheeling diode, the body diode of a MOSFET being one
example. The reverse recovery charge for these devices will be much larger than
for a GaN FET with similar ratings. The graphs shown in Figure 3 compare the total
reverse-recovery charge for a Nexperia GaN FET to a low-Q;, (CFD series)

superjunction silicon MOSFET. The Q,; ratio, Si/GaN, varies with exact part numbers.
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a. GaN FET b. CFD series superjunction Si MOSFET
333-029633 33a-029634

Figure 3 | Reverse recovery charge test result for a GaN FET (left) and a CFD series superjunction Si
MOSFET (right).

2 Circuit-design recommendations

The high switching speed of GaN FET devices necessitates observation of a few
specific circuit-design guidelines. Before explaining these requirements, however,
one simplification may be mentioned: negative gate drive is neither necessary nor
recommended. Due to the high threshold voltage (Vi, = 4 V typical) and extremely
low Miller capacitance (Qgp = 6 nC typical), there is adequate turn-off margin with a
simple 0V to 10-12 V drive.

While high-speed switching brings the benefit of reduced power loss, the inherent
transients can create stability problems. Specifically, the highd—'t transient during
switching, combined with parasitic inductances, leads to transient voltages in the
circuit. These voltage transients can interfere with the gate and the driver of the
device, and, in the worst case, creates sustained oscillation that must be prevented
for safe operation of the circuit. The following section provides guidance on how to
eliminate oscillation and how to achieve high switching current with a

controlled :jj_lt .
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Figure 4 | Half-bridge switching circuit

2.1 Solutions to suppress oscillation

To avoid sustained oscillation, it is important to minimize noise generation, to
minimize noise feedback, and to damp the ringing energy resulting from the high
current and voltage transients. This can be achieved with the recommendations
outlined below using a half-bridge switching circuit in Figure 4 as an example.
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1. Optimize the PCB layout to minimize external parasitic inductances and
associated feedback. Details follow in Section 3 of this chapter.

2. Use a DC-link RC snubber [RCpc in Figure 4]. The DC rail or DC-link, when
decoupled with a low-ESR fast capacitor, can be considered a high-Q C-L
network at high frequencies (with "L" being the feed inductance of the DC bus).
This can interact with the devices during transients and lead to ringing. Adding
an RC snubber across the DC-link close to the drain pin of the high- side device
can effectively absorb the ringing energy, suppressing potential oscillation. This
effect can be seen where the high-frequency ringing at 25 A turn-off is
substantially damped with the RCp,. Since this snubber is not inserted at the
switching node, it does not add switching loss to the circuit.

ircuit des

Cc

Note: This is recommended even for single-ended non-half-bridge

designs. The practical values of the RCpc can be two setsof 6-10Q /0.5W

SMD resistors in series with a 10 nF /600 - 1000 V ceramic SMD capacitor, or
one3-4Q/1Wresistors in series with a 10 - 20 nF /600 - 1000 V capacitor

if space is limited.

3. Adding a switching-node RC snubber [RCSN in Figure 4] can further reduce
high-frequency ringing and help control % transients at high operating
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currents. The effect of the RCgy on the switching waveform can be seen at a
switching current > Isyy, see Table 1. Unlike the RCpc, the capacitance of the
RCsy does increase switching loss. The degradation in efficiency is minimal
however, when using the recommended snubber parameters given in the data
sheet, and summarized in Table 1.

2.2 Gate drive and bootstrap supply

Since high slew rates of the order of 50 - 100 V/ns are normal, the high-side
gate-driver must have good common-mode transient immunity. Apart from that
consideration, there are no special requirements for the Hi/Lo gate driver used with
Nexperia's GaN FET switches. As with any insulated-gate power transistor, the
gate-drive current should be consistent with the desired turn-on time and total
gate charge. As mentioned in the opening paragraph of Section 2, use of a negative
gate voltage in the off state is not recommended. Selecting a gate driver with a
lower drive current can be appropriate for reducing d_é Drivers with 0.5 A output
current have been used with good results, for example. Nexperia GaN FETs in the
TO-247 package include an integrated ferrite bead in series with the gate.

The bootstrap, or floating, supply for the high-side gate drive comprises
components R4, D1, C12, and C13in Figure 8. The junction capacitance of D1
contributes directly to switching loss, and so a fast, low capacitance diode should
be used. Resistor R4 is critical for limiting the inrush charging current; a value of 10
- 15 Q works well. If an isolated DC-DC converter is used for the high-side supply,
the isolation capacitance plays the same role as the junction capacitance of D1 in
the bootstrap supply. Inductance in series with this capacitance will create an
additional resonance which will be excited with each switching transient, so careful
layout applies here. Use of a common-mode choke in the floating supply can be
helpful.

2.3 Summary of circuit-design
recommendations

* SMD mounting is recommended for all snubber components.

« Agate resistor (RG) is required for all devices.

» The RCpc. snubber reduces voltage ringing due to interaction of the GaN FET
with the bypass network.

» The RCsy snubber enables increased output power while slightly reducing light
and medium load efficiency.

* The RCsy implementation in a half-bridge has the advantage of allowing a higher
peak turn-off switching current due to the reduction of the aseen by the
freewheeling device as the main active switch turns off.
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» Gate ferrite beads (FB1) may be required for future devices in other package
types; TO-247 devices have built-in ferrite beads hence no external FB1 is
needed.

+ Refer to Nexperia Application Note AN90005 (chapter 18 in this book) -
Understanding Power GaN FET data sheet parameters for an explanation of
data-sheet limitations and relevant recommendations for when to use a
switching-node snubber.

2.4 Required and recommended external
components

The recommended components of the half-bridge circuit in Figure 4 are
summarized in Table 1.

They have been tested and verified to prevent oscillation for safe, reliable
operation with the recommended gate drive voltage ranges shown. Using a higher
“on” voltage is not recommended and may increase the propensity for oscillation
and will require a larger gate resistor. Using a lower “on” voltage may increase
switching and conduction losses due to increased Rpson).-

Table 1. Recommended components for half-bridge circuit

Parameters \ Part Number GaN041-650WSA GaN063-650WSA
Package TO-247 TO-247
Recommended Gate-Drive Voltage 0V, 10-12V 0V,10-12V
Recommended Gate Resistor (Rg) 30 Q 30-450Q

Gate Ferrite Bead (FB1) Not required Not required
Recommended RCsy 200pF+5Q 100 pF+10Q
Recommended RCpc. (10nF+8Q)x2 (10NF+8Q) x2
ISWL 17A 14 A

2.5 To verify GaN FET stable operation

To verify adequate operational margin without oscillation, as a minimum observe
the Vps waveforms at the turn-on and turn-off switching edges at the application’s
maximum drain current. This may occur during start-up or at the application’s
maximum load step. A double-pulse or multi-pulse test is highly recommended
utilizing the actual layout, with current levels at or greater than 120 % of the
application’s anticipated peak current. Verify that the ringing on the Vpswaveform
at the transition edges is adequately damped.
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3 PCB layout

The parasitic inductances of the input (gate) and output (power) loops contribute
significantly to overshoot, ringing, and stability in general.

3.1 Pin assignment

Nexperia GaN FETs in the TO-247 package use a Gate-Source-Drain pin assignment,
which differs from that used for older transistors in the same package. The reason
for centering the source rather than the drain is that the source is the common
node to both gate and power loops. This minimizes coupling of the two loops, as
illustrated in Figure 5.

o O o O
G D S G S D
zZL Z.
gate power gate power
loop i loop loop ! loop
a. Conventional pins assginment b. Nexperia pin assigment
33a-029293 33a-029294

Figure 5 | Illustration of the de-coupling achieved with a centered-source pin assignment

3.2 Power loop

Although the various charges are low with GaN FET switches, they are not zero, and
there will be a very fast transient current during switching as these charges are
redistributed. This current will flow from the positive supply node, through both
transistors to the negative supply node. To minimize ringing due to this transient,
inductances in this path should be minimized. Referring to Figure 6, these
inductances are indicated as LS1, LD1, LS2, and LD2. To minimize these, low
impedance power and ground traces, or planes, should be used and bypass
capacitance and DC-link snubber should be placed as close as possible to the
transistors. It is not critical to minimize inductance Loyt since it is in series with the
load inductance, and to a first approximation simply adds to it. The connection
between the high-side (Q1) source pin and the low-side (Q2) drain pin should also
be very short. Placing the two transistors back-to-back on a common heat sink
helps accomplish this. Shown in Figure 7 to Figure 10, is a portion of the layout of a
Nexperia half-bridge evaluation board, indicating the placement of the power
transistors
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L6t G intt

LD1 outloop-loop
transient current
i Q1 :
1
Ls1 1
HilLo Lout  Lioad !
orver Lo PERITY
LD2 I Cout 1
1
1
U Q2 1
S S
Ls2
a. Only elements external to GaN FET packages b. Both internal and external parasitic elements

23a-029639 33a-029640
Figure 6 | Parasitic elements in the power loop

Details of the power loop layout are highlighted in Figure 9. To minimize
inductance, the drain of Q1 is connected directly to the power plane; the source of
Q2 is connected directly to the ground plane.

