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Introduction

Drawing on over 20 years’ of experience, the Power MOSFET
Application Handbook brings together a comprehensive set of learning
and reference materials relating to the use of power MOSFETs in real
world systems. MOSFETs are used in a range of fields, from automotive
and industrial to computing, mobile and power supply, all of which
have influenced the development of the material presented within
this handbook.

This book is aimed at engineers from any industry who have need or
interest in increasing their understanding of how to design with power
MOSFETs. The knowledge shared within this reference guide has been
collected and developed through years of working with many different
engineers from many different companies to solve real problems.
Although MOSFET technology has moved on significantly in the last
decades, many of the challenges facing designers remain the same.
The goal of this book is to give insight into the sometimes confusing
and complex behaviour of power MOSFETs and provide engineers
with the information necessary to solve common problems and avoid
potential pitfalls.

Further product information and recently published application notes
can be found at www.nxp.com/mosfets

15
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Chapter 1: Understanding power MOSFET data sheet parameters

Chapter 1: Understanding power
MOSFET data sheet parameters

1.1 Introduction

This chapter explains the parameters and diagrams given in an NXP Semiconductors Power
MOSFET data sheet. The goal is to help an engineer decide what device is most suitable for
a particular application.

It is 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 chapter, the data sheet for
the BUK7Y12-55B is used as an example. BUK7Y12-55B is an automotive-qualified part in
an SOT669 (LFPAKS56) package, with a voltage rating of 55 V.

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

NXP 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.

1.2 Data sheet technical sections

1.2.1 Product profile

This section provides the overview of the device; giving the designer the key information
regarding device suitability. The general description describes the technology used; key
features and example applications are listed.

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”.

18



Chapter 1: Understanding power MOSFET data sheet parameters

Table 1. Quick reference data

Symbol Parameter Conditions Min Typ Max Unit
Vs drain-source voltage T,>25°C; T, <175°C - - 55 v
V..=10V; T =25°C;
I drain current a8 > “mb G - - 61.8 A
Figure 1
total
ot power T = 25°C; Table 3 -~ 105 W
tot dissipation mb
Static characteristics
drain-source on-state V__=10V;1 =20A;
as Db ’ - 82 12 Q
DS(on) resistance TJ. =25°C; m
Dynamic characteristics
I,=20A;V, =44 V;
Q. gate-drain charge \';GS ~ 10 ,V; DS ’ - 148 - nC
Avalanche ruggedness
non-repetitive drain [[=61.8A; Vsup <55V,
EDS( Ays  source avalanche R,=50Q;V  =10V; - - 129 mlJ
energy T.. . =25 °C: unclamped

j(init)

19




Chapter 1: Understanding power MOSFET data sheet parameters

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 last two columns.
All entries conform to 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 issues together with
their interpretation:

Vs - 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.

I, - 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 V  of 10 V.

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

Ryson (drain-source on state resistance) - the typical and maximum resistance of the device

in the on-state under the conditions described. Risom varies greatly with both T, and the gate-

source voltage (V). Graphs are provided in the data sheet to assist in determining Risom

under various conditions.
Q,,,, (gate-drain charge) - an important switching parameter that relates to switching loss,

along with Q¢ and Qo Quin is inversely proportional to R therefore choosing an

DS(on)’
appropriate balance between Rosom and Q_,, is critical for optimal circuit performance.

Q_,; (output charge) - an increasingly important switching parameter in modern MOSFETs,
as the other switching parameters have been optimized.

Epsans (non-repetitive drain-source avalanche energy) - describes the maximum energy
allowed in any voltage spike or pulse that exceeds the V  rating of the device. Exceeding
this rating, runs the risk of damaging the device. This parameter describes what is commonly
referred to as “ruggedness” that is the ability of the device to withstand overvoltage events.

20



Chapter 1: Understanding power MOSFET data sheet parameters

1.2.2 Pinning information

This section describes the internal connections and general layout of the device. Note that the
symbol is for an enhancement 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 MOSFETs. N-channel power MOSFETs have the body diode
between drain and source, as shown in Table 2.

Table 2. Pinning

Pin Symbol Description Simplified outline Graphic symbol

1 S source b
2 S source
3 S source G
4 G gate

mbb076 S
mb D mount base: connected to drain

1.2.3 Ordering information

The ordering section provides information on how to order the device.

1.2.4 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 (IEC60134). 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 V_ rating can be exceeded.

To calculate how the limiting values change with temperature, they are read together with the
derating curves provided.

The limiting values table for the BUK7Y12-55B is given as an example of a standard
limiting values table, in Table 3.

21




Chapter 1: Understanding power MOSFET data sheet parameters

Table 3. Limiting values

In accordance with the absolute maximum rating system IEC 60134

Symbol Parameter Conditions Min Typ Max Unit
Vis drain-source voltage T,>25°C; T, <175°C - - 55 A%
Vier drain-gate voltage R, =20Q - - 55 v
Vs gate-source voltage 20 - +20 V
VGS=10V.;Tmb=25 C; i i 618 A
) Table 1; Figure 1
I drain current V 10V T = 100°C:
as T T - - 437 A
Table 1 7
. Ve =10V, T =25°C;
Ly peak drain current plflsse d: Fi ureb 1 - - 247 A
total
P o power T =25°C - o105 W
fot dissipation mb
e storage temperature =55 - +175 °C
T. junction temperature =55 - +175 °C

J

Source-drain diode

I source current T, =25°C - - 61.8 A

t <10 ps; pulsed;

L, peak source current T =25 - - 247 A
Avalanche ruggedness
non-repetitive [,=61.8A; Vsup <55V,
EDS( ALS drain-source R, =50Q;V =10V - - 129 mJ
avalanche energy T iy = 25 °C: unclamped
repetitive
E drain-source see Figure 3 [1][2][3] - - - m)J

DS(AL)R

avalanche energy

[1] Single pulse avalanche rating limited by a maximum junction temperature of 175 °C
[2] Repetitive avalanche rating limited by an average junction temperature of 170 °C

[3] Refer to application note AN10273 (Chapter 2 of this book) for further information
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Chapter 1: Understanding power MOSFET data sheet parameters

Vs (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
BUK7Y12-55B, the temperature range is from +25 °C to +175 °C. For operation below

25 °C, the V  rating reduces due to the positive temperature coefficient of avalanche
breakdown. This is covered in Section 1.2.4.1 of this chapter.

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

Gate-oxide lifetime reduces with increasing temperature and/or increasing gate voltage. This
means that V  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.

V6r (drain-gate voltage) is typically the same value as the V  rating.

I, (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 (T, ), the thermal resistance (R) of the device, and its Rigon 8t
maximum T,

Note that some suppliers quote the “theoretical” silicon limit, while indicating the package

limited limit in the characteristic curves.

I,y (peak drain current) - the maximum drain current the device is allowed to carry for a

pulse of 10 ps or less.

P... (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 BUK7Y12-55B.
In other words, P indicates how good the thermal conductivity of the device is, and its
maximum allowed junction temperature.
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Chapter 1: Understanding power MOSFET data sheet parameters

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 - LFPAK
MOSFET thermal design guide. AN10874 (Chapter 4 of this book) describes different
techniques that can be used during the design phase to ensure that the PCB layout provides
optimum thermal performance.

Tstg (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.

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

I (source current) - the maximum continuous current of the MOSFET body diode, which is
briefly discussed in Section 1.2.2. The same considerations apply as for I ..

I\, (peak source current) - the maximum current pulse that the MOSFET body diode is
guaranteed to carry. The same considerations apply as for [ .

Epsans (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 T, 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 1.2.4.3 of this chapter.

Epsaur (Tepetitive drain-source avalanche energy) - the maximum amount of energy
allowed in any single avalanche event when there is more than one avalanche event. There
are thermal constraints on a repeated avalanche operation that are in Section 1.2.4.3 of
this chapter. 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 1.2.5. Avalanche performance is

covered in detail in application note AN10273 (Chapter 2 of this book).
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Chapter 1: Understanding power MOSFET data sheet parameters

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

1.2.4.1 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.

1.2.4.1.1 Continuous drain current

The followings procedure serves as an example to calculate the maximum continuous drain
current for the BUK7Y 12-55B. 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 fora T  of 75 °C, the maximum continuous drain current has reduced
from 61.8 A, listed at 25 °C, to 50 A.

The maximum current at any T . is the current that increases T; to the maximum allowed
temperature (175 °C). P=1* x Risiom
RDS(OH) used is the maximum value for the maximum Tj. Therefore, the allowed current is
proportional to the square root of the allowed power dissipation.

represents the power dissipation at T, where the

25




Chapter 1: Understanding power MOSFET data sheet parameters

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:

2 Ii—= T
(1) I (Tmb)‘x_%
T;.—ZS [

. T—T
(2) ;D{-Tnlf!} = ’(;)(25 C) X __]_m:?
T,-25 C

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

003aac507

100
Ip
(A)
75
\
50 \\
\\
25
0
0 50 100

50 200
Tmb (°C)

Fig 1. Continuous drain current as a function of mounting base temperature

1.2.4.2 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.
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Chapter 1: Understanding power MOSFET data sheet parameters

Example:

By observing the curve in Figure 2, the allowed power dissipation fora T, of 75 °C is
approximately 66 % of that allowed at 25 °C.

The graphic data in Figure 2, shows the maximum continuous power dissipation (P,_) 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:

o r -7
oo g 5
(3) P!m(fmb) = P,m(25 C ) b4 —J‘—”L

1 = 25 (C
120 03na19

Pder
(%)

80 \\

\\
40 \
\\
N
0
0 50 100 150 200
Tmp (°C)

Fig 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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Chapter 1: Understanding power MOSFET data sheet parameters

1.2.4.3 Avalanche ruggedness
Avalanche ruggedness is covered in detail in AN10273 (Chapter 2 of this book).

102 T T T T T 11T aaa_00246g
o —
ST T TS
IaL :maximiJm avalanc‘h(‘-:‘ ‘p‘u‘lﬁt‘e INC
(A) 60 ps Ny N
s o
IN40 A avalanche pulse \
10 \\ 200 ps ™N
ANy
N N
2
™ '\( :
\~~
™N

1 \\ TN

(3

~\( )
\\\

10°"1
103 102 101 1 10

taL (ms)

Single-shot and repetitive avalanche rating

(1) Single pulse; T, =25 °C

(2) Single pulse; T, = 150 °C

(3) Repetitive

Fig 3. Avalanche current as a function of avalanche period

A simple example for the BUK7Y 12-55B, using the information in AN10273 (Chapter 2 of
this book), is extracted from the limiting values Table 3:

With[ =61.8A,V_<55V,R =50Q,V_=10VandT = 25°C unclamped, the
sup GS GS

j(init)
maximum E g, <is 129 mJ.
An avalanche event has a triangular pulse shape, so the average power is calculated as

(0.5 %V x 1)

AN10273 (Chapter 2 of this book) states that the assumed breakdown voltage is 130 % of the
rated voltage (55 V x 1.3).
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Chapter 1: Understanding power MOSFET data sheet parameters

Figure 3 shows a maximum current of just above 60 A at 25 °C (the limiting values Table 3
shows that it is actually 61.8 A).