The power and ground planes are on internal layers of the PCB, not visible in the
figure. The switching node is formed by the wide trace connecting the source of Q1
to the drain of Q2.
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Figure 7 | PCB layout - Power-stage
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Figure 8 | PCB layout - Corresponding schematic section
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Figure 9 | PCB layout - Detail of power connections Figure 10 | PCB layout - Detail of bypassing:
SMD capacitors on PCB backside

Illustrated in Figure 11 is an alternative placement where the GaN FETs are
side-by-side, rather than back-to-back, as in Figure 7 to Figure 10. Inductances are
higher with this arrangement, but it is sometimes preferable for manufacturing
reasons.
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(b) PCB layout

Figure 11| Totem pole PFC PCB

Capacitance on the switching node, indicated as Co in Figure 6, adds directly to
switching loss, and so the total area of copper which forms the switching node
should be kept low, but not so low that inductance becomes significant. A typical
4-layer board with 12 mils (0.3 mm) between outer trace and internal ground plane
adds about 15 pF / cm?. At 100 kHz switching, each 1 cm? would add

P=1/2 CV2fs=120 mW switching loss, for example.

4 Heat Sink connection

The heat sink should be connected to an AC ground. In the evaluation board of
Figure 7 to Figure 10 the heat sink is electrically connected to the negative supply,
or ground plane. Both low-side and high-side transistors are insulated from the
heat sink. For the low-side transistor the capacitance between tab and heat sink is
not critical, since the tab of the TO-247 is connected to the source. This transistor
could be mounted directly to the heat sink, but the possibility that load current
could flow in the heat sink must be allowed for. If a reliable connection between
tab and heat sink is either not possible or not desirable, use of an insulator is
necessary. For the high-side transistor, capacitance between the TO-247 mounting
base and the heat sink will add to switching loss, and so a thick and/or low
permittivity insulator should be used.
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4.1 Gate-drive loop

As with the output loop, minimizing inductance in the input, or gate-drive loop is
critical. Particularly important is the source inductance (LS2 in Figure 6, for
example), which is common to both loops.

Any voltage developed across this inductance due to a change in the output
current,di—D, will appear in the input loop. The gate—source loop should be made as
compact as possible to minimise the gate loop inductance. The gate-source loop
inductance and GaN FET input capacitance form a resonant tank and will have a
corresponding resonant frequency. The resonant circuit will be excited into
oscillation by the back EMF produced by the& in the source inductance. Figure 12
Usually the resonant frequency of the gate-source loop will be less than 200 MHz. A
ferrite bead fitted in series with the gate can have a beneficial effect by “de-Qing”
the gate-source resonant circuit. For this reason, a small ferrite bead is integrated
inside the TO-247 package.

For future Nexperia GaN FETs where it is not integrated, the ferrite bead should be
located as close as possible to the gate pin of the GaN FET so that the damping is
applied to the device gate where it is needed. A gate ferrite bead is needed for
both single-ended non half-bridges as well as half-bridge designs.

Vdd

Ld

A

Ld_int

Cgd_GaN '[
Rg int1 T GaN
I_ G l:l_ Cds_GaN

Cgs_GaN

P*

Mid-Node

|

Cgd_MOS

Rg Lg Lg_int  Rg_int
Vg —["—"F+—""
Cgs_MOS
Resonant circuit ]
1
1

.

M1 Cds_MOS

| Lv_Mos :l-

7T

.

Ls_int

<t —uuutuuwr
&

233-029643

Figure 12 | Input loop for a cascode GaN FET
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4.2 Summary of PCB layout recommendations

+ Place the RCp as close as possible to the drain pin of the high-side GaN FET
and ground it to the large ground plane.

» Use alarge area ground plane for an overall low-noise base potential.

« Arrange the gate drive circuit on one side and the output circuit on the other
side of the PCB to minimize noise feedback from the output loop to the input
loop.

 Place the driver circuit close to the gate of the device.

 Shorten the power loop by arranging the high-side and low-side devices close-by.

() Watch video

Nexperia copper-clip
SMD CCPAK GaN FET
package in half-bridge
evaluation board
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1 Introduction

Accurate voltage waveform measurements of fast switching circuits require special
care and attention in the use of the oscilloscope probe. This chapter details the use
of a probe ground spring to achieve the best results.

The latest GaN FET devices from Nexperia are capable of very fast switching of high
voltages and currents. This requires special care to be taken in the measurement of
the switching waveforms.

In order to accurately measure voltages on fast switching nodes, best measurement
practices should be followed. It should be noted that unless efforts are made to
follow best practice as closely as possible, then the voltages seen on the
oscilloscope may be an artefact of the measurement rather than a true
representation of the real voltage on the node.

An example of a fast switching waveform is shown in Figure 1 below. Note the
difference between measurements results with a) the oscilloscope probe ground
connection made using a standard probe ground wire and b) the same
measurement with the ground connection made using a probe ground spring.

Ground spring Ground wire
30
Vv
25
20
15 fi
AR e Baas
10 v
5
0 [y
-5
-20 0 20 40 60 80
time (ps)

Figure 1 | Switching waveform; probe grounding method comparison

2 Oscilloscope probe ground spring

The ground lead length of the oscilloscope probe can have a very detrimental
effect on the measurements taken. If you use the standard 10 cm loop supplied
with the scope probe, the measurements that you make will be prone to noise and
pickup, as the loop acts as an aerial and picks up noise in proportion to the loop
area.
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In order to make switching node measurements that are less prone to noise and
pickup, the following type of oscilloscope probe connections should be made:

Figure 2 | Probing a fast switching node

Note that the oscilloscope probe ground connection is made via a test probe
ground spring, see Figure 3. It is important that the ground wire is kept in parallel
with the probe tip and the loop area is kept to an absolute minimum.
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Figure 3 | Probe ground spring

These oscilloscope probe accessories are available from electronic test equipment
distributors and retailers - e.g. Mouser Electronics Part No: 940-PK1-5MM-118 (MFr.
Part No: PK1-5MM-118).
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Figure 4 | Oscilloscope probe with ground spring attached

Itis possible to make your own probe ground spring using TCW25 tinned copper
wire, see (Figure 2). Form the spring around the probe, remove and apply a little
flux and solder to hold it in place. Trim the ends and use appropriately.
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3 Oscilloscope and probes

When measuring fast switching nodes always use a high-quality oscilloscope that
does not introduce unwanted parasitic capacitance, especially in the sensing loop.

Figure 5 | Typical oscilloscope used in a Nexperia measurement lab

To make accurate measurements, the best quality scope probes should be used.
These should have high input impedance: preferably 100 MQ or greater, and very
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low capacitance: less than 4 pF. Also, the greatest bandwidth scope probes should
be used in line with the switching edges that are being measured.

The impedance and capacitance of the scope probe can have an effect on the
voltage that is being measured. By using high input impedance and very low
capacitance the effect of the probe on the node being measured is minimised.

Always check that the oscilloscope probe you are using has the correct maximum
voltage rating for the signal being measured. Do not exceed the manufacturer's
recommendations - voltages close to a probe’s maximum rating should be avoided.

Detailed information about probes and advice on measurement best practice is
often available from probe manufacturers. As an example, Tektronix publish a
comprehensive guide - ABCs of Probes Primer, (http://info.tek.com/www-abcs-of-
probes-primer.html).

4 Probe positioner

When measuring high voltages extreme caution should be taken and best practices
adhered to.

With this in mind, the use of a probe positioner is highly recommended. The
oscilloscope probes can be adjusted to make contact with the required

measurement points, leaving the test setup to be operated “hands free”.

The following probe positioner is recommended: Type : MSA100 3D PROBE
POSITIONER Farnell part number 1552771.

Figure 6 | Probe positioner
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Figures

Figure 1. Switching waveform; probe grounding method comparison............... 506
Figure 2. Probing a fast switching NOde .......cccouvieiriieeee e 507
Figure 3. Probe ground SPriNG .......ccveeeeiieeeeeeeeeeee et 507
Figure 4. Oscilloscope probe with ground spring attached.........ccccoeveevvvirrnnnnnee. 508
Figure 5. Typical oscilloscope used in a Nexperia measurement lab.................... 508
Figure 6. Probe POSILIONET ......c.cvivveeeeeeeee ettt 509
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§ 2DEG 2-Dimensional Electron Gas
% AC Alternating current
-';u AEC-Q101 Automotive Electronics Council Quality System
(- AN Application Note
4 BJT Bipolar Junction Transistor
< BW Bandwidth
C Capacitor
Cadd Additional external capacitance fitted drain to source
Cep Gate-drain capacitance
Ces Gate-source capacitance
Ci Constituent thermal capacitance element
CISPR International Special Committee on Radio Interference
Ciss Input capacitance
Cik Parasitic capacitance
Coss Output capacitance
P Specific heat capacity
CSP Chip Scale Package
Cen Thermal capacitance
DC Direct current
de-Q Reduce the quality factor of a resonance; damp
dls/dt Time rate of change of source current
DUT Device Under Test
EDS(AL)R Non-repetitive drain-source avalanche energy
EMC Electro-magnetic compatibility
EMI Electro-magnetic interference
Eos Electrical Overstress
EOSS Energy stored on output capacitance
Eox Oxide electric field strength
ESD ElectroStatic Discharge
ESL Equivalent series inductance
ESR Equivalent series resistance
FET Field Effect Transistor
FIT Failure In Time
FR4 Flame Retardant epoxy glass laminate (see NEMA LI 1-1998)
Fring Oscillation (ringing) frequency
GaN Gallium Nitride
HEMT High Electron Mobility Transistor
HS High side MOSFET
I/O Input/Output
12C-bus Inter-Integrated Circuit bus

Io MOSFET drain current
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Iom Pulsed drain current c
IpsaL)s Non-repetitive drainsource avalanche current -,%
Ibss Drain current source shorted (drain leakage current) -';“
IEC International Electrotechnical Commission o
lgss Gate current source shorted (gate leakage current) f
IPC Institute of Printed Circuits <
Is Source current
Ism Peak source current
JEDEC Joint Electron Device Engineering Council
KGD Known Good Die
L Inductor
LFPAK Loss Free Package (Nexperia package naming)
Lik Stray (leakage) inductance
LS Low side MOSFET
LV Low Voltage
MOSFET Metal-Oxide Semiconductor Field-Effect Transistor
NTC Negative Temperature Coefficient
OEM Original Equipment Manufacturer
P Power as a function of time
PCB Printed Circuit Board
PSMN Power Silicon Max N-Channel
PTC Positive Temperature Coefficient
P Maximum continuous power the device can dissipate with the

tot mounting base held continuously at 25 °C
PWM Pulse Width Modulation
Q¢ Gate Charge
Qcp Gate-Drain Charge
Qoss Charge stored in the output capacitance
R Resistor
Rebb(on) On-state bulk-drain-drain resistance
Rebs(on) On-state bulk-drain-source resistance

Resistor-Capacitor

RCDCL DC Link RC snubber
RCSN Switching Node RC snubber
RDS(on) Drain-source on-state resistance
RG(ext) Gate resistance external to the package

i Constituent thermal resistance element
RL Load resistance
RPP Reverse polarity protection
Rss(on) On-state source-source resistance
Reh Thermal resistance

Rih(-amb) / Reh(-a) Thermalresitance (junction to ambient)
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Thermal resistance (junction to mounting base)
Switch node

Safe Operating Area

Simulation Program with Integrated Circuit Emphasis
Total time of heating pulse

RC time constant

Ambient temperature

Case temperature (plastic housing)

Time Dependant Dielectric Breakdown
Thermal time constant

Junction temperature

Junction temperature rise in the MOSFET
Mounting base temperature of the MOSFET
Oxide thickness

Pulse width, pulse duration

Surface temperature

Storage Temperature

Unclamped Inductive Switching

Breakdown voltage

Drain to ground voltage

Application supply voltage

Gate-source voltage

Voltage drop

Drain-source voltage

Gate to ground voltage

Gate-source voltage

Gate-source threshold voltage

Input voltage

Source to ground voltage

Wafer Level Chip Scale Package

Zero temperature coefficient

Thermal impedance (junction to mounting base)
Transient thermal impedance

Duty factor, duty cycle

Change in temperature

Average temperature rise from average
Maximum junction temperature variation
On-state temperature difference

Zeta, damping factor
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ACEIVE ClAMPING ..ttt es et ea e st s esesesesesesesnas 98-99
AEC-Q101 (Automotive Electronics Council Quality System)
GAN FETS ettt et enean 470,471,474, 485
IMOSFETS .ottt 26, 64-65, 64, 67,338-339, 373
AlFELECERIC VERNICIES (XEVS) .ottt 478-479
Avalanche CUrment. ..o 35,97,104, 355, 356, 358, 359, 381
FEPELIEIVE oo 109, 109, 110, 111,357, 360
single-shot 105-106, 107-108, 707, 108, 357
AVALANCNE BNETGY ...ttt 358
non-repetitive drain-SoOUrCe ........coovveeveeverevereeennns 30, 32, 35-36, 35,104, 106, 107
repetitive drain-SOUMCE ......ccoveveeeeeececeeeeeeeeeeeeeeeee e 32,35-36,35,109, 111,359
AVAlaNChE POWET ... 105-106, 707, 109-110, 71710, 113
AVAlaNCHE TUGGEANESS ..ottt enaes 354-361
FEPELILIVE weveeeeeeeeeeeeee e 108-109, 109, 110, 357, 359, 360
MIEING VAIUBS ...ttt 32,35-36, 35

safe operation... L110-111, 1711,112-113, 361

single-shot ............... ...104-106, 105, 107, 113, 357, 359-360
IMIEING VAIUES ..t 30, 32, 35-36, 35
SAF@ OPETALION ..ttt 107-108, 108,112, 361
Avalanching
(= AV = SRR 453-454
IMOSFETS .ottt 72-73,74,97,283,378
Bare die (KGD) MOSFETS. .....cveveveeeeeeeie et eesesse st sesssesesese s ss s sasssasseaesesens 96
Bidirectional bUS SYSEEMS ......vuiuiuiierieiieie e 444-446, 445
Bipolar Junction Transistors (BJTS)......cccceveeveuevnncee 354-356, 354, 358, 363, 364, 365
Body diodes
GAN FETS ettt 453, 464, 465, 490-491
MOSFETs
At SNEEES ... 27,28, 29, 30, 32,43, 47, 48
FAQs about data sheets........cceveveveveieeeieeecceeeeee 347-349, 348, 363-364
half-bridge configuration ....... 146,147, 151-152, 154-155,158, 166, 349, 368
see also freewheeling diodes; schottky diodes; zener diodes
BOOESErAD SUPPIY ceeieieieieceeteeeteeete ettt ettt ettt seses s nanans 315,494
Breakdown voltage (VBR) .cocceeeeeeeeeeeeeeeeeeeeeeeeeeennes 35,52,105-106, 109, 212, 381

see also drain-source breakdown voltage (Vgrypss);

gate oxide breakdown voltage
BUCK CONVETERT 1ot 304, 306, 306, 314, 322
BYPASS CAPACIEOTS .ttt eaens 159-160, 760, 496

Page numbers in bold denote tables, italics denote figures, and those underlined denote QR code links.
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Capacitances
DY DASS ettt ettt 159-160, 160, 496
capacitance characteristics
GAN FETS ottt 459-463, 460, 461, 465-466
MOSFETS. .ttt 43, 44-47, 47, 384-385, 385
DC-L0-DC CONVETSION .ttt eaeeaeeaeens 426-428, 427,494
drain-source capacitance (Cps)

............................ 47,71,71,72,151,153,155,161, 161, 377, 378, 384-385, 430
PEAE SINK c ettt aesne 500
JUNCEION CAPACIEANCE .ttt 155, 494
OSCIllOSCOPE PTODES......ceeeeeeeeee ettt 508-509
Parasitic CapaCitanCe....oooiiceeieeceeeeeeeee e 71-72,71,137-142, 429, 508
reverse transfer .....ccccoeveevevenne. 43, 46, 47,161,165, 384-385, 385, 459-460, 460
thermal capacitanCe........ccoveeeeceveeeeeeeeeae 120-121,120, 217, 219, 219, 346
see also gate-drain capacitance (Cgp); gate-source capacitance (Cgs)

Cascode configuration .......cccccueeeeeeveeeeeeieeeeeeeee e 459, 471, 480-482, 482, 501

Cauer RC thermal models
CCPAK see Copper Clip bond Packages

118,121-123, 122, 123,271

COILPIECN et 176,178-183, 375
CFD series superjunction SiMOSFETS .....cccooiviiiiieeeeeieeeeee e 491, 492
Chip Scale Packages (CSP) ......cuevvceeeeeeceeeeeeeeeeeeee e 437-438, 437, 438
CISPR requirements (International Special Committee on Radio Interference).... 166
Computational Fluid Dynamics (CFD) Simulation ......cccccevevevevevecvrncenenns 340-341, 393
Conduction (heat)

GAN FETS ittt et ea e ens 479, 490, 495

MOSFETs.....212, 213, 214, 214-215, 214, 218, 222, 288-290, 290, 346, 373-374
Continuous drain current

APPUCALIONS oottt 278-283

calculating maximum L 272-276,272-274, 273, 275

AAEA SNEEES ... 32-33, 33,36, 179

FAQs about data Sheets ......cccevieeirieciciecee 349, 352,387-388, 387,388
Continuous source current, Maximum..........c.......... 266,276-278, 277, 278, 280, 282
CONVECEION e 213,215-216, 215, 215,222, 288-289, 290
Copper clip bond packages

GAN FETS ettt ettt ae e et et e st e st et eaeeteeaseaeeneensenseneenes 474

MOSFETS .ottt 266-269, 267, 268, 291, 297

see also LFPAK MOSFETs

Crystal oscillator and frequency diVIder .......cccvceeveeeveeeeece e 308, 308
D-mode (depletion Mode) GAN FETS ....cvverreererereeeereveeeneeenne 470-474, 480-481, 490
D2PAK oo 90,96, 261, 266, 267, 344, 345

Page numbers in bold denote tables, italics denote figures, and those underlined denote QR code links.
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Data sheet parameters

(7= 1 = ST 466
dynamic characteristicS.....ooovmreeeeereeeeveeans 459-465, 460, 461, 463, 464
GraphiC SYMDOLS ....vvviieeceeee e 451-452, 452
HMIEING VAIUES ...t
NOMENCIAEUTE .ottt st es e senenas
PINNING INFOTMAEEION ..eviviveeeieeee et
TECOVETEA CRAMGE c..eeeeececeeeeeeee ettt senena
static characteristics. .