The time for the maximum avalanche energy can be read from Figure 3 as 60 ps.

This means that the maximum avalanche energy allowed is: 0.5 x (55 V x 1.3) x 61.8 A x 60
pus =133 ml.

This value is approximately the 129 mJ quoted in the limiting value Table 3.

If a competitor quotes avalanche energy at 40 A, the graph shows that the avalanche time is
now 200 ps. The avalanche energy is now 0.5 x (55 V % 1.3) x 40 A x 200 pus =286 mlJ.

Ruggedness events lie outside the Safe Operating Area (SOA).

1.2.4.4 Safe Operating Area (SOA)

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

3 003aad475
10

! !
T T
1o (A) [ Limit Rogon = Vos / Io =
S
3 —
102 t,=10 s
=
] 100 s
10 ™~ T~ \
1ms
~ ]
DC T
1 \\\‘ 10 ms
100 ms
107

1 10 10? 10°
Vbs (V)

Fig 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 1.3.1).
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Chapter 1: Understanding power MOSFET data sheet parameters

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 Figure 5. 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.

Table 4. Characteristics table

Symbol Parameter Conditions Min

thermal resistance from junction

) . see Figure 5 - - 142 K/W
th(-mb) — to mounting base
10 003aac479
Zih (-mb)
KW)  -5-05
1
0.2 T
0.1 —] :’—
. e
10
£0.05—— = H
o [
0.02 Bgi P d== |
/
10-2 |_ —| i
—single shot | L H
»Lti* t H
T— I
102 1T T I
10°® 10 10 103 102 10"

Fig 5. Thermal characteristics
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Thermal resistance (R ) and thermal impedance (Z,) 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 R . Equation 4 represents the temperature rise for a
particular power dissipation:

4) A= |Z:h(;'—mb)] x Power

A worked example is discussed in the appendix (Section 1.3.1.2).

1.2.6 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 BUK7Y12-55B unless otherwise stated.

1.2.6.1 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

List of constants and limitations relating to the table i.e. voltages, currents and
temperatures

Symbol Parameter Conditions Min Typ Max  Unit
drain-source I =250 pA; V=0 V;Tj =25°C 55 - - Vv

Vowoss ‘:):)elit:gdeown I[,=250 pA; Vi =0 V;T,==55°C 50 - - \Y
gate-source [,=1mA;V = VGS;TJ. =25°C 2 3 4 A%

Vcsm.) threshold I,=250mA; V =V Tj=-55°C - - 4.4 \%
voltage [,=1mA;V =V T =175°C 1 - - \Y%
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Table 5. Static characteristics...continued

List of constants and limitations relating to the table i.e. voltages, currents and
temperatures

Symbol Parameter Conditions Min Typ Max Unit
[ drain leakage Vs =55V; V=0V, T =25°C - 0.02 1 HA
DSS — . — f = 0
current Vi =55ViV=0V;T=175°C - - 500 pA
I gate leakage Vs =0V Vi =20V, T, =25°C - 2 100 nA
o current Vi =0V; Vi =20V;T,=25°C - 2 100 nA
drain-source Vi =10V I, =20 A; Tj =175°C; - - 276 mQ
R on-state
DSton) . V..=10V;I =20A;T.=25°C; - 82 12 m Q
resistance GS D i

Virpss, (drain-source breakdown voltage) - an expansion of the parameter listed and
explained in Section 1.2.4. This section lists the maximum 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 BUK7Y 12-55B, is guaranteed to be below 250 pA
for the voltage and temperature range. The range is 50 V or less if the device is cooler than
+25°C, and 55 V or below 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.

Vs (ate-source threshold voltage) is important for determining the on-state and the oft-
state of the MOSFET. V- is defined where V.=V ., although it is sometimes quoted for
afixed V¢ (e.g. 10 V).

GS?

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 MOSFET
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 support the parameter.
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Fig 6. Supporting figures for threshold voltage parameter

The first graph shows the variation in the threshold voltage for the typical and limit devices
over the rated temperature range. All the MOSFETs are guaranteed to have a threshold

voltage between the lines.

Consequently, for the BUK7Y12-55B at 25 °C, if V|, and V _ are both less than 2V, all
devices carry less than 1 mA. Also, all devices carry more than 1 mAif V  and V g are
both greater than 4 V. At 175 °C, the lower limit has fallen to 1 V, while the upper limit has
fallen to 2.5 V. The lower limit is usually more important as it determines when the device is
guaranteed to be turned off, and what noise headroom an application needs.

The second graph shows how the device turns on around this threshold voltage. For the
BUK7Y12-55B, 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.
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Iss (drain leakage current) guarantees the maximum leakage current that the device passes
at its maximum rated drain-source voltage during the off-state. It is important to note how
much higher [ 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 I
the device turned on. Because it is a leakage current through an insulator, this current is

is important when calculating how much current is required to keep

independent of temperature, unlike I .

Ryson (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.

R (o 18 @ 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 R ¢ I,? gives the power dissipated in the MOSFET when it is turned fully

on. Power MOSFETs 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 R increases proportionally.

DS(on)

Maximum recommended junction temperature is 175 °C (for all NXP packaged MOSFETSs).
Using the BUK7Y12-55B data sheet as an example:

R, iy t€Mperature rise per Watt between junction (die) and mounting base = 1.42 K/W

(1.42 °C/W).
Maximum power dissipation for temperature rise of 150 K (T , =25 °C, Tj =175°C)=
150442 = 105.63 W.

Maximum R at a die temperature (Tj) of 175 °C = 27.6 mQ.

DS(on)
Therefore, at steady state with T =25 °C and T, =175 °C,P=105.63 W
=] 2xR

X DS(on)(175 °C)"

Therefore:
7 = Pimaxyi7soc _  [105.63W
e Rpsiomizsec 0.0276Q2

=61.86 A (rounded down to 61.8 A in the data sheet).
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The R, of the MOSFET depends on gate-source voltage, and there is a lower value below

which it rises very sharply. The ratio of the R

DS(on)

for different gate drives. The red dashed line in Figure 7 shows the curve for a higher
temperature and demonstrates the differences.

increase over temperature is different

aaa-002470
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This diagram is for illustrative purposes only and not to be taken as an
indication of hot R, _performance for any device

Fig 7. Drain-source on-state resistance as a function of gate-source
voltage at 25 °C and high temperature

If an application requires good Rigom performance for lower gate-source voltages, then
MOSFETs are made with lower threshold voltages, e.g. the BUK9Y 12-55B. 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.

A typical curve showing how resistance increases with temperature is shown in Figure 8.
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Fig 8. Normalized drain-source on-state resistance factor as a function
of junction temperature

1.2.6.2 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.
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Table 6. Dynamic characteristics

List of constants and limitations relating to the table i.e. voltages, currents and
temperatures

Symbol Parameter Conditions Min Typ Max Unit
Queon total gate charge [,=20A;V =44V, - 352 - nC
Qqs gate source charge V=10V - 9.24 - nC
Q. gate drain charge - 14.8 - nC
C.. input capacitance V=25V, V=0V, f=1 - 1550 2067 pF
C,. output capacitance =~ MHz; T;=25°C - 328 394 pF
C revers.e transfer i 153 210 pF
s capacitance
T dom) turn-on delay time V=30V, V. =10V; R - 19.3 - ns
T rise time LSRR, =10Q - 294 - ns
T orr) turn-off delay time - 432 - ns
T, fall time - 22 - ns

1.2.6.2.1 Gate charge

Qo Qus> and Qg 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 9:
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Fig 9. Gate charge curve also showing drain-source currents and voltages
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Because the capacitance varies with voltage and current, it is better to look at the gate charge
data than the capacitance data when determining switching 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 (Q_,).

During this period, there are significant currents and voltages between the drain and source,
so Q,,, 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 Q¢ 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 (V= 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 (V) is
supplied between the source and drain.
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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 Q.
The higher the current is, the higher the plateau voltage (see Figure 10).

aaa-002472
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Fig 10. Features of gate charge curve

1.2.6.2.2 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:

* C, (input capacitance) is the capacitance between the gate and the other two terminals

(source and drain).

* C . (output capacitance) is the capacitance between the drain and the other two terminals

(gate and source).

* C, (reverse transfer capacitance) is the capacitance between the drain and the gate.
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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 11). 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 9).

The relationship between charge, voltage and capacitance in the gate charge curve is AQ
= AC x AV. For different gradients at different gate voltages, the capacitance changes
significantly with gate-source voltage.
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Fig 11. Capacitances as a function of drain source voltage

1.2.6.2.3 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. 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.
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1.2.6.3 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 contributes to the power losses as well as oscillation,
which can cause EMC concern.

1.2.7 Package outline

This section describes the package outline dimensions and tolerances.
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1.3. Appendices

1.3.1 Safe Operating Area (SOA) curves

To highlight the key features, Figure 12 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.

102 aaa-002473
(2)
Ips 7/ ®3)
(A) 1) ;l WN
U/ v ()
10
(5)
(4)
1
10"
1 10 102 103
Vps (V)
€)) Rigom limit (V /I, is constant)

(2) Maximum pulsed drain current (I, is constant)
(3) Maximum pulsed power dissipation (V¢ < I is constant)
(4) Maximum allowed voltage (V  is constant)

(5) 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

Fig 12. Idealized SOA curve at a single time pulse for hypothetical MOSFET
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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.

Rpsion limit

R is region (1) of the graph and Equation 6 represents the limiting line:

DS(on)
Vbs o
DS

(©) T < Rpson (175 ©)
Ds

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 R o -

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 power dissipation. 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 1.2.5.

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.

Lo omie—iT
(NP =1IpxVphg= —M = Constant

Zh(j-mb)
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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.

Thermal runaway in linear mode

Power MOSFETs 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 MOSFETs 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 13. 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
» 175 °C
4
ZTC point
positive temp.
coefficient ,T
£
\,
- -
Vgs (V)
aaa-002474

Fig 13. Transfer characteristics for a hypothetical MOSFET, showing regions
of positive and negative temperature coefficient
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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 V__, there is a critical current below which there is a positive-

DS’
feedback regime and a subsequent risk of thermal runaway. Above this critical current,
there is negative feedback and thermal stability. This critical current 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 V¢ which is shown in region (4). The

quick reference data provides values for V ¢ at temperatures of 25 °C and above. In the
hypothetical MOSFET shown in Figure 13, the rating is 100 V. For the BUK7Y12-55B, the
voltage is 55 V.