SWIECHING ottt ettt nanan
MOSFETs
AETALING CUTVES ...ttt
dynamic characteristicS. ..o 43-48,43, 44, 46, 47, 48, 51
[IMIEING VAIUES ...ttt 29-36, 30
Ordering INFOMMALION.....c.cvevieeeee ettt aeane 29
PINNING INFOrMALION. ....ovveieecee et aae 29,29
power dissipation...... ..32-34, 34
PIOAUCE OVEIMVIEW ...ttt se et sena 26-27
QUICK TEFETENCE AL ..o 27-28, 27
Safe Operating Area (SOA) CUMVES......c.ceveveveveeereeereeereernens 36, 36, 49-55, 49, 55
SEALIC ChAraCteriSEICS .. 38-42,38, 39, 41, 42,273
thermal characteristics ..o 36-37,37, 37, 54-55, 55
see also derating curves; power dissipation; Safe Operating Area (SOA) curves
DC-lINK SMUDDETS .t 466, 466, 493, 496
DC-to-AC (traction) inverters 470, 480, 483, 483, 484, 485
DC-L0-DC CONVETSION vt 70,79,92,146, 279, 279, 281,372
DC-to-DC down-converters ........ 414-420, 415,416, 418, 419, 423-428, 425, 427
DC-to-DC up- and dOWN-CONVETEETS .....cvevevevevereveverereiereeeeeeeeeseesaeaeaes 422-423, 423
DC-LO-DC UP-CONVETEETS .ottt ettt ea e 420-422, 421, 422
GAN FETS oottt ettt ettt ettt sttt enis 483, 483, 494
SWItChING l0SSES ..vvvveeveveeeeeeea 414-415, 417,419, 420, 428-431, 429, 430
see also H-bridge motor controller
Depletion mode (D-mode) GaN FETS.....cveemeerererereiererereenne 470-474, 480-481, 490
Derating curves
GAN FETS ettt ettt et ettt b b eaeebeeaeeaeersensensensenns 452
MOSFETS .veveieieiene 32-36, 33-35, 49, 49, 55, 55,274-275, 275, 349-350, 350
dl/dt (time rate of change of current).....147, 157-158, 162, 163-164, 164, 170, 484
dlp/dt (time rate of change of drain CUrrent).....cccceveveveveeeveeeeeeeeeeeecenns 152,154,155
Diodes see Body diodes; Freewheeling diodes; Schottky diodes; Zener diodes
Discontinuation of Delivery (DOD) dOCUMEN......c.c.ceuivereerereeeeeeeeee e 376
Double pulse testing
GAN FETS ettt ettt ettt ebesaesbeeaeeaeessensensensenns 495
MOSFETS .o 146-156, 147, 149, 150, 154, 165, 165, 168-169, 169, 170
P A et ettt et et et e s e ese st ese et e aenneareas 96, 154, 261
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Drain current (Ip)

GAN FETS ettt et et eae e neenean 453, 456, 495
power MOSFETs
AAEA SNEEES ... 27,28, 30,31-33, 39, 48
drain-source CUrment PALN. ..o 291, 291, 295
FAQS about data SHEeLS.......coveveveeeeeeeeeeeeeeeeeeeeees 383, 384, 390, 391, 391
PATAElEd GrOUPS ...eceeeeeeeeeeeee e 85, 89, 93,96
SMAL-SIGNAL MOSFETS ..ttt 409, 430, 439-440

see also continuous drain current; dl/dt (time rate of change of current); dlp/dt
(time rate of change of drain current); double pulse testing; drain leakage
current (Ipss); peak drain current (Ipwm)

Drain-gate VOLEAGE (VDER) cevevereeeeeeeieeeieieiieeeeeeeest sttt s s s s snanans 31,45
Drain leakage cuUrrent (Inss) oeeeeeeeeerevereveveeeeeeeeeeeeereennenes 38, 40, 266, 380, 380, 381, 457
Drain-source breakdown voltage (Vgrypss)
avalanche events ... 105-106, 107,109, 109, 212, 404
AAEA SNEEES ..ot 38, 39, 52,381, 383
ArifE @NGINEEIING w.eivieceee ettt sttt 375
GALE-AMIVE OPETALION 1.ttt st nnas 73,74
PATALELEA GrOUPS....vveeeeeeeee et ane 97-99
Drain-source capacitance (Cps)

.................................. 47,71, 71,72, 151,153,155, 161, 161, 377, 378, 384-385, 430
Drain-source [€aKage......ocemeueuevevererereeereeeeeeee e 266, 402-404, 403, 407, 409
Drain-source on-state resistance (Rps(on))

GaAN FETS oo 457-458, 458,470,472, 472,479, 485
power MOSFETs
datasheets......ccccooovvveenennne 27,28,38,40-42, 41, 42, 49, 50,151, 273, 273, 273
FAQs about data Sheets.......coceeveveveveeeeeeeeeceeeeeeeee 338,372-375, 387,387
gate OXide ENICKNESS ......vieeeee e 66, 338
gate-source voltage......cccccoeeunneee. 28,41, 41,60-61, 65, 69, 69, 151,273,338
paralleled groups........ccceeeeeeeeeeeeeeeeee e 85-86, 87, 88-89, 89, 93-94
small-signal MOSFETs 408-409, 409, 423, 428-431, 437, 438, 439-440
Drain-source voltage (Vps)
GAN FETS it 450, 453-456, 453, 460, 460, 485
power MOSFETs
data sheets.....cccovvvvnee. 27, 28, 29-30, 30, 36, 40, 45-46, 46, 47,51-52, 55, 55
FAQs about data sheets......c.cccoeeveeeeevevcvennne 352 382, 385,387, 387, 388, 391
PATAELEA GrOUPS ...eeeececeeeeeeeee et 85, 87, 88-89
VOltAge SPIKES ..ot 152,156-159, 159, 164, 175, 349, 363
small-signal MOSFETSs.................. 403, 403, 404, 408, 409, 430, 430, 439-440, 444
see also drain-source breakdown voltage (V(grypss); ringing
Drift @NGINEEMING cevveeeiecveecee ettt eneee 374-375, 375
Duty cycle Generator. ... ceeeeeeee e 303,307-310, 307, 309, 309, 323

dV/dt (time rate of change of voltage)
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GAN FETS ottt 471,478, 484-485
MOSFETs..72, 72,161, 161, 163-165, 163, 164, 165,170, 362-366, 365, 368, 386
Dynamic characteristics

GAN FETS et 459-465, 460, 461, 463, 464
IMOSFETS ottt et 43-48,43, 44, 46, 47, 48
E-mode (enhancement mode) GaN FETS ....ovvveeeeveeeeeeeeeeeens 470-471, 480-481
EEHE conference
ELeCEriC VERICIES (EVS).ueiuieieeeeeeeeeeteeeteiee ettt 478-479, 482
Electrical OVerstress (EOS) ..ottt 174-205
Human Body Model (HBM) ESD.......cccovvvevemnenee. 175, 175,176, 183-188, 184-188
linear mode operation
.................................... 179-180, 7179, 180-181, 195, 195-203, 197, 199, 201, 203
OVETr-CUMTENE v 181-182, 182-183, 182, 204-205, 204-205
Unclamped Inductive Switching (UIS) ........ 177-178, 177,178, 189-194, 189-194
Electrical reSISEANCE ... 120,120, 217-218, 218
Electrical-thermal analogy 120, 120, 217-220, 217, 218-220
ElectroMagnetic Compatibility (EMC) .....vveeeeeieececeeeeeeeeeeee e 146, 156, 166
see also Half-bridge switching
ElectroStatic Discharge (ESD) .....ccoveveveveceennnee. 376-380, 377, 379,402, 402, 405, 408
Human Body Model (HBM) ......ccoeueveveruerercreree. 175, 175,176, 183-188, 184-188
ENCLOSUMNE AESIGN .ottt nanans 289, 289

Enhancement mode (E-mode) GaN FETS .....oveveeveeeeeeeeeeeeeeeeeeeens 470-471, 480-481
EOS seeElectrical Overstress

Failure In TimMe (FIT) FAEES ..vveeeeeeeeeeeeeeeeeeeeeeee e 394-395, 395, 485
FAIlUre MOAES ...t 357-359, 363,471,472, 473
FAIlUME SIGNAEUMES ....cveeeeeeeeeteeeee ettt anenens 174-205
Human Body Model (HBM) .......cccoveevevereererenee. 175, 175,176, 183-188, 184-188
linear mode operation
.................................... 179-180, 179, 180-181, 195, 195-203, 197, 199, 201, 203
OVETr-CUMENE vttt 181-182, 182-183, 182, 204-205, 204-205
Unclamped Inductive Switching (UIS) ........ 177-178, 177,178, 189-194, 189-194
FAILEIMIE 1ottt 43,164, 166, 369, 370
Ferrite beads......cco......... .. 463, 464, 494, 495, 495, 501
"Flotherm' SIMUIBEIONS ... 246,258, 346
Foster RC thermal models......... .. 118,120-122, 120, 121, 122
Freewheeling current, GAN FETS ....cooviiiiieececieeceee e 465, 471,490
Freewheeling diodes ..., 97, 98, 415, 429, 490-491, 494
Frequency Selection JUMPETS ...t nnes 302, 307,308, 322

Full bridges see H-bridge motor controller; H-bridge motor drive
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Gallium Nitride (GaN) PrOPEILIES.....covieeececectereeeeeee ettt se s s sens 480
GaN FETs
half-bridge configuration............ 472,474, 484, 490-503, 490-493, 495, 496-501
Power GaN technology......ccccceeveicreiciennae 470-474,474, 478-486, 480, 481-484

GaN HEMT (High Electron Mobility Transistor)470, 480-482, 481, 482, 484, 490, 501
Gate bounce

E-MOAE GAN FETS ettt s e 471, 480

MOSFETS .ot 72, 161,163, 366, 367-369, 368, 369
Gate charge (Qg)