1.3.1.1 Safe operating area for temperatures above 25 °C

When taking measurements from the SOA curve there are two main assumptions:
1. Operation temperature of 25 °C

2. It is a rectangular pulse

However, some pulses are not rectangular and do not occur at 25 °C. For these instances, the
use of Equation 8 can be used.

®) I:,i(rr'se)max = Y;f[max)_‘?

: 2
Jlamb) — 3

B v

o)
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Where T e is the maximum die temperature of 175 °C and T b is the ambient temperature
of the system. For example, in automotive applications, the two main ambient temperatures
used are 85 °C for in-cabin (inside the driver compartment) and 105 °C for under the hood
(near and around the engine).

It is worth noting that using the ambient temperature in calculations for worst case analysis,
can be misleading. It is misleading because the temperature of the MOSFET mounting

base before it is switched on can be higher. For example, a design has 10 MOSFETs and 9
are powered. The mounting base temperature of the 10th MOSFET (which is off) is likely

to be similar to that of the other 9 MOSFETs that are ON. So if the ambient is 105 °C, and
the mounting base temperature of the 9 MOSFETs that are ON is 125 °C, T b of the 10th
MOSFET is 125 °C and not 105 °C. Calculations under these conditions are conservative and

are more suitable for worst case analysis (Equation 9).

©) ?}(rf.\‘e}mﬁx - ?}(nmx] B Tj{amb] - Pﬂv : Zﬂ?(fm,)

Note: Use R imb) instead of Z in a DC application (not pulsed). Above approximately

100 ms, Z is indistinguishable from R .
1.3.1.1.1 Example calculations
Calculate the max DC I, for a BUK9277-55A, with V=40V at 25 °C

Rewrite Equation 10 to bring out I ¢ as the main subject (P__ is the average power, and is I
x V¢ for the DC situation). As it is a DC situation, replace Z, with R .

10 Tvisey = Ips* Vps X Zyp(av)

(11) . }.,z'(r‘fse) = I,
Vps* Ry

az 175 °C-25°C

40V x 293 K/ W L

Therefore, the maximum DC current rating for these conditions is 1.28 A.
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1.3.1.2 Example using the SOA curve and thermal characteristics
Consider the following application during linear mode operation:

» Device BUK7Y12-55B, square current pulses of the following:

-1 . =20A
pulse

-V =40V
pulse

—f=2kHz

e = 100 ps

~T,, =25°C

1.3.1.2.1 Calculation steps

The SOA curve 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, 40 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 us pulses.
These values give a duty cycle of 0.2. The SOA curve demonstrates that for 100 ps, the line
with the duty cycle (9) has a transient thermal impedance of 0.4 K/W.

The power dissipation for the square pulse is 20 A x 40 V, which equals 800 W.

Using Equation 8, the temperature rise for the 100 ps pulse is calculated as being 800 W

x 0.4 K/W, which equals 320 K. With a starting temperature of 25 °C, the temperature rise
results in a finishing temperature of 345 °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 ps pulse is 0.1 K/W. As a result, the temperature rise is 800 W x 0.1
K/W which equals 80 K. The finishing temperature is then 105 °C for a starting temperature
of 25 °C. The device is able to withstand this, thereby confirming what the SOA curve
already indicated.
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1.3.1.2.2 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
derated, as the allowed temperature rise 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.

Because of the effects of linear-mode operation, the current is maintained but the allowed
drain-source voltage is derated.

The 100 °C derating for the BUK7Y 12-55B is shown in Figure 14.
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Tumg = 25 °C; Ip is single pulse
Fig 14. SOA curve showing derating for 100 °C
Example:
Is a 1 ms pulse of 30 A and 15 V allowed at 100 °C for the BUK7Y12-55B?

At 25 °C, it can be seen that a V_ of 20 V is allowed for 30 A, and 1 ms. Therefore, at
100°C, a V of 10 V is allowed.

A 1 ms pulse of 30 A and 15 V at 100 °C is outside the permitted safe operating area and is
consequently not allowed.
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Chapter 2: Power MOSFET single-shot
and repetitive avalanche ruggedness
rating

2.1 Introduction

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
Epsans 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.

2.2 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 is independent
of the number of avalanche events.

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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2.3 Understanding power MOSFET single-shot
avalanche events
The researchers and the industry have established single-shot avalanche capability of a

device (sec 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 voltage R source T Vpp

001aaj764

Fig 1. Unclamped inductive load test circuit for MOSFET ruggedness evaluation

2.3.1 Single-shot UIS operation

A voltage 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 (V). 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 (V) until the load current reaches zero, as illustrated in Figure 3. Typically, V _ is:

(1) Vpr~ 1.3 % V(pr)pss

The peak load current passing through the MOSFET before turn off is the non-repetitive
drain-source avalanche current (Ipseanys) of the UIS event. Insans 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‘IDS{AL)S _VBR " VDD

2
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The peak drain-source avalanche power (P AL)M) dissipated in the MOSFET is shown in
Figure S. It is a product of the breakdown voltage (V) and the non-repetitive drain-source
avalanche current (I ,, (); see Figure 3 and Figure 4. The avalanche energy dissipated is
the area under the P, , waveform and is estimated from the following expression:

3) E Ppscanym X tar

DS(AL)S P

or

ViR
S Epscarys = - LI

1
el DS(AL)S
2 Vgr—Vpp 5}

Another crucial parameter involved in a MOSFET avalanche event is the junction
temperature. After the avalanche event (1) has begun, the following expression is used to
determine the transient junction temperature variation during device avalanche at a given
time:

T
(5) AT(x) = [P V(r)%"—"!d:

Y A dt
0

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

7 2 ;
©) Mj{mm-) & }P DS(aL)MEh(r i72)

Assuming that T )
half the avalanche period ¢, .

occurs att,; /2, Zinieyyr2y the transient thermal impedance measured at

Therefore, the maximum junction temperature resulting from the avalanche event is:

~AT.

) I}(mﬂx) J(max) -

5

where Tj refers to the junction temperature prior to turn off.
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2.3.1.1 Single-shot UIS waveforms

Ves

ON OFF

time

001aaj765

Fig 2. Gate-source voltage, V
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Fig 3. Drain-source voltage, V
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Fig 5. Peak drain-source avalanche

power, PDS( ",
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Fig 6. Transient junction temperature profile of MOSFET during an

avalanche event
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2.3.2 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 derated from the maximum temperature for
optimum reliability.

Blackburn (see Ref. 2) has discussed a general guideline in detail, on the 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,
T of 175 °C, is never exceeded. Using Equation 7, Figure 7 is plotted.

j(max)

001aaj770

102
——
I ™~
Ti=25°C
IAL ~ )
(A) N
\\ \\\
-
S~ T=150°C
™~
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™~
\\\
1
102 101 1 10
taL (ms)

Fig 7. Single-shot avalanche ruggedness Safe Operating ARea (SOAR) curves of
BUK764R0-55B limitedtoa T, of 175°C
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Figure 7 shows the SOAR curves of a device single-shot avalanche capability. The 25 °C

junction temperature curve shows the maximum allowable I for a given t,; at an initial

DS(AL)S
T, of 25 °C. This maximum I, results to a maximum allowable junction temperature T, of

(max)
175 °C, which means a ATj(max) of 150 °C.

The area under the SOAR curve is the Safe Operating ARea (SOAR). Similarly, the 150 °C
junction temperature curve is the maximum operating limit for an initial T, of 150 °C. The
maximum value of Insans induces a AT, of 25 °C, resulting in a T e of 175 °C. Again
the area under the curve is the SOAR.

The maximum junction temperature resulting in catastrophic device avalanche failure is
approximately 380 °C, which is in excess of the rated T o of 175 °C. However, operating

beyond the rated T, o) MAY induce long-term detrimental effects to the power MOSFET and
is not recommended.

2.4 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. It is 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 (Rth(j-a) and Rthd_mb)) of the system during the
avalanche event. However, it is possible to derate the single-shot rating to define a repetitive

avalanche SOAR.
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2.4.1 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 (V. ) and drain current (I)) passing through the load are the same as for a single-shot
UIS. However, the peak I is now denoted as repetitive drain-source avalanche current

(IDS( An)> @ shown in Figure 9.

The repetitive drain-source avalanche power (P, ) resulting from the repetitive UIS
operation is shown in Figure 10. For finding the value of Posanr it is necessary to first
calculate Epsans for a single avalanche event using Equation 3. This resultant value of

E sanys 18 substituted in the following expression, to calculate the value of P, o

(8) Ppscaryr = Epscarys xf

2.4.1.1 Repetitive UIS waveforms

Ves
VBR |-~
V(BR)DSS [~ ~
|—| |—| IDS(ALR |-~
i time
ime .
001aaj771 taL 001aaj772
Fig 8. Gate pulse, V Fig 9. Drain-source voltage, V
and repetitive drain-source
avalanche current, IDS(AL)R
b
P .
b Ti
[l __
5
PpsaLM [F——1 | Ti(init) Tiav)
N '\IA '\IA Pps(aL)r Tmb
o e time time
AL 001aaj773 taL 001aaj774
Fig 10. Repetitive drain-source Fig 11. Transient junction temperature
avalanche power, PDS<AL)R components of MOSFET during

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

The temperature (Tj(inh)) comprises the mounting base temperature (T ) and the temperature
rise resulting from any on-state temperature difference (AT ).

©) 1':;"(:':"n'j‘) = Tmb+‘ﬁTon

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

(10) AT, = Ppgiaryr * Reng-a)

where R 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, T, of a power MOSFET in repetitive UIS operation.

(AV)

W L = Lamn + AL

2.5 Repetitive avalanche ruggedness rating

Following extensive investigation, it is clear 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 (" AL)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.

Figure 12 shows the single-shot and repetitive avalanche SOAR curves of BUK764R0-55B,
where ‘Rep. Ava’ represents the ‘repetitive avalanche SOAR curve’.

59




Chapter 2: Power MOSFET single-shot and repetitive avalanche ruggedness rating
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Fig 12. Single-shot and repetitive avalanche SOAR curves of BUK764R0-55B
limitedto T, _ of 175°Cand T, ,, of 170 °C, respectively

j(max

The two conditions which must be satisfied for safe operation of a power MOSFET under

repetitive avalanche mode are:
L Inganr should not exceed the repetitive avalanche SOAR curve

2. T ... should not exceed 170 °C

iAav)

2.6 Conclusion

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

The following examples examine cases of avalanche operation acceptance:

2.7.1 Single-shot avalanche case

* Device: BUK764R0-55B; see Figure 12
«L=2mH

¢ IDS(AL)S = 40 A

. Rth(j-a) =5K/W

* V(BR)DSS = 55 V

+V,,=0V

2.7.1.1 Calculation steps

1. Using the above information, t,; can be determined using Equation 2, which in this case
is 1.11 ms. Transferring the I,; and t,; conditions onto Figure 12, the operating point is
in between the T,=25°C and T, =150 °C SOAR curves. It suggests that the operating
condition may be feasible.

using Equation 6, where Z in the data sheet is

2. To check, calculate the ATj(max) B(S56 )

approximately 0.065 K/W. It gives a AT of 124.8 °C.