GAN FETS ettt ettt 430, 459, 480, 494

MOSFETS ..ot 43, 44-46, 44, 46,48, 373,374,379, 390, 390
Gate-drain capacitance (Cgp)

AAEA SNEEES ..ttt 47,384-385

(o 1Y/ | 161, 161, 164-165, 164, 165, 362, 364, 365, 367, 367, 368

.................................................................................. 71-72,71,72
....376, 377,378
150-151, 757,153, 155,161, 161, 164-165, 165
Gate-drain charge (Q¢p) see Miller plateau (gate-drain charge (Q¢p))

GAte-drain TESISEANCE ...ttt 164-165, 165
Gate drive
GAN FETS oo 471,480, 492, 494, 495, 495, 501, 502
power MOSFETs
capacitances 150-151, 154-155, 157,161, 161, 163-164

EXEETNMIAL cvivviteeeeee ettt ettt ettt ettt terena 68
external resistance
.......................... 147-148,161-163, 161-163, 368-369, 369, 369, 370, 370, 386
gate-source threshold voltage ........cooveeircvcecrcnenenene, 40, 61-62, 161, 381, 382
GAte £O GrOUNT w.evciieceeeee e 68-75, 69, 70, 73
GALE £O SOUTCL...uitieeieteteeteete ettt neas 68,69, 71,74, 74
PATAELIEA GrOUDPS ...ttt 95-96
SMAL-SIGNAL MOSFETS .ttt sean 430, 435, 437, 463
Gate Fermite DAAS ... 463, 464, 494, 495, 495, 501
Gate (INPUL) LOOP cuvveeeeeeeeeececeeeeeeeee e 451, 451,496, 496, 501-502, 501
Gate [eakage CUMENE (IGSS) . .vvrrrreieieeeeeeeeeeeeeeeeeeee et 38, 40, 266, 408, 457
GALE OXIAE et 31,65-67, 65,68,78,338
AVBLANCNING ettt ettt 360

capacitances........ ..376-379, 384
FAIlUME SIGNAEUTES .....vvveeeeee ettt ane 175,176
Gate oxide breakdown VOLEAge ........oceveueveveeereeeeeeeeee 376-377,379, 405
GALe TESISEANCE . 38,42,47,95, 168, 168, 366
external/gate resistors
....... 43,95-96,147-148,161-163, 161-163,317, 321, 368-370, 369, 369, 370,
370, 386

Page numbers in bold denote tables, italics denote figures, and those underlined denote QR code links.



Nexperia | A Power Design Engineer's Guide

GaN FETS oo ...494, 495, 495
Gate siIgNal fFEedDACK ..o 161-162, 161
Gate-source capacitance (Cgs)

CRANNELIENGEN 1.ttt 375

AAEA SNEEES ...ttt ettt ettt e e 47 384

DC-EO-DC CONVETSION ..ttt ettt ettt ettt es e seaneaeas 429-430

AV/AE s 161,163, 164,362, 364, 365,367, 367, 368

GALE-AriVE OPEIALION c..evieieceeeeeeeetee ettt 71-72, 71

half-bridge configuration. ... 150, 151,153-155, 161,163, 164

Gate-source charge (Qgs) ...oeeeveeeveeevereeerereeeerenns 28,43, 44-46, 44, 46, 363, 459, 463
Gate-50UrCe ESD FAtiNgG cucuiioieieeiieieicecee ettt 378-379, 379
Gate-source leakage......cccveevveeevcveennnn. 379, 402, 402, 404-405, 405, 407-409, 409
Gate-source threshold voltage (Vgs(cn)
GAN FETS ot 457,457,471, 480, 490, 491
power MOSFETs
data SheetsS. ..o 38, 39-40, 39, 44-46, 51-52, 51, 352
161, 362,367-369
.................. 60-62, 671-62
half-bridge configuration .........ccceeevveeeeeeeeceececeeeens 151,154, 161, 367-369
[OW LE@MPETALUME ... 381, 382,383, 385-386, 386
PATAELEA GrOUDPS ...eeeeeeetceeee et 94,98-99
Plateau Voltage ......ceuiueeeeeeeieveeeeee e 45-46, 61,390-391, 390, 391
SPITIEO DOUNAIY .ottt 351-352
small-signal MOSFETs 408, 429, 430, 431, 445-446
Gate-source voltage (Vcs)
GAN FETS ottt 453, 455-456, 490-491, 491
power MOSFETs
data sheets.....ccoooveeeeennn. 28,30, 31,41, 41,45-47, 46, 48, 51, 51, 60-63, 63
drain source on-state resistance ....28, 41, 41, 60-61, 65, 69, 69, 151, 273, 338
FAQs about data sheets........cccceeeeeevevcvnnee 338-339, 351, 362, 378, 383, 384
small-signal MOSFETs 409, 430, 430, 445-446
see also double pulse testing; gate bounce; mission profiles; plateau voltage
Gate £o grouNd VOLLAGE........oveeeececececeeeeeeee et 68-75, 69, 70, 73
Ground EraCe/PlANE ... 496-497, 500, 502
H-bridge mMotor CONETOUEr ..o 302-304, 302, 303,333
DIl OF MAEETIALS 1.ttt 326-333
clocK. e 307-309,308-310, 309, 322-323
AMIVE CITCUIES oo 313-315, 313-315, 325
H-Dridge CIFCUIL ..o 316-318, 316-317, 324
OVEr-CUTTENE AEEECEION . 318-319, 319, 324
POWET SUPPIY vt 76,304-306, 304-307, 322
Pulse Width Modulation (PWM) circuit.......310-313, 370-3173, 318, 320, 320, 323
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H-Dridge MOLOT AFIVe. ... 75-78, 75-77
Half-bridge switching
double pulse testing

........................... 146-156, 147, 149, 150, 154,165, 165, 168-169, 169,170, 170
GaN FETS i, 472,474, 484, 490-503, 490-493, 495, 496-501
GALE DOUNCE . 72,161,163, 366367, 366, 367
switching performance improvements. ..o 156-166, 161-162, 164-166

Heat propagation see Conduction (heat); Convection; Radiation
HEAESINKING ..ottt as e 52-53, 85,92
copper clip bond package ... 290, 291, 291, 345, 389
LFPAKS3 .ottt 229, 230, 235,237,237
LFPAKSG. ...ttt 248, 249, 251, 253, 253
LFPAKSED ..ottt
LFPAKS8S....coivieeieeeeeeeee
failure signatures
GaN FETs.............
infinite heatsink..
High Electron Mobility Transistor (HEMT) ....... 470, 480-482, 481, 482, 484, 490, 501
High-Temperature Gate Bias (HTGB) LeSE .....vivieeeececeeeeeeeeeee e 395,473
High-Temperature Operating Life (HTOL) teStS...cvevevevevereererereeen 395,472-473, 473
High-Temperature Reverse Bias (HTRB) teSt ......ccceeveverevereverieeeen. 395,472,472, 473
High-Temperature Storage Life (HTSL) EESE ... 395
Hot spotting (Spirito effect) ......covveveveveeeeeceeee. 54,351,352-353, 352, 354, 355
Human Body Model (HBM).... 175, 175,176, 183-188, 184-188, 377, 379
HV ISOLAEION EESES cuvvivieiteieeeteeetee ettt eaeens 371-372

IEC 60134 rating systems for electronic tubes and valves and analogous

semiconductor deviCes .......cuceeeveveeeeenne 29, 30, 63,272, 274, 277, 452-456, 453
IEC 61000-4-2 ElectroStatic Discharge (ESD) immMuNity EeSE ...cvvvevevevevevricerceceeenns 380
IGBTs (Si Insulated-Gate Bipolar TranSiStors) .....oceeeveveveveveeeveeeeenns 470, 479, 483, 490
IMPEAANCE ..o ..72,91,93-94, 152, 163, 496

OSCillOSCOPE PrODES. ... 508-509
see also thermal impedance (Z)
Inductances

AVBLANCNING ettt ettt ettt 283
DC-to-DC conversion. 415,416, 418-420, 426-427
EXEEMNALINAUCEINCES. ..ottt nas 28
GaNFETS oo ..452,484-485, 490, 492-494, 496-497, 497, 499-501
loop inductance ......cccevieeeeinnnee 152-153, 153, 154-155, 155-158, 157,159, 501
MEASUTNING CUMTENE 1ttt ettt ae s s s bt ss s b se s s esenens 148
PATALELEA GrOUPS.....eieeeeeeeeeee ettt 93-94, 93
parasitic (stray) inductance (L k)

GAN FETS it 484-485, 490, 492-493, 496-497, 497
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MOSFETs...... ... 137142, 137, 138,157,177, 266
UIS EBSES ottt ettt ettt st nens 177
INAUCEIVE CUMTENE .ottt 73,368
Inductive energy diSSIPatioN .......c.ccveveveveieiiceeecc e 73,97-99, 98
INAUCEIVE l0adS .o 72-74,73, 74,97-98, 98,367, 367, 389
see also load drive; load switches; Unclamped Inductive Switching (UIS)
Input capacitance (Ciss) ..o..v.... 43,46, 47, 150-151, 151,152, 154, 376-380, 384, 385
GAN FETS ottt 459-460, 460, 501
INput (gate) looP e ..451, 451,463, 496, 496, 501-502, 501
Inter-Integrated Circuit bus (I2C-DUS) ......o.ovurveeeeeeeeeeeeee e 444-446, 445
INVETERTS ettt 146, 367,407, 407,470, 478-479
DC-t0-AC/traction iNVErEerS....cocvvvveeeeeeececeeeeeeeeeinas 470, 480, 483, 483, 484, 485
IPC-2221 generic standard on printed board desSign........cceeeveeveeeeeeeeceeeeeeeenean 292
Is0lators, USING MOSFETS @S....c.ceveveveeeeceeceeeceeereeseseeesesesesenenns 278, 279,281-282, 281