Based on the above calculations, the operating condition is acceptable if the device
T, <50°C.

2.7.2 Repetitive avalanche case
* Device: BUK764R0-55B; see Figure 12

*L=0.5mH

¢ IDS(AL)R = 6 A

e f=3kHz

. Rmo_a) =5K/W
* T =100°C

* V(BR)DSS = 55 V

*V,,=0V
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2.7.2.1 Calculation steps

1. From the above information, t,
is approximately 0.042 ms. Transferring the I, and t, conditions onto Figure 12, the
operating point is under the boundary of the ‘Rep. Ava’ SOAR curve. It suggests that the

operating condition is acceptable. Therefore, condition 1 is satisfied.

can be determined using Equation 2, which in this case

2. Calculate the non-repetitive drain-source avalanche energy (EDS( ALye) Using Equation 3
(Epgans = 9 mJ).

3. Calculate the repetitive drain-source avalanche power (P ,, .) using Equation 8
Ppsane = 27 W).

4. Calculate the average AT, rise from repetitive avalanche (AT)) using Equation 10
(AT, =135°C).

5. Determine the average junction maximum temperature in repetitive avalanche operation
(TJ.( AV)) using Equation 11 (Tj T 235 °C). Therefore, condition 2 is not satisfied.

Based on the above calculations, the operating conditions meet the first requirement but not
the second requirement for safe repetitive avalanche operation. It is because the maximum
T. ., exceeded 170 °C.

iav)
To make the above operation viable, the design engineer has to satisfy the second condition
by reducing T, sy It can be achieved by improving the heat sinking of the device. Reducing
R from 5 K/W to 2.5 K/W gives a T, of 167.5 °C, satisfying condition 2 for safe
repetitive avalanche operation.

(AV)
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Networks of resistors and capacitors can be used to create a Foster RC thermal model. The
model represents the thermal performance of a MOSFET within a SPICE environment. This
chapter provides some basic theory behind the principle, and how to implement Foster RC
thermal models. For convenience, Foster RC thermal models are referred to as RC models
in the rest of this chapter. Here we describe several methods of using RC thermal models,
including worked examples.

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 Z, 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 s i.e. steady-state, has reached
thermal equilibrium and the Z _ plateaus becomes the R . The Z_ 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, . ) from the
BUK7Y7R6-40E data sheet, has been included in Table 1. The Z, in Figure 1 also belongs

to the BUK7Y7R6-40E data sheet.
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thermal resistance
Ryimy  from jgnction to see Figure 1 - - 1.58 K/W
mounting base
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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. R, . Again the temperature rise is the product of the power and the R .
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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 T, is to apply the convolution integral.
The calculation expresses both the power pulse and the Z, curve as functions of time,
and use the convolution integral to produce a temperature profile (see Ref. 2).

T

d
Ti(risey = _[P{r)-mzrh(f—f)df
0

However, this is difficult as the Z___  is not defined mathematically.

th(t-t)
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 the waveform accurately.

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

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.
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Electrical R = resistance I = current C = capacitance
(R=V/I) (Ohms) VEPDOOIS) o ps) (Farads)

C,, = thermal
capacitance
(thermal mass)

Thermal R, = thermal K = temperature W = dissipated
(R,=K/W) resistance (K/W) difference (Kelvin) power (Watts)

The RC thermal models discussed are Foster Models. These 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.

R1 R2 Rn
: ,
C1 C2 Cn
= =
aaa-010334

Foster RC models have the benefit of ease of expression of the thermal impedance Z, as
described at the end of Section 3.2. For example, by measuring the heating or cooling curve
and generating a Zm curve, Equation 2 can be applied to generate a fitted curve Figure 3:

)
rh(r) Z R *[ - QI,U(—T—)]
i=1 :
Whers:ix = R.*'C

]
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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 optimized until the time response matches the transient system response by applying a
least square fit algorithm. It allows application engineers to perform fast calculations of the
transient response of a package to complex power profiles.

[33£2]
1

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.
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NXP provides Foster RC models for most of their Automotive Power MOSFET products.
The models can be found under the tab “Documentation” > “BUK7Y7R6-40E_RC _
Thermal Model” as demonstrated in Figure 4.
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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 Z curve from the data sheet.

This and subsequent examples use the RC thermal model of BUK7Y7R6-40E. T | represents
the mounting base temperature. It is treated as an isothermal and for this example it is set as
0 °C. A single shot pulse of 1 W power is dissipated in the MOSFET. Referring to Figure 5;
for a single shot pulse, the time period between pulses is infinite and therefore

the duty cycle & = 0. Then the junction temperature T, represents the transient thermal
impedance Z .

P

-

| e——T —»

aaa-010337

Equation 4 and Equation 5 demonstrate why Tj is used to represent the transient thermal

impedance Z in this simulation.
T, =0°C
P=1W

T, = T,,+AT=0°C+AT=AT

AT = P*Z, = 1 WHZ,
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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:
1. set up the RC thermal model of BUK7Y7R6-40E in SPICE as shown in Figure 6
2. set the value of voltage source V_, to 0, which is the value of T
3. set the value of the current source I1 to 1
4. create a simulation profile and set the run time to 1 s
5. run the simulation

6. Plot the voltage at node T,

BUK7Y7R6-40E

T
C1 R1
1 2.916343E - 05 2.748817E - 03
I
Cc2 R2
1.725521E - 04 5.715661E - 03
C3 R3
2.092143E - 04 4.153561E - 02
Cc4 R4
1.786133E - 03 5.616478E - 02
C5 R5
2.129755E - 03 0.3286516
(o} R6
8.451135E - 03 1.016057
c7 R7
0.0863404 0.130071

vVmb

tran 1uic |o
aaa-010338



The simulation result in Figure 7 shows the junction temperature (voltage at T) which is
also the thermal impedance of BUK7Y7R6-40E. The values of Z at different times can be

read using the cursors on this plot within SPICE.

aaa-010339
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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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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 3.6.1 ‘“Example 17, 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 T (V) to 125.

3) Set the simulation run time to 3.5 s
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Table 3. Data example for use in a PWL file

Time (seconds) Power (Watts)
0 0
0.000001 30
0.015 30
0.015000001

1.1

1.100001

1.100002 20
1.5 20
1.500002 20
1.500003

1.6

1.600001 20
1.615 20
1.615001

2.9

2.900001

3

3.000001 30
3.015 30
3.015001 6

The simulation result is shown in Figure 9. The junction temperature and thermal
impedance values labeled in Figure 9, demonstrate that the Z, value at 3 ms, and R,
value, are in line with Figure 10. It represents the thermal impedance waveform shown
in the BUK7Y7R6-40E data sheet.
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PWL file = power.csv

®
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The red lines highlight the thermal resistance and impedance for the example shown in
Figure 9

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 3.6.1, set up the thermal model of BUK7Y7R6-40E, 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 11. The power supply is 14 V and the load is a 0.1 Q resistance. The gate
drive supply is assigned a value of 10 V. It is 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:

= *
= V"I
To improve accuracy:

o Id"l'V Ig
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The current source into the thermal model can now be defined as:
i E #
I V(d) I( Vd) + V{g] I( Vg)

Figure 11 demonstrates the link between the electrical circuit and the thermal model circuit.

BUK7Y7R6-40E

Tj
c1 R1
B1 2.916343E - 05 2.748817E - 03
1= V(d)*I(Vd)+V(g)*1(Vg)
c2 R2
1.725521E - 04 5.715661E - 03
c3 R3
2.092143E - 04 4.153561E - 02
.INC BUK7Y7R6-40E.LIB
.tran 50m uic
ca4 R4
1.786133E - 03 5.616478E - 02
R8
v2 15
] .
cs R5
/ 2.129755E - 03 0.3286516
14V vd
+
o
Z cé R6
8.451135E - 03 1.016057
d
Vg R —
_ g M1
O+ — 9 £ BUK7Y7R6-40E c7 R7
5 10 s 0.0863404 0.130071
pulse Vmb
+ +
PULSE (0 10 0 1u 1u .25m 1.0 m 50) 85
v aaa-010343
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The resultant plot of T, is shown in Figure 12. The maximum temperature of the junction can
once again be calculated from data sheet values by following the steps outlined in Ref. 1.
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Figure 11

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 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.
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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 1 s, where heat begins to flow into the environment of the MOSFET. In
this situation, the thermal model for the MOSFETSs, PCB, heat sink and other materials in
proximity must be included. However these components cannot be connected to the Foster
RC models.

RC thermal models are available for NXP power MOSFETSs on the NXP 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] Application note AN11156 - “Using Power MOSFET Z Curves”. NXP Semiconductors

[2] Application note AN10273 (Chapter 2 of this book) - “Power MOSFET single-shot and
repetitive avalanche ruggedness rating”. NXP Semiconductors

[3] Combination of Thermal Subsystems Modeled by Rapid Circuit Transformation. Y.C.
Gerstenmaier, W. Kiffe, and G. Wachutka
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Power MOSFETs are commonplace in modern electronic circuit design, where they are
frequently used to switch loads of many different types — ranging from a few milliamps or
less to several tens of amps, depending on application. The popularity of power MOSFETs
is almost certainly attributable to their ease of drive compared to their bipolar counterparts,
together with the wide range of package, voltage and Risiom combinations which are now
available.

Of course, MOSFETs are not perfect switches and neither are they indestructible, and the
circuit designer should be aware of the following thermal considerations when designing a
system employing MOSFET devices:

* Even when fully turned on, a MOSFET will dissipate power due to I*R losses

DS(on)
(where R is the device on-state resistance)

DS(on)

. Iz.RDS(m) losses will result in temperature rises in the device and elsewhere

* MOSFETs may be damaged or destroyed by excessive device temperature

Thermal aspects are an important concern when designing with power MOSFETs, especially
in applications which may be operating at elevated ambient temperatures, as the MOSFET
junction temperature (Tj) must be kept below 175 °C if operation is to remain within
specification. It is also important to bear in mind that the PCB to which the (surface-mount)
MOSFETs: are soldered will also have a maximum operating temperature of around

120 °C. The MOSFETs will be using the PCB as their primary method of heatsinking, and
their dissipated heat energy will also cause PCB temperatures to rise. Care must therefore be
taken that the PCB temperatures also remain within acceptable limits.
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In order to provide some measure of device thermal performance, it is normal industry
practice for MOSFET data sheets to carry “thermal resistance” (R, ) figures. The concept of
“thermal resistance” is analogous to that of electrical resistance, and is described in many
texts on thermal management.

The two most common MOSFET thermal resistance values in data sheets are:

The thermal resistance from device junction (die) to ambient. This is a single
thermal resistance figure and is the net effect of all the possible series and parallel
paths from junction to ambient. Typically this would include heat loss paths directly
from the surface of the device package and also via the PCB to which the device is

Rth(j-a):

soldered.

R

hgi-mb)’ The thermal resistance from junction to mounting base. “Mounting base” is defined

as the point at which the device would normally be soldered to a PCB, and is
primarily a conduction path only.

The methods and conditions under which device thermal resistance figures should be
measured are described in the JESD51-x series of standards, and as one might expect, the
standards are very precise in their descriptions of how testing should be carried out. It might
therefore be expected that the thermal resistance figures would be sufficient for a designer
wishing to carry out thermal analysis of a system. Unfortunately, this is not the case, for the
following reasons:

* Ry figures are highly dependent on PCB construction and layout, and the PCBs
defined in the JESDS51 standards are not generally representative of those found in real
applications

* The PCBs specified by MOSFET manufacturers for their Ria

never follow the JEDEC guidelines anyway, are often described in only the vaguest of
terms and are inconsistent from manufacturer to manufacturer

data sheet figures almost

* The R, test methods do not allow for several devices mounted in close proximity on

the same PCB (a typical arrangement in a real-life application)

* Thermal resistance R b is only one part of the total thermal pathway from junction to

ambient
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Clearly then, the thermal resistance figures R imby and R, 38 published are of little
practical use in the thermal analysis of real-life circuits and systems. In fairness to JEDEC,
R, figures were never intended to be used for design or system analysis, as this note from

specification JESD5 1-2 indicates:

“...The purpose of this document is to outline the environmental conditions necessary
to ensure accuracy and repeatability for a standard junction-to-ambient (R, (j—a)) thermal

resistance measurement in natural convection. The intent of (R, . ) measurements is

th(j-
solely for a thermal performance comparison of one package to another in a standardized
environment. This methodology is not meant to and will not predict the performance of a

package in an application-specific environment.”

Sadly, despite this clear statement from JEDEC, we still see many instances of designers
attempting to use data sheet R figures in thermal design and analysis exercises.

Having determined that the data sheet R | figures are not appropriate for carrying out thermal
analysis of real-life applications, it is natural to ask: what is the alternative? Unfortunately
there is no simple method of thermal analysis which is applicable to complex situations
whilst offering a reasonable degree of accuracy. The heat transfer mechanisms involved are
simply too complex with too many interacting thermal pathways to allow for a simple yet
valid method of analysis. In general, such analysis may only be carried out by either:

* recreating the scenario in simulation using computer-based simulation
or
* building the scenario in real-life and performing an experimental evaluation

The former approach can yield accurate, rapid results at the cost of expensive software and
the necessary skills required to operate it, whilst the latter incurs the time and cost associated
with building and measuring a representative model.
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We recognize that a third approach may also be of use, particularly in the early stages of
PCB design, which bridges the gulf between the less-than-helpful R figures at one extreme
and full prototype simulation or build at the other. This chapter will illustrate, in general
terms, the different techniques which may be applied to typical PCB design, in order to steer
the layout towards one which has optimum thermal performance. Factors which will be
considered include:

* PCB layer stack-up

* The influence of common circuit topologies on PCB layout

* PCB copper area

* The influence of thermal vias

* Device placement and spacing

 The implications of multiple dissipating devices on a single PCB

This chapter cannot hope to address all the myriad possible combinations of device
placement, layer stack-up and so forth. Rather, its intention is to provide initial guidance to
the engineer who, faced with a brand new design task, and a lack of helpful information, may
be asking himself; “How can I be sure my devices will run at safe temperatures?”

Finally, it almost goes without saying that the information contained within this design guide
is presented as a starting point only. Any new design should of course be prototyped and its
thermal behavior characterized before placing the design into production.

In order to allow fast and flexible analysis of multiple parameter variations, the thermal
analyses presented in this chapter have been carried out using thermal simulation software.
The simulations use MOSFET models which have been validated against empirical data and
are known to accurately model the thermal behavior of real-life devices.

The thermal simulation software used to carry out the analyses is the Mentor Graphics
(Flomerics) “Flotherm” package. The device models used in the analysis are available for
free download from the NXP Semiconductors website.
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The PCBs to be considered have the following general characteristics:

They are surface-mount designs and the MOSFETs are in the surface-mount
LFPAK packages

PCB stack-ups range from 1 to 4-layer construction, but always have an overall
thickness of 1.6 mm

PCB material is standard FR4, with a rated maximum operating temperature of 120 °C
Copper thickness on all layers is 1 oz./ft> (35 pm)
The PCB is suspended in free air

Other important factors:

The ambient temperature is 20 °C
The simulations solve for conduction, convection and radiation heat transfer
MOSFET power dissipation is 0.5 W per device

There is no forced air cooling applied i.e. only natural convection is modeled

When laying out a PCB we do not have a completely free choice as to where we can place
the MOSFET devices and other components and how we connect them together. Usually,

device placement and connection is a question of reconciling various (often conflicting)

requirements. The factors influencing component placement may include:
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Circuit topology

Design for ElectroMagnetic Compatibility (EMC)

Design for thermal performance

The necessity to situate certain components (e.g. connectors) in pre-defined locations

The need to provide low-resistance and low-inductance current paths in specific areas



If we are considering a PCB design from a thermal perspective, then the ideal thermal
design may have to be compromised in some respects in order to accommodate the other
requirements placed on the design.

Circuit topology is perhaps the least flexible of all the factors influencing PCB design. After
all, if the components are not connected together in the proper manner then the circuit will
not function as expected. The topology will also dictate which MOSFET terminals may be
connected to copper planes and hence may use those planes to help dissipate heat energy.
This is particularly important for a surface-mount package such as LFPAK, where the
primary thermal pathway out of the package is through the device drain tab on the underside
of the device. Circuit topology therefore has a very great influence on the thermal design and
consequent device operating temperatures.

Several different topologies will be considered in this guide, and it is believed that these will
be relevant to a large number of typical end-user applications.

The subject of design for electromagnetic compatibility is a complex one and is well beyond
the scope of this publication. However, one of the simpler aspects of design for EMC is
highly relevant to thermal design - the provision of a ground plane layer in the PCB.

From an EMC perspective, a multilayer PCB should have at least one copper layer which is
used exclusively as a ground plane, and which has a minimum of holes and breaks in it. This
requirement is not in conflict with good thermal design - indeed, the presence of a continuous
layer of copper in the PCB stack-up can only enhance the thermal performance of the board
as a whole. PCB layouts which incorporate a dedicated ground plane will be considered in all
of the following analyses.
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Chapter 4: LFPAK MOSFET thermal design - part 1

4.3 A single LFPAK device

This section will examine the factors influencing the thermal performance of a single LFPAK
device on PCBs of several different configurations. From this point onward the phrase
“thermal performance” is used when discussing the ability of a stack-up or structure to
remove heat energy from the device(s). In order to build up a comprehensive picture of the
factors influencing thermal performance, we will begin with the simplest 1-layer stack-up
and then systematically add additional layers to the PCB.

4.3.1 Analysis 1: A single-layer PCB

The simplest possible PCB stack-up is that of a single top copper layer; a 1-layer stack-up. In
analysis 1 we will examine the variation in device junction temperature (Tj) as a function of
top copper area. See Figure 1.

FR4 side length

| 40 mm

layer 1 copper | o | FpaK 40 mm
side length "x" [ . MOSFET

|

layer 1 copper
side length "x" 001aak916

Fig 1. Single device; 1-layer stack-up
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Figure 1 illustrates the MOSFET device mounted on a square area of layer 1 copper of
side length “x” and with FR4 of size 40 mm x 40 mm. Three possible circuit configurations

corresponding to this layout are shown in Figure 2.
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(1) Plane available for cooling
a. High-side load b. Half-bridge set-up: c. Half-bridge set-up:
switch set-up: MOSFET Q1 and Q2 MOSFET Q2 and Q1
MOSFET Q1
Figure 1
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Figure 2(a) shows MOSFET Q1 configured as a high-side load switch, with its drain tab
connected to the V. plane (in yellow). Figure 2(b) and Figure 2(c) demonstrate MOSFETs
Q1 and Q2 connected in a half-bridge configuration. Again, both devices are primarily
cooled by planes connected to their drain tabs, although for Q2 the plane corresponds to the
mid-point of the half-bridge rather than a power plane. A small degree of additional cooling
may also be realized by attaching planes to the MOSFET sources, although the source pins
are not the primary heat path out of the package and so the additional benefit is minimal.
Generally speaking, the primary heat path is through the package drain tab and into whatever
plane is attached to this connection, and it is this configuration which will be considered in
this guide.

By carrying out simulations for several sizes of “x” we can determine how the device
junction temperature (TJ.) varies with copper area. The results are shown in Figure 3.
Remember that the ambient temperature is 20 °C.

001aak921
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The graph of Figure 3 has two notable features:
* T, depends greatly on side length “x” and hence layer 1 copper area

* The ability of the top copper to provide heatsinking for the MOSFET displays the “law
of diminishing returns”. In other words, we cannot keep adding more copper area to
layer 1 in the hope of continuing to reduce T, Rather, from the shape of the curve we
might conclude that T, will never decrease below, say 50 °C no matter how much copper
area we provide on layer 1

Section 4.1.1 it was stated that there are in fact two limiting temperatures which must not
be exceeded - MOSFET Tj and the temperature of the PCB material T, .
mount MOSFETs, the point of maximum T, ., will usually occur under the centre of the
MOSFET tab, as one might expect. For MOSFETs in the LFPAK package, T,
track T to within less than 0.5 °C, and therefore we can reasonably say that T

For surface-

will typically
e Tj. This
assumption will be made for the remainder of the analyses of the LFPAK package. The
results of Figure 3 therefore indicate that, for a PCB whose T, (max) is 120 °C, we should
not encounter problems with PCB degradation for even the smaller areas of layer 1 copper
area, provided that the ambient temperature stays below approximately 45 °C.

The choice of FR4 PCB area in Section 4.3.1 may seem both arbitrary and unrepresentative
of the PCB size in a real-life application. In this section, however, we will see that the area
of bare FR4 has almost no influence on device (Tj). To demonstrate this principle, additional
simulations were carried out with FR4 dimensions of 20 mm x 20 mm, 30 mm x 30 mm,

50 mm x 50 mm, with the layer 1 copper area fixed at 10 mm x 10 mm. The results are
shown in Figure 4.