JESD22-A114 ElectroStatic Discharge (ESD) sensitivity testing Human Body Model

(HBIM) oo s e e e e eeeeeen 377
JESD24-5 single pulse Unclamped Inductive Switching (UIS) avalanche test method
........................................................................................................................................... 359
JUMIPETS ottt senennas 302-303, 307,308, 317, 321, 322
JUNCLION CAPACIEANCE ..ttt ene e 155, 494
Junction temperature (T))
GaAN FETS ettt 453, 455, 456, 458, 458
power MOSFETs
CAlCULBLIONS OF oottt 119-120
dAta SREEES ... 30, 31, 33, 39, 40, 41-42, 41-42
expected product lIFEtiMe ..o 68, 77-78,77,78, 97
FAQs about data sheets......... 347-349, 356, 383-386, 384, 389, 392-393, 392
LFPAK33.....cves 228-230, 230, 235,237-238, 237,239-241, 241, 245, 247
LFPAKS6. ..o 242-243, 243,247-249, 249, 251, 253, 253
LFPAK56D
224-228, 225, 227, 228, 233-235, 233-234, 238-239, 239, 242-243, 243, 245
LFPAKSBS...oviieiiieeeieeeeeeeeee e 247-249, 249, 251, 253, 253, 255-256
SMAL-SIGNAL MOSFETS .ot 404, 405, 408

see also RC thermal models; Safe Operating Area (SOA) curves

KGD (KNown GOOd Di€) MOSFETS .....cvveeeeeeecececeeeeteeeetese e sesese s esaesesesns 96
Lead-free (PD-FTEE) SOIART ..ot 373
Level ShifEiNG v 310, 370,312, 312, 323, 444-446, 445
LFPAK MOSFETS ..ottt ettt a et be e sa et anenea 96, 261

copper clip bond package........cccovevevvveveeveececeeeeen, 266-269, 267, 268, 291, 297
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LFPAK33 .,
H-bridge motor controller
power dissipation
228-230, 229-230, 235, 236, 236-238, 237-238, 239-241, 240-241, 244—

245, 244-245, 246, 247

LFPAK56
H-bridge Motor CONETOIET ... 303, 317
power dissipation........... 243, 247-254, 248-250, 250, 252, 252-254, 254, 346
LFPAKSED ...ttt ettt ettt ettt ae e aeene e e ennan 261
H-bridge mMotor CONETOUET ... 303, 317

power dissipation
224-228,225-228, 231,232, 232-235, 233-235,238-239, 239, 242-245,
243-245, 343

LFPAKSOE ...ttt ettt ettt b e s e 346
LFPAKBSS ...ttt ettt sttt a s s s nne 261
power dissipation.......cccceeveveveveveieieinne 247-251, 248-250, 250, 252, 252-254,
253-258,254, 256-257, 258, 259-260, 267, 267, 346
Life EESEING coeveveeeeececeeecce e 64-65, 66, 67,394-395,471-473, 485
Linear mode operation
derating/safe operation........cccccceeveveeeeevevennnne 49, 49, 50, 52-55, 55,353-354, 375
EOS tests/failure signatures
.................................... 179-180, 179, 180-181, 195, 195-203, 197, 199, 201, 203
high-side MOSFETs with indUctive 10adsS..........ccovieiieeeeeeeeeeeeeeeeeeennae 72-74
paralleled group dESIGN ... 94-95, 95
thermal runaway ............... .49, 49 51-52, 51,62, 69, 69, 351
LiNEAM TEGUIALOTS ...ttt 304,306, 307, 322,414
LOAA ATIVE ettt 278-282, 279, 280, 281
see also inductive loads; resistive loads
Load SWItChES ....vueieeeeceeeeeeeeee e 47,406-407, 406, 409, 434-440, 434-439
see also thermal resistance (Rp)
Logic level MOSFETs
.................................. 41,47,61-62, 62, 63,66, 78, 338-339, 362, 377, 444-446, 445
Loop inductance.......ccccoeeeererevenennnne. 152-153, 153, 154-155, 155-158, 157,159, 501
LOW [€3KAGE MOSFETS ...vviveverereeereeeteie ettt 406-409, 409
MAXIMUM POWET vttt ettt ettt ae b enens 269-272,272,277

see also power dissipation
Miller plateau (gate-drain charge (Qcp))

AAEA SNEEES ... 27,28,43, 44, 45, 46
(=1 = SRR 459, 492
GALe-AriVE AESIGN w.eeeeeeeeececeeeee ettt naes 61, 68,95, 363
half-bridge configUration ........ccccviieeceeeeeeee e 151,163, 165
SMALSIGNAL MOSFETS .ottt sttt sssesennes 430
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Mission profiles........cccceveveuee. ...67-68,68,70,72,74-78, 75-78

MOSFETS, PrOAUCE OVEMVIEW ...ttt snasaen 2627

MOEOT CONEFOL ettt ettt ettt aeaeseane 79
see also H-bridge motor controller

MOEOT AMIVE 1o 74,261,279-282, 279, 280, 281
H-bridge MOLOT AV ..ot 75-78, 75-77

Mounting base temperature
calculating maximum continuous current

........................................................................ 267,270,274-276, 275,387-389, 388
data sSheets ..o 27,30, 31-34, 33-34, 36, 40-41, 52-53, 55
FAQS abOUL data SNEELS ...t 349, 350, 351
(=1 1 = SRR 455, 455
JUNCEION EEMPETAEUTE vt 342,392-393, 392
PATAELEA GrOUDPS.....vveeeeeee ettt ane 90, 94
thermal simulation eXamplesS.......cccceeeeeeieeeecceeeeeenen 123-124, 129-130, 258
N-channel MOSFETS ....cooveeeeeeeeeeeae 29,29, 409, 409, 415, 421,421,423, 445, 452

N-channel MOSFETS load SWItChes........c.cccevveveecieeeecee 407, 407,435, 435, 436
Negative Temperature Coefficient (NTC) ..oveveveveveveverennne 51,62,94,99, 351, 352, 457
Non-repetitive drain-source avalanche current...... 105-106, 107-108, 7107, 108, 357
Non-repetitive drain-source avalanche energy.......... 30, 32, 35-36, 35,104, 106, 107

Operating Profiles ...
Ordering information..
OSCIllALIONS ..t
MELNOAS OF SUPPIESSION....veieiieiicieiiei et 156
DYPASS CAPACILOTS ...ttt 159-160, 160, 496
GAN FETS ittt eaaes 492-495, 501
ALe AriVEr FESISEANCE ..ottt enenas 164, 386
RC snubbers.... ..136-138, 137, 138, 140, 142,160, 161
OSCIllOSCOPES e 126, 148, 506-509, 506, 507, 508, 509
Output capacitance (Coss)
GaAN FETS o 459-462, 460, 463, 465, 497, 500
power MOSFETs
AAEA SNEEES ...t 43, 46, 47,385, 385

half-bridge configuration ..153, 153,155, 158-159, 159

RC SNUDDETS .. 137, 137, 138,363
SMAL-SIGNAL MOSFETS ..o 415,418,423, 426-427
OUEPUE CNArGe (Qogs) weeeeermmrerereeeeeseesrssssseesesesseseeeeseeseeeessesenes 28,155, 461, 463, 463, 465
OUEPUL ISOLAEOT MOSFETS ..ottt n s 281-282, 281
Output l0ad drive MOSFETS......oiiieeeeeeceeeeeeeeee e 278-282, 279, 280, 281
OUEPUL (POWET) LOOP 1ttt 451, 451, 496-500
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Over-current
EOS tests/failure signatures............... 181-182, 182-183, 182, 204-205, 204-205
H-bridge motor controller ........ccccoeeeveevccrerennee. 302, 303,304, 318-320, 319, 324
Half-bridge configuration .........cccceeveveieirieieieeeeee e 366-367, 366

P-Channel MOSFETs load switches

................................. 406-407, 406, 409, 434, 434, 435-436, 437, 438-439, 438, 439
Packaging factors
GAN FETS ettt et 450-451, 450, 496
power MOSFETS ..o 96, 152, 154-155, 157, 371-374, 388-390, 391-392
AAEA SNEEE <.t 26,29, 31
SMALESIGNAL MOSFETS ..ottt nnnen 408-409, 409

see also Chip Scale Packages (CSP); copper clip bond packages; wire bond
MOSFETs
Paralleled group deSIGN ...t 84-99

dynamic operation .... 92-94, 93
gate drive CONSIARTALIONS. .....c.vuieieieceeeeeeetee ettt senenas 95-96
inductive energy diSSIPALION.....c.ccvcveveeeee e 97-99, 98
liNEAr MOAE OPETALION ...ttt enaes 94-95, 95
MOUNEING AN [QYOUES.....cuieiectieeeceeretereeee e 90-92, 90, 91, 92
PACkaging CoONSIAETALIONS .....cviviveveveieiereie et 96-97
SEALIC OPETALION. v 85-89, 87, 87, 88-89, 88
Parasitic BJT turn-on ... ... 354-356, 354, 358, 363, 364, 365
Parasitic CapacitanCe ..o 71-72,71,137-142, 429, 508
Parasitic (stray) inductance (L k)
GAN FETS oot 484-485, 490, 492-493, 496-497, 497
IMOSFETS ettt ettt 137-142,157,177, 266
Pb-free (lead-free) SOIART ...ttt 373