91



001aak922

Q)
<*
T
(°C)
80
60
40
20
20 30 40 50 60

FR4 side length (mm)

The results of Figure 4 demonstrate that the size of bare FR4 has almost no impact on device
T, This is in marked contrast to the results of Figure 3 where we varied the layer 1 copper
area. The difference between the two sets of results is easily understood when we compare
the thermal conductivities of copper and FR4; copper has a thermal conductivity of around
380 W/(m.K) whilst for FR4 the figure is only around 0.6 W/(m.K). As thermal conductivity
is a measure of how easily heat energy travels through a substance, it should be clear that
adding even a large area of FR4 (which is a poor conductor) is nowhere near as effective as
adding a much smaller area of highly conductive copper

We can further illustrate the insulating properties of FR4 by adding some unconnected areas
of layer 1 copper to the model, as shown in Figure S.
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Chapter 4: LFPAK MOSFET thermal design - part 1

50 mm

[}
5mm
v

50 mm

001aak923

10mm  5mm

Fig 5. Adding additional layer 1 copper to the 50 mm x 50 mm FR4 board

Figure 5 shows the 50 mm x 50 mm FR4 layout with most of the layer 1 area filled with a
“flood” of copper. A gap of 5 mm has been left around the device and its attached 10 mm x
10 mm copper area. Although we might have expected the additional layer 1 copper to make
a significant difference to device T, in fact this is not the case. The heat energy is prevented
from utilizing the additional “heatsinking” area by the isolation gap around the device and
the poor thermal conductivity of the intervening FR4. The ability of FR4 to “thermally
isolate” heat sources in this way is important and will be demonstrated again in Section 4.4
“Two LFPAK devices” on page 103 and Section 4.5 “Four LFPAK devices” on page 113.
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Chapter 4: LFPAK MOSFET thermal design - part 1

4.3.2 Analysis 2: 2-layer PCB

For the purposes of this exercise we will again consider the same variations in layer 1 copper
as for analysis 1. However for analysis 2 we will add the layer 4 (bottom copper) layer
measuring a fixed 25 mm x 25 mm, thereby creating a 2-layer stack-up. The bottom copper
layer is shown in Figure 6.

‘ 40 mm

25 mm 40 mm

25 mm | 001aak925

Fig 6. Layer 4 copper
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In practical terms this layer might be a ground or power plane, although the device is not
electrically connected to this layer.

As with analysis 1 (Section 4.3.1 on page 88), we can again carry out simulations for various
layer 1 side length “x”, keeping the size of the layer 4 plane constant at 25 mm x 25 mm. The

results are shown in Figure 7, together with those from analysis 1 for comparison purposes.

001aak930
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Figure 7 demonstrates that adding the layer 4 copper has significantly improved the thermal
performance of the PCB, even though layer 4 is not directly connected to the MOSFET.

We can also see that the MOSFET T, is now somewhat less dependent on layer 1 copper area.
By adding the second layer we can reduce the top copper side length from 25 mm x 25 mm
to approximately 15 mm x 15 mm whilst retaining the same thermal performance (i.e. the
same device Tj). This is certainly a useful result if we wish to increase component density

on layer 1!
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4.3.3 Analysis 3: A 4-layer PCB part 1

This chapter will consider several different variations of the 4-layer PCB stack-up. The
simplest of these variations is based on the 2-layer stack-up of analysis 2 (Section 4.3.2),
with the addition of two additional internal signal layers. It is assumed that the additional
layers would be mainly composed of many thinner signal tracks, rather than large continuous
planes. Detailed simulation of these layers is obviously not feasible, and so a “percentage
coverage” method is adopted instead. With this method, the average conductivity of the
structure is calculated based on the percentage of total area covered in copper and the layer
thicknesses. For the purposes of these exercises, we will assume that the signal layers have
50 % copper coverage and are also of 1 0z./ft? (35 um) thickness. The 4-layer structure is
summarized in Figure 8.

DEVICE

(1)

()

®)

(4)
001aak945

(1) Layer 1, 35 pm, variable area.

(2) Layer 2, 35 pm, 50 % coverage.
(3) Layer 3, 35 pm, 50 % coverage.

(4) Layer 4, 35 pm, 25 mm x 25 mm.

Fig 8. 4-layer stack-up for analysis 3, part 1 (not to scale)
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As before, we will carry out simulations for various sizes of layer 1 copper, keeping the other
layers constant. The results are shown in Figure 9 together with those from the previous two
analyses. Note that there is again no direct connection between the MOSFET and layer 4
plane, and the corresponding circuit topologies would be those shown in Figure 2 on page 89.
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Adding copper layers 2 and 3 to the design has resulted in a considerable reduction in T,
compared to the 1 and 2-layer stack-ups. In addition, it can be seen that T, has become almost
independent of layer 1 copper area. This is a useful result which indicates that, in a 4-layer
PCB stack-up similar to that described here, we can reduce the layer 1 copper area to a
minimum without drastically compromising the thermal performance of the design. The layer
1 copper area which has been freed up may therefore be used for mounting other devices,
routing tracks, and so on.
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The second 4-layer stack-up which will be considered is similar to that of Figure 8, except
that layer 2 has been replaced with a plane of 100 % area coverage. This might represent an
internal ground plane. Otherwise, the analysis is the same as that for part 2. The results are

shown in Figure 10.
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(4) 4-layer (layer 2 100 % coverage).
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It is interesting to see that increasing the percentage coverage of layer 2 from 50 % to

100 % has yielded little improvement in thermal performance. In other words, an internal
plane is less effective than an external plane in terms of reducing device temperature. This
can be explained by understanding that an external plane is able to lose heat energy to the
external environment by convection and radiation loss from its surface. An internal layer,
however, is obviously not exposed to free air (except, perhaps, for a negligible amount at the
plane’s edges) and so the only contribution it makes to improved cooling is to increase the
through-board conductivity of the PCB.

So far we have considered cases where the layer 1 copper (connected to MOSFET drain)
has not been connected to any other layer. However, it is entirely possible that we would use
a pattern of vias under the MOSFET tab to provide electrical connection with a V. plane
on layer 4 (for instance). This approach is consistent with the topologies of Figure 2. As
well as providing the necessary electrical connectivity, this arrangement will also provide
an additional thermal pathway away from the MOSFET, whereby the “electrical vias” also
function as “thermal vias”.

Whilst it is known that in general terms adding vias under a device will improve its thermal
performance, it can be difficult to know how many vias provide an optimal solution.
Obviously we do not want to add too many vias if they do not significantly improve thermal
performance, as their presence may cause problems during PCB assembly (and, of course,
we are paying for every via on the PCB!). The purpose of this analysis is therefore to
examine the impact of various via patterns on the thermal performance of the design.

The analysis in this section will use a layer 1 copper area of side length 15 mm and will
consider via patterns with the characteristics listed in Table 1. In all cases, vias are 0.8 mm
diameter and are assumed to be air-cored. PCB stack-up is as Figure 8. An example via

pattern is shown in Figure 11.
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Chapter 4: LFPAK MOSFET thermal design - part 1

Table 1. Via patterns summarised

Number of vias Via pitch x Via pitch 'y Overall via pattern
(mm) (mm) dimensions
y (mm x mm)
0 0 0 - - -
20 5 4 2.52 2.05 109x7.2
30 5 6 2.52 1.33 109x 7.5
54 9 6 1.26 1.26 109x7.1
63 9 7 1.26 1.26 109x 8.4
77 11 7 1.04 1.04 11.2x7.1

[1] See Figure 11.

.2 mm

2.52 mm 001aak948

Drawing not to scale.
Fig 11. The 5 x 4 via pattern
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The results for the different via patterns are shown in Figure 12.
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Fig 12. Device junction temperature versus the number of vias

Figure 12 demonstrates a notable decrease in device Tj when moving from a situation with
no vias under the device to one of 20 vias under the device. This is a clear indicator that
the heat energy is being conducted from the MOSFET drain tab to layer 4 and is exactly
the result we would expect. It is interesting to note, though, that adding progressively more
vias under the device results in little additional decrease in Tj. This is because, as we add
more vias, so the through-board conductivity of the layout increases. However, at the same
time we are also decreasing the area of contact between device and PCB as more layer 1
copper is replaced with air. Consequently we do not see much improvement in thermal
performance. The conclusion we can therefore draw from this exercise is that adding some
vias will improve thermal performance, but continuing to add more vias will not yield further
significant performance improvements.
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For completeness, the “4-layer plus vias” structure has also been simulated for several sizes
of layer 1 copper, with the stack-up again as Figure 8 on page 96. The results are shown in

Figure 13.
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It can be seen that, once vias are added under the device, Tj becomes almost independent of
top copper area, and is approximately 5 °C lower than for the 4-layer stack-up without vias.
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* For a device mounted on a 1-layer PCB, device Tj depends heavily on copper area.
However, the “law of diminishing returns” applies and simply adding more and more
layer 1 copper does not yield commensurate improvements in thermal performance (see
Figure 3). The lowest achievable T, with a large copper area, would be approximately
50 °C.

* Varying the size of the PCB FR4 does not significantly influence device T, if the copper
connected to drain is kept at a constant size. Similarly, adding unconnected copper areas
onto an extended FR4 area also does not significantly influences Tj (see Figure 4).

* Adding a second copper layer (layer 4) provides a significant improvement in thermal
performance and reduces the dependence of T, on layer 1 copper area (see Figure 7).

* Moving to a 4-layer PCB stack-up again provides a significant improvement in thermal
performance compared to 1- and 2-layer stack-ups. In addition, the dependence of T, on
layer 1 copper area is further reduced (see Figure 9 and Figure 10).

» Adding vias under the device provides a further improvement in thermal performance,
but once again the law of diminishing returns applies, whereby adding more and more
vias yields little significant benefit (see Figure 12).

» With vias under the device, the dependence of T, on layer 1 copper area is almost
eliminated (see Figure 13).

The single device configuration with 15 mm x 15 mm top copper and 20 vias will be used as
a building block in the analyses presented in the following sections (Section 4.4.1 on page
105 to Section 4.5.4 on page 117).

Section 4.3 considered the thermal performance of a single device mounted on a section of
PCB. The next level of complexity in this analysis is that of two devices mounted on a PCB,
where we will observe the effect of device separation on T, In order to restrict the number of
variables to a sensible limit we will consider only the 15 mm x 15 mm side-length area for
layer 1. However, the PCB size has been increased to 120 mm x 80 mm to allow more scope
for investigating different device separation distances. As before, we will begin with the
simple 1-layer stack-up and then progressively add layers to the board.

The PCB top copper configuration is shown in Figure 14.
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device spacing "d"

80 mm

120 mm

001aak951

Fig 14. PCB top copper configuration for the analysis of two devices

Simulation were carried out to investigate the influence of “d” on device T, for the various
PCB stack-ups. Values of d varied from 100 mm (maximum separation, devices mounted
near the PCB edges, as shown in Figure 14) to 20 mm, where there was only a 5 mm gap
between the device layer 1 copper areas value.
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The results for the single-layer simulations are shown in Figure 15. As the placement of the
devices is symmetrical about the board centre line, regardless of d, the thermal performance
of both devices is almost identical and so the T, figure may be taken to be for either device. T,
for a single device, mounted near the PCB edge, is also shown.
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Even though the two devices are mounted on the same PCB, it is interesting to note that they
perform as almost completely independent units — T, is largely the same as for the single
device and is not unduly influenced by device separation except for the case where the
devices are mounted closest together (“d” at a minimum). This is a consequence of the poor
thermal conductivity of the FR4 PCB material which effectively “isolates” the two devices in
most cases, as discussed in Section 4.3.1.1 on page 91.
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For the purposes of this exercise we will again consider the same variations in device spacing
as for analysis 5 (see Section 4.4.1). However for analysis 6 we will add the layer 4 (bottom
copper) layer covering the whole of the underside of the PCB and thereby creating a 2-layer
stack-up. In practical terms this layer might be a ground or power plane, although as far as
the board thermal performance is concerned it makes no difference as the devices are not
connected to this layer. The results are shown in the graph of Figure 16 together with those
from analysis 5 for comparison purposes.
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Adding the second copper layer has considerably reduced the junction temperatures of both
devices, as one might expect, and temperature still remains largely independent of device
separation.
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The 2-layer stack-up of analysis 6 will now be increased to 4 layers with the addition of two
internal signal layers. As before, it is assumed that these layers would be mainly composed
of many thinner signal tracks, rather than large continuous planes. Simulation of the internal
layers will again be by the “percentage coverage” method, with the assumption of 50 %
copper coverage and 1 oz./ft> (35 um) thickness. Layer 4 remains unconnected to either
device, also as before. The 4-layer structure is therefore as summarized in Figure 8. Layer
4 remains a solid plane covering the entire underside area and junction temperatures are
determined for various separation distances “d”. The results are shown in Figure 17.
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The addition of the two internal layers results in curve of similar shape to the 2-layer stack-
up but with an overall reduction in T, of approximately 10 °C.
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In analyses 8 and 9 we will consider cases where the layer 1 copper (connected to MOSFET
drains) is connected to layer 4 by thermal/electrical vias of the 5 x 4 via pattern described in
Section 4.3.6. The layer 4 copper area will be reduced to two 15 mm x 15 mm planes, with
a plane connected to each MOSFET. When using vias to connect one or more layers together
for thermal reasons, we must also consider the implications for circuit topology and layer
stack-up. For the configuration examined in this section, the possible circuit topologies are
shown in Figure 18.
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(1) Plane available for cooling
a. High-side load switches b. Half bridge configuration
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Figure 18 demonstrates two possible circuit configurations for two MOSFETs with
independently connected drains. Figure 18(a) shows two high-side load switches connected
to different supply (V,,,) lines — a common automotive configuration. Figure 18(b) we have
the two MOSFETs connected in a half-bridge configuration typical of a unidirectional motor
drive controller or DC-DC buck converter circuit. In both cases, the MOSFET drains do not
share a common electrical connection. The modified layer stack-up corresponding to these
topologies is shown in Figure 19.

DEVICE

(1)

(2)

(©)

(4)
001aak957

(1) Layer 1 (power).
(2) Layer 2 (ground).
(3) Layer 3 (signal).

(4) Layer 4 (power and signal).

Fig 19. Modified 4-layer stack-up (not to scale)

109




The stack-up of Figure 19 shows the ground plane on layer 2 with the device drain
connected to areas on both layer 1 and layer 4, and with the layer 4 copper now also a
square of dimensions 15 mm x 15 mm. Layer 3 remains a signal layer. Both MOSFETs are
configured in this way, and once again we investigate the influence of separation distance
“d” on device T, The results are shown in Figure 20, together with those for the previous

analyses.
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Clearly the addition of vias under the devices results in a further decrease in T, even though
the layer 4 copper area is reduced. Once again we see that T, has little dependence on device
spacing.

Also shown in Figure 20 is the result for the two devices positioned in a “half-bridge
configuration”. This refers to the circuit topology of see Figure 18(b), where it makes sense
from an electrical point of view to position the devices one above the other rather than side
by side. In this way, the source connection of Q1 is physically close to the drain connection
of Q2 and connection between the two would be by a short, low inductance path. See Figure
21.

‘ 15 mm

15 mm

001aak959

Fig 21. Two devices logically positioned for a half-bridge configuration




The second analysis will consider two devices sharing a common drain connection. This
would correspond to the topology of Figure 18(a) with a common V , line. The V,, line is
represented by a plane measuring 25 mm x 120 mm on layer 4, with vias as per the previous
analysis. Results are shown in Figure 22.
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The improvement in thermal performance is practically negligible compared to the previous
example (Section 4.4.4) with independent drain copper areas.
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To reiterate, the following results were obtained with layer 1 copper side lengths of 15 mm.

* For two devices mounted on a single-layer PCB, device T is largely independent of
device spacing “d”. A significant increase in T, vias only observed when the devices are
mounted very close together. There is also little difference compared to the single device
case (see Figure 15). Device T, is approximately 71 °C

* Adding a second copper layer (layer 4) reduces T, by roughly 20 °C to 25 °C compared
to the single-layer case. Some minor dependence of T, on “d” is apparent, with slightly
higher T, occurring when the devices are mounted closest together or at the PCB edges
(see Figure 16)

* Moving to a 4-layer PCB stack-up yields a further reduction in T, of ~9 °C compared to
the 2-layer design (see Figure 17)

* Adding a 4 x 4 pattern of vias under the devices provides a further small improvement in
thermal performance, whereby T, is reduced by an additional ~4 °C (see pcb)

* Making the device layer 4 copper areas common, rather than separate, has almost no
effect on device T, (see Figure 22)

In this final section the number of devices will be increased to four. We will adopt the same
PCB size as for the analyses in Section 4.4 on page 103, and a similar approach in building
up the PCB stack-up from a simple structure to one which is more complex. As before, in
order to restrict the number of variables to a sensible limit we will consider only the 15 mm
side-length area for layer 1. This section will mainly concentrate on the four devices equally
spaced apart in a single line (see Figure 23), but will also consider two of the “half bridge”
configurations described in Section 4.4.3 on page 107.

The PCB top copper configuration is shown in Figure 23.
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«—— device spacing "d" ——|«—— device spacing "d" ——<—— device spacing "d" —

80 mm

‘ 120 mm
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Fig 23. Four devices: PCB top copper configuration

Simulation were carried out to investigate the influence of “d” on device T, for the various
PCB stack-ups. Values of d varied from 34 mm (maximum separation, as shown in Figure
23) to 20 mm where there was only a 5 mm gap between the device layer 1 copper areas.

4.5.1 Analysis 9: A single-layer PCB

The results for the single-layer simulations are shown in Figure 24. Unlike the analyses

of two devices in the previous section, the thermal environment is not exactly the same for
all four devices in this configuration. The two inner devices are at a slight disadvantage as
they have additional heat sources on both their left- and right-hand sides, whilst the outer
devices have a heat source on one side only. In the worst case, this results in a difference in
T, value of approximately 3 °C between inner and outer devices. In the interests of presenting
a conservative set of results, the graphs which follow show the temperatures for the inner,
slightly hotter, devices.
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Again, we see the law of diminishing returns exhibited in these results: as the spacing
between devices increases, so the curves flattens out. Therefore, increasing the centre
— center spacing beyond approximately 30 mm would have little influence on device
temperatures.

For the purposes of this exercise we will again consider the same variations in device spacing
as for analysis 9. However for analysis 10 we will add the layer 4 (bottom copper) layer
covering the whole of the underside of the PCB and thereby creating a 2-layer stack-up. In
practical terms this layer might be a ground or power plane, although it remains unconnected
to the devices. The results are shown in the graph of Figure 25 together with those from
analysis 9 for comparison purposes.
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Adding the second copper layer increases the thermal conductivity of the PCB and reduces
device temperatures by approximately 20 °C. This is exactly the result we would expect and
is in keeping with the results for the one and two-device configurations.

The 2-layer stack-up of analysis 10 will now be increased to 4 layers with the addition of
two internal signal layers. The signal layers are assumed to be composed of numerous thin
signal tracks, and simulation of the internal layers will again be by the “percentage coverage”
method, 50 % copper coverage and 1 oz./ft> (35 um) thickness. Layer 4 remains a solid
unconnected plane covering the entire underside area. See Figure 8. Junction temperatures
were determined for various separation distances d and the results are shown in Figure 26.
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Adding the internal signal layers has resulted in an overall reduction in T, of approximately
8°C.

In analysis 12 we will consider cases where the layer 1 copper areas (connected to MOSFET
drains) are connected to 15 mm x 15 mm copper areas on layer 4 by thermal/electrical vias of
the 5 x 4 pattern described in Section 4.3.5 on page 99. The corresponding circuit topologies
are as shown in Figure 18, but for twice the number of devices. We could therefore

have four high-side load switches connected to four different V,, lines (Figure 18(a)).
Alternatively we could have two of the half-bridge topologies shown in Figure 18(b). For
either possibility, each MOSFET’s drain connections are independent, and layer 2 in the PCB
stack-up is a full-coverage ground plane (see Figure 19).
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For the four high-side load switches we will vary the spacing between devices as in analyses
9 to 11. In the case of the two half-bridges, however, we can consider each half-bridge as a
single “unit”, and examine the effect of varying the spacing between half-bridge units. See
Figure 27). The results are shown in Figure 28.

<—— device spacing "d" —

! 120 mm

001aak965

Fig 27. Four devices positioned as two half-bridges configurations
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Adding vias under the devices results in an overall reduction in T, of approximately 4 °C to
5 °C for both topologies.

The final analysis will consider four devices sharing a common drain connection. This
would correspond to the topology of Figure 18(a) with a common V,_line. The V,_ line is
represented by a plane measuring 25 mm x 120 mm on layer 4, and stack-up is as Figure 19.
The results are shown in Figure 29.
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Fig 29. Simulation results for four devices of varying separation “d” on a 4-layer PCB

with vias and common V. plane

Connecting the four devices does make a small difference to T, when the devices are close
together, however as “d” increases the effect tends to diminish.
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For layer 1 copper side lengths of 15 mm.