PCBs see Printed Circuit Boards (PCBs)
Peak drain current (Ipm)

GAN FETS ottt ettt a e s et sese s e s ansend 453, 456

MOSFETS ..ot 30, 31, 36, 55, 179, 182, 350, 352, 387, 387,388
Peak drain-source avalanche pOWer (Pps(ai)m) e reeeeeerrereermrerereeeeneienenes 105-106, 7107
Peak soldering temperature, GaN FETS .......ccooeveircveeeeceeeee e 453, 456
Peak SOUMCE CUMTENE (ISM) +ovevevieeeeeeieeeeeeeeeeeteec et 30, 32,453, 456
Pinning information

GAN FETS oottt enens 450-451, 450, 451, 496, 496

IMOSFETS oottt s et esess s s s s 29,29,276
Planar EEChNOLOGIES ....vvveeeeeieeeecece e 351, 354-355, 354
Plateau voltage

power MOSFETS. ..o 45-46, 46, 48,61, 163,390-391, 390, 391

SMALESIGNAL MOSFETS ..ttt ettt 429-431
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Positive Temperature Coefficient (PTC) ... ....30, 51, 85, 89,97

Power allowance (MaxXimuUm POWET) .....c.cvvveeereeeereeeeresesesesesesesesesesessnenns 269-272,272
see also power dissipation
Power conversion, GaN FETS......ccccoovvveveeeeeceeennen. 470, 474,478-479, 482, 485-486
Power dissipation
LA SHEEES . 27, 28, 30, 31, 32-34, 34, 50-52
deSigN ENVIFONMENE ..ottt 212,220,223, 260
EOS tests/FAilure SIGNALUTES ........cvececececeeeeeee e 174
GaN FETs
junction teMPerature ......coceveveeeeeeeereeieeeene 342-343, 345, 347-349, 360, 383
LFPAK (1) 1ottt 270
LFPAKBS ettt ettt n s 246, 247
1-laYer COPPET v 228-230, 229-230, 239-241, 240-241
4-[ayers COPPET + VIaS ..cucueuerererereeereeeeeeeeeeeeeeessseens 235,236, 236-238,237-238
comparison of 2 £0 LFPAKSED........cceeveueeereveveeereereeeeeve e 244-245, 244-245
LFPAK56
T=lAY T COPPET oot 247-250, 248-250, 250
4-layers copper + Vias................. ..251-254,252, 252-254, 254
comparison Of 2 £0 LFPAKSED......cciiuieeeeeeeeeeeeeeeeeee e 242-243, 243
EESEING ettt ettt ettt ae e b e s aeneas 346
LFPAK56D
1 active MOSFETs in half bridge.......ccccoooeveveeennee. 227-228,227-228, 234-235
1-layer CopPer....ccveeeeeeeeveeennnn. 224-226, 225-226,238-239, 239

4-layers COPPET + VIBS couvveerererereereeereeeeeeseeseeseeenenans 231,232, 232-235,233-235

comparison £o 2 X LFPAK33 ... 242-243, 243

comparison £0 2 X LFPAKSE ..o 242-243, 243
LFPAK88

1-laY T COPPET et 247-250, 248-250, 250, 259

1-layer COPPEr (2 PArLS) ..o 255-256, 256-257, 260

4-layers copper + vias...... .251-254,252, 252-254, 254, 257-258, 258

MUSSION PTOFILES .e.eieeceeeeteeeeete ettt 69, 69,73
DACKAGES .ottt ettt nne 388-390, 391-393, 393
PCB lBYOULS....vvvvevcveveeeeee e 288,292-297, 292-296, 345
SMAL-SIGNALMOSFETS .ottt 439-440
Power GaN technology ......ccccoeeveveveeeveeevenenne. 470-474,474, 478-486, 480, 481-484
Power MOSFETS, ProdUCE OVEMVIEW ......vvueeiereieeeeeceeeeieeete ettt eeeeesese s 26-27
Power (output) l00P...ccvevevereree .451, 451, 496-500
Power plane.......ccccoeue... ...406, 407, 497
POWETtrain aPPliCALIONS ..c.vcvvvieeeceeceecete ettt 52,113
Printed Circuit Boards (PCBs)
DC-LO-DC AOWN-CONVETERTS ...ttt 423-424, 425
layout optimization
GaAN FETS e 484-485, 490-503, 491-493, 496-501
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MOSFETS....ccovneee 260, 288-297, 292-296, 294
PATAELEA GrOUDPS ..ottt 91-92, 91
thermal Paths.....coeveeeeeeeeeeee e 221-223, 222,260, 271, 389-390, 437
thermal resistance.......ccocoeveveevceeeeceeeeee 85-86,221-223, 260, 341, 344-345
see also H-bridge motor controller; loop inductance; packaging factors; power
dissipation
Probes
Hall effect and ROGOWSKi Dased ... 148
oscilloscopes ..506-509, 506, 507, 508, 509

Pull-up resistors 444, 445, 445

Pulse Width Modulation (PWM) circuits

H-bridge motor controller ........ccccovevvvunneee. 310-313, 310-313,318, 320, 320, 323
Half-bridge cONfIGQUrAtioN .....vviceieieeeceeececeeee e 146, 166
PATAELEA GrOUD .ttt 92-94, 93,95
SIMULBEIONS ettt s e 373-374
SMA-SIGNAL MOSFETS ..ttt sen 406
ERree-phase MOLOT ATV ...t 386
PWL (PieceWise LINEAT) FIlES .....cvvieieeeeeeeeeeeeeeeeeeeeeee e 126,127, 127

Q101 accreditation see AEC-Q101 (Automotive Electronics Council Quality System)

QUICK TEFEMENCE AALA... ettt 27-28, 27
RAAIALION 1o 213,216-217,216, 216, 222, 288-289, 290
RC snubbers
designing SNUDDETS ......c.ccveveeeeeeee e 136-143, 136, 137-139, 141
GAN FETS oottt ettt ettt s nenas 466, 466,493, 495
H-DIIAGE vttt ettt 316, 317
Half-bridge cONfIgUIration .......cceeeeivieieceieeceeeeee e 159,160, 161
RC thermal models................... 118, 120-131, 120-125, 127-130, 131, 271, 348, 359
Recovered charge (Q))
(7= 1N = SO SUSO 465, 465
MOSFETS ..ttt ettt ettt senesennas 27, 28,43, 348-349
Repetitive avalanche ruggedness........cccceeveveveveeicncnnee. 108-109, 109, 110,357, 359
HMIEING VAIUES .o 32,35-36, 35
SAfE OPEIALION v 110-111, 71711, 112-113, 360, 367
Repetitive drain-source avalanche current.........ccoovuee.... 109, 109, 110, 111,357, 360

Repetitive drain-source avalanche energy ... ...32,35-36, 35,109, 111, 359
Repetitive drain-source avalanche pOWer .......ccccceeeeeveeveveeeeen 109-110, 170,113
Resistance see Drain-source on-state resistance (Rps(on); Electrical resistance; Gate
resistance; Thermal resistance (Rn)

RESISEIVE LOAAS ...ttt ettt enee 44, 47
Resonant circuits see Ringing
Reverse current protected load switches......ooveeeeeeeeeecee 436-439, 437-439
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Reverse Polarity Protection (RPP)

POWET MOSFETS....cocvevevereeeeeeeeeeeeeee e 278, 282-283, 282-283, 305, 305
SMAL-SIGNAL MOSFETS .t 438-439, 439
Reverse recovery
GAN FETS i 465,479, 481, 481, 484, 490-491, 492
MOSFETS . 43, 47,79, 155, 166, 348-349, 363-364, 429
waveforms/oscillations.......c.cccceeeeeeveeeeennns 48,136, 137,142, 158, 168-169
Reverse transfer capacitance (Css)
.......................................................... 43, 46, 47,161,165, 384-385, 385, 459-460, 460
Ringing
GAN FETS et 493-494, 495, 496, 501-502, 501
IMOSFETS ..o 157,159-161, 316-317, 317
RISE EIMIB ettt ettt eaeeteene e 43,148, 164, 369, 370

Safe Operating Area (SOA) curves
data sheets

EOS tests .o
FAQs about data sheet................ 350, 350, 352-354, 352,359-360, 361, 387, 387
PATAELEA GrOUDPS.....vveeeeee ettt s et nenennas 94
repetitive avalanche ruggedness.......ccceeeeeveeeeeeeeeeeenennn, 110-111, 111,360, 361
single-shot avalanche ruggedness ............c.c....... 107-108, 108,112, 359-360, 361
Schottky diodes.......ccoevviieeecinennn, 306, 415-416, 416,417,419, 421-424, 421, 429
Si Insulated-Gate Bipolar Transistors (IGBTSs)
Si SuperJunction (SJ) technology...................
SiliCON CAPADILIEY ..ttt
Silicon Carbide (SiC) PrOPEILIES .....cveveveveeeveeeeeeeeeeeee ettt
SIlICON (SI) PrOPEILIES .ottt
Simulation Program with Integrated Circuit Emphasis (SPICE)
AL SNEEES ..ot 373-374
DC-to-DC converter 415-419, 416, 418, 419, 421-422, 421, 422

Half-bridge configuration .. 149, 749,160, 161, 165, 168-169, 168, 169,170, 170
thermal models...118, 120, 123-126, 125, 127, 129,131,217, 218, 342, 348, 359

Single-shot avalanche ruggedness........cccccceeveueveicecvecnnee. 104-106, 105, 107, 113, 357
MIEING VALUES .t 30, 32, 35-36, 35
SAf@ OPEIALION v 107-108, 108,112, 359-360, 361

SMALESIGNAL MOSFETS .ottt sa et se s te st sesesssesesessanas 261
DC-to-DC conversion

calculation of switching lOSSeS .......ocevevevevcvceeeeeeeeeee 428-431, 429, 430
DC-to-DC down-converters............ 414-420, 415, 416, 418, 419, 423-428, 425
DC-to-DC up- and dOWN-CONVETEETS. ......veveeeeererereeeeeceeeereeee e 422-423, 423
DC-£O-DC UP-CONVETEETS ...ttt 420-422, 421, 422
leakage behaviour ..o 402-411, 402, 403-407, 409

see also Inter-Integrated Circuit bus (12C-bus): load switches
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SOA curves see Safe Operating Area (SOA) curves

SOFE SEATE MOAE ..ttt 94,282
Source current (Is)

AL SNEEES ...ttt 30, 32

GAN FETS ettt ettt ettt ettt reeaas 453, 456

MAaXimMUM CONEINUOUS .....cuveveieieceeeeeeeeeeeeee e 266,276-278,277, 278, 280, 282
Source-drain voltage (Vsp)

GAN FETS ottt s et sb et ens 464, 464, 465

MOSFETS ettt 43,177,179, 277-278, 277, 278
SPICE models see Simulation Program with Integrated Circuit Emphasis (SPICE)
Spirito effect (hot SPOLEING) ....vvecvveiiecieieeeeeea 54,351,352-353, 352, 354, 355
Standard level MOSFETS......cccoveueunenee. 41,61-62, 61, 63, 66,377,381-382, 385, 409
Static characteristics

GAN FETS ottt 457-458, 457, 458

MOSFETS .ottt 38-42,38, 39,41, 42,273

Steady state thermals. ..217, 218,219, 220-224, 220, 276, 278

AAEA SNEEES .ttt ettt ees 37,40, 53
thermal iMPedaNnCe ... 118-119, 118, 269, 271
Storage temperature
GAN FETS ottt ettt s e es e be s se s e s esnsend 453, 456
MOSFETS ottt 30, 31, 267
Stray (leakage) inductance (L k) see Parasitic (stray) inductance (L k)
SUPPLY OR-ING ottt sans 438-439, 439
Switching losses
DC-to-DC conVersSioN.....coveeeeeveveeveenenns 414-415, 417,419, 420, 428-431, 429, 430
GAN FETS oot 479-480, 483-484, 493-494, 495, 500
power MOSFETSs.......... 153-156, 158, 161-165, 1671-165, 212, 373-374, 385, 390
see also reverse recovery
SWIECHING NOAES ...ttt 157
CAPACIEANCE ettt ettt ettt ettt e st e et et ete et ae et et te et ensetennens 500

CUTTENE sttt ettt ettt ettt et ettt et ese s essete st ese s eseesess et st easese st essssensetennns 368
MEASUTEMIENES c.evivieeeeeeeteeeeettetee ettt et eteeteete e e eseeeesseereereereens 506-508, 507, 508
switch node voltage........ccceveveveveveveeeiecicne 72,147-148, 151,161, 164, 166, 465
SWILChING-NOAE SNUDDE ..o 466, 493-495
SWiItching performanCe......cocecueveeceeecee e 43-47,370, 470, 479-480
see also Half-bridge switching; Load switches
SYNCAFONOUS FECEIFIETS ..eeeeeeeeeeeeceeeeee ettt e 165, 165, 368
SYNCFET ettt ettt ettt a e b s s s b e e b et ese s eseesesseseeseneas 146
System-on-Chip (SOC) SOIULIONS ..ottt 426
Thermal capacitance (Cep) cvoveveeereeeeeeeeeeeeeeeeeeienae 120-121, 120, 217, 219, 219, 346
Thermal characteristics
AL SNEEES ..o 36-37,37, 37, 54-55, 55
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see also thermal impedance (Zy); thermal resistance (Rih)

Thermal cCONAUCEIVIEY .....oviieiececeeeeeee e 31,214,214-215, 289, 480
see also conduction (heat)
Thermal desSign ... 75-78,212-213, 261, 267, 291, 291
see also conduction (heat); convection; power dissipation; radiation
Thermal-electrical analog.......ccoveeeveeeeceeene 120, 120, 217-220, 217, 218-220
Thermal impedance (Z)
COILABNSIEY ettt sttt a ettt s s s nnas

comparison of MOSFETSs ..
data SHEELS ..o
MAXIMUM DOWET ..ttt ettt ettt ettt et et ess et eaeete et eseesenseaeseseeseneas
RC thermal models.......ccooeviviereicnnne.
Thermal Mass (Ch) cveveverereereeeeeeeeeeeseee e
Thermal NOMENCIAEUNE ..o
Thermal propagation phenomena see Conduction (heat); Convection; Radiation
ThErmMal TESISEANCE (Rh) ceveveeeieeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt es et st s s seseeanenas 270

data sheets.......cc....... .36-37,37, 37,50, 340-345
AriFE @NGINEETING ettt sttt 375, 375
AUBLMOSFETS ottt s 228,228
junction to ambient (Rinj-amb)
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AVALANCNE EVENES ...t 109-110
paralleled groups.. .85, 86, 87-89, 88-89
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AAtA SREEES ...
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paralleled groups......

RC thermal models

thermal design ...... 220-221, 221, 245-247, 246, 257-258, 258, 259, 260, 346
mounting base to ambient........... 85, 245-246, 257-258, 260, 344,371,392, 393
PAralleled groUPS.. ... 85-91, 86, 88-89
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UIS ISSUBS ...ttt ettt ettt et et eae e s e s eeseereensenseneensens 354-355, 354
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Voltage spikes......ccocovvvvvieeiieinnns 152,156-159, 159,164,175, 349, 363, 444, 485

Waveforms see Turn-off waveforms; Turn-on waveforms

Wide Band-Gap (WBG) MaterialS......cccoveeveeeceeeeeeeeeeeeee e 470,479, 480
Wire bond MOSFETS ... 50, 96, 154, 266, 275, 344, 345
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Definitions

Draft — The document is a draft version only. The content is still under internal
review and subject to formal approval, which may result in modifications or
additions. Nexperia does not give any representations or warranties as to the
accuracy or completeness of information included herein and shall have no liability
for the consequences of use of such information.

Disclaimers

Limited warranty and liability — Information in this document is believed to be
accurate and reliable. However, Nexperia does not give any representations or
warranties, expressed or implied, as to the accuracy

or completeness of such information and shall have no liability for the
consequences of use of such information. Nexperia takes no responsibility for the
content in this document if provided by an information source outside of Nexperia.

In no event shall Nexperia be liable for any indirect, incidental, punitive, special or
consequential damages (including - without limitation - lost profits, lost savings,
business interruption, costs related to the removal

or replacement of any products or rework charges) whether or not such damages
are based on tort (including negligence), warranty, breach of contract or any other
legal theory.

Notwithstanding any damages that customer might incur for any reason
whatsoever, Nexperia's aggregate and cumulative liability towards customer for
the products described herein shall be limited in accordance with the Terms and
conditions of commercial sale of Nexperia.

Right to make changes — Nexperia reserves the right to make changes to
information published in this document, including without limitation specifications
and product descriptions, at any time and without notice. This document
supersedes and replaces all information supplied prior to the publication hereof.

Suitability For use — Nexperia products are not designed, authorized or
warranted to be suitable for use in life support, life-critical or safety-critical systems
or equipment, nor in applications where failure or malfunction

of an Nexperia product can reasonably be expected to result in personal injury,
death or severe property or environmental damage. Nexperia and its suppliers
accept no liability for inclusion and/or use of Nexperia products in such equipment
or applications and therefore such inclusion and/or use is at the customer’s own
risk.
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Applications — Applications that are described herein for any of these products
are forillustrative purposes only. Nexperia makes no representation or warranty
that such applications will be suitable for the specified use without further testing
or modification.

Customers are responsible for the design and operation of their applications and
products using Nexperia products, and Nexperia accepts no liability for any
assistance with applications or customer product design. It is customer’s sole
responsibility to determine whether the Nexperia product is suitable and fit for the
customer’s applications and products planned, as well as for the planned
application and use of customer’s third party customer(s). Customers should
provide appropriate design and operating safeguards to minimize the risks
associated with their applications and products.
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Nexperia does not accept any liability related to any default, damage, costs or
problem which is based on any weakness or default in the customer’s applications
or products, or the application or use by customer’s third party customer(s).
Customer is responsible for doing all necessary testing for the customer’s
applications and products using Nexperia products in order to avoid a default of
the applications and the products or of the application or use by customer’s third
party customer(s). Nexperia does not accept any liability in this respect.

Export control — This document as well as the item(s) described herein may be
subject to export control regulations. Export might require a prior authorization
from competent authorities.

Translations — A non-English (translated) version of a document is for reference

only. The English version shall prevail in case of any discrepancy between the
translated and English versions.

Trademarks

Notice: All referenced brands, product names, service names and trademarks are
the property of their respective owners.
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