* For four devices mounted on a single-layer PCB, device T, is somewhat independent of
device spacing “d”. The inner two devices tend to run slightly hotter, by approximately
3 °C in the worst case. Device T, is approximately 72 °C (see Figure 24)

* Adding a second copper layer (layer 4) reduces T, by roughly 20 °C compared to the
single-layer case (see Figure 25)

* Moving to a 4-layer PCB stack-up yields a further reduction in T, of ~8 °C compared to
the 2-layer design (see Figure 26)

* Adding a 4 x 4 pattern of vias under the devices provides a further small improvement in
thermal performance, whereby T, is reduced by an additional ~4 °C (see Figure 28)

+ Making the device layer 4 copper areas common, rather than separate, has little effect on
device (see Figure 29)

Increasingly there is a need to pay attention to the thermal aspects of PCB design, in order
that safe operating temperatures are not exceeded. For designs employing surface-mount
power MOSFETs, which use the PCB as their primary method of heatsinking, it is important
that both MOSFET junction temperature (T) and PCB temperature (T,,) are kept within
safe limits. Typically the maximum permissible T, figure is 175 °C whilst the maximum T,
figure may be 120 °C. As there is close thermal coupling between the MOSFET device and
the PCB to which it is soldered we can say that T, = T, and so the operating temperature
upper limit is that of the PCB (120 °C) rather than the MOSFET junction.

The PCB designer may be faced with a lack of useful resources when attempting to lay out
a PCB for “safe” thermal operation. At one extreme, the MOSFET data sheet R, figures are
too vague to be of use and will probably have been measured under conditions which differ
greatly from those of his target application. At the other extreme, a detailed analysis of the
thermal performance of a design may be carried out using simulation software and/or actual
prototype build. Simulation software can give excellent results in a relatively short space of
time, but is generally expensive and its use has a steep learning curve.

121



Prototype build, on the other hand, will almost certainly be required at some stage in the
product development, for design verification, but is an expensive and time-consuming

option in the early stages of the design cycle. There is therefore a need for thermal design
guidelines, which bridge the gulf between the less-than-helpful R, figures at one extreme and
full prototype simulation or build at the other, and which may be employed at an early stage
in the PCB design in order to steer the designer in the right direction. The purpose of this
chapter is to provide those guidelines for designs employing the NXP Semiconductors range
of LFPAK MOSFETs

This design guide has considered the thermal performance of a variety of different PCB
configurations and stack-ups for one, two and four MOSFET devices. Factors which have
been considered include; PCB layer stack-up, the influence of common circuit topologies on
PCB layout, PCB copper area, the influence of thermal “vias”, device placement and spacing
and the implications of multiple dissipating devices on a single PCB. This document cannot
hope to address all the myriad possible device usages, however it is hoped that the chosen
range of different configurations is representative of typical “real life” device usage.

Finally, we should reiterate again that the information contained within this design guide is
presented as a starting point only. Any new design should of course be prototyped and its
thermal behavior characterized before placing the design into production.
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Chapter 5: LFPAK MOSFET
thermal design - part 2

5.1 Introduction

In the previous chapter the impact of various different PCB and device configurations on
thermal behavior was considered. By analyzing and comparing multiple scenarios, it was
possible to draw numerous conclusions regarding the optimum way to provide heatsink
cooling of LFPAK MOSFETs.

All of the PCB configurations considered in chapter 4 had one thing in common - they

were situated in free air at an ambient temperature of 20 °C. No enclosures or housing were
included in the scenarios. In most real-life applications, however, it is likely that we would
not have an exposed PCB with no enclosure present. The need to protect the PCB from
environmental factors, plus possible considerations for ElectroMagnetic Compatibility
(EMC) would almost certainly dictate that the PCB would be mounted in an enclosure of
some form. Inevitably the enclosure would interfere with the free flow of air around the PCB,
and so would also have an impact on the thermal performance of the system.

In this chapter we will take a close look at how the construction and configuration of an
enclosure can have an impact on the operating temperatures of the power MOSFET devices
within. Factors which will be examined include:

* Enclosure material and surface finish
* Internal spacing above, below and around the PCB

» Bottom-side cooling of the PCB (i.e. PCB bottom surface in contact with an internal
surface of the enclosure)

* Top-side cooling of the MOSFET devices (top of the device packages in contact with an
internal surface of the enclosure)

* The role of encapsulation within the enclosure, where the air gap around the PCB is
partially or completely filled with an encapsulation compound

Proximity of the “module” to a bulkhead
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In order to rationalize the number of possible variables, we will consider only one PCB
configuration, taken from chapter 4. The enclosure plus PCB will be referred to hereafter as
the “module”.

As with chapter 4, the thermal analyses presented in this chapter have been carried out
using thermal simulation software. The simulations use MOSFET models which have been
validated against empirical data and are known to accurately model the thermal behavior of
real-life devices.

The thermal simulation software used to carry out the analyses is the Mentor Graphics
(Flomerics) “FloTHERM” package. The device models used in the analysis are available for
free download from the NXP web site, together with a selection of the scenarios used in the
preparation of this book.

5.2 The module model

5.2.1 PCB characteristics

In the interests of minimizing the number of possible variables, we will consider only one
PCB configuration, taken from Section 4.5.4 of this book. The PCB is shown in Figure 1.

FR4

aaa-001386

Fig 1. The PCB model 125
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The main PCB characteristics are:
* Overall PCB size 80 mm x 120 mm, thickness 1.6 mm
+ Standard FR4 PCB material
+ All copper layers 1 0z/35 um thickness

* Top copper - 15 mm x 15 mm area per device, attached to the device tab (as shown)

Bottom copper - also 15 mm x 15 mm area per device, connected to the top copper
by vias

Internal layers - average 50 % area coverage

* Vias - under each device a pattern of 5 x 4 vias of 0.8 mm internal diameter
* Device spacing d =25 mm

» Power dissipation is 0.5 W per device

Chapter 4 indicated that the placement of the individual MOSFETSs actually had very little
influence on their operating temperatures - varying by only around +1 °C.

5.2.2 Enclosure characteristics
Several enclosure characteristics will be varied throughout the course of this chapter.
However, some general features will remain the same throughout:

* The enclosure is completely sealed with no holes or cutouts.

* The walls of the enclosure are 2 mm thick, irrespective of enclosure material.

 The enclosure is able to lose heat energy to the outside environment by the mechanisms
of convection, conduction and radiation.

There are potentially many different enclosure materials which could be considered in this
Design Guide. To keep the number of variables to a manageable level, while also providing
a usefully realistic analysis of typical materials, we will restrict ourselves to the following
three variations as shown in Table 1.
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Table 1. Enclosure materials and their properties summarized

Material Thermal conductivity (W/m.K) Surface emissivity
Black plastic 0.2 0.95

Polished aluminium 201 0.04

Anodized (black) aluminium 201 0.8

Surface emissivities apply to both inner and outer surfaces of the enclosure.

An example module is shown in Figure 2. Note that the enclosure top and one side have
been made transparent so that the position of the PCB can be seen.

Y

aaa-001387

Fig 2. An example module
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5.2.3 Axes naming convention

Throughout this chapter we will consider the effects of moving or resizing objects in the
three spatial directions. We therefore need a convention for referring to these directions, as
shown by the arrows in Figure 2.

So for example, when we are increasing the gap between the PCB and enclosure at the short
edges of the PCB (the x-direction), this will be referred to as the “x-gap”. Similarly, the gaps
above and below the PCB will be referred to as being in the “y-gap”, and so on.

5.2.4 The ambient environment
The module is situated in an environment with the following characteristics:
* The module is surrounded by free air at an ambient temperature of 20 °C

* There is no applied airflow, although the module is able to create airflow by the process
of natural convection from its outer surfaces

» The environment is free to exchange heat energy with the module by the processes of
convection, conduction and radiation

5.2.5 Potential heat paths

There are numerous possible paths along which the heat may travel from the PCB. These
paths utilize the three heat transfer mechanisms of conduction, convection and radiation and
are illustrated in Figure 3.
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Fig 3. Potential heat paths

5.3 The influence of y-gap on Tj

5.3.1 Black plastic enclosure; x- and z-gaps = zero

In the first analysis, we will reduce the variables to the smallest number possible. The x-and
z-gaps around the board will be set to zero, so the edges of the PCB will actually be in
contact with the internal walls of the enclosure, and we will consider only the black plastic
enclosure material. The y-gap above and below the PCB will be varied, as illustrated in

Figure 4.
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Fig 4. Varying the y-gap above and below the PCB

We will run the model for y-gap values of 2 mm, 5 mm and 10 mm and observe what
happens to the device T, The results are shown in the graph of Figure 5, together with the
temperature observed with no enclosure present. Temperatures shown are the average for the
four devices.
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Fig 5. The variation of TJ. with y-gap
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The graph of Figure 5 has some interesting features:

* Surrounding the PCB with an enclosure has resulted in an elevated T, compared to the
case where no enclosure was present

* As the y-gap increases, so T, also increases slightly

The first of these observations is in keeping with the expectation expressed in the
Introduction, as the enclosure tends to interfere with heat loss by natural convection from
the surfaces of the PCB and devices. It is therefore reasonable to expect T, to rise with the
enclosure in place.

The second observation is a more counter-intuitive result! Surely as we add more air gap
around the PCB, the cooling of the PCB should become more effective? In order to answer
this question, we need to consider the various potential heat paths present within the module
(Figure 3).

Altering the y-gap should increase the volume of air available to circulate around the

PCB surfaces, even though the air cannot escape, and hence provide for better cooling.
However, this is not the effect which we see. The reason is that air will only circulate under
natural convection if there is sufficient room for it do so. The air experiences “drag” forces
where it contacts solid surfaces, and if these forces are sufficiently dominant (because the
volume is small) then natural convection cannot occur. The air is stationary and is said to be
“stagnant”!. The simulations suggest this is exactly what is happening in this case, even when
the y-gap is 10 mm, with reported air velocities within the enclosure being effectively zero.
The end result is that the natural convection heat loss mechanism does not occur within the
enclosure and instead we have only conduction heat loss through the air, whose conductivity
is very low (typically 0.003 W/m.K for air at 20 °C).

FloTHERM allows us to examine the magnitude of the heat transfer mechanisms in a

scenario, and applying this analysis to the scenario results in the graph of Figure 6.

1. This is also the reason why, for instance, the air gap in double glazing is such an effective insulator. For a more
detailed explanation of this phenomenon, the reader is encouraged to research the terms “Nusselt number” and
“Rayleigh number”.
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Fig 6. Variation in heat loss mechanisms with y-gap

In Figure 6 we can see that conduction through the air does indeed decrease as the y-gap
increases, while conduction from the edge of the PCB to the enclosure walls remains
much more constant. At the same time, radiation loss from the PCB increases as the y-gap
increases - why should this be?

Radiation heat exchange occurs between the PCB and inside walls of the enclosure. All the
surfaces involved are radiating heat energy, but as the PCB is at a higher temperature than
the enclosure walls, the net effect is the transfer of heat from the PCB to the enclosure. The
amount of heat energy exchanged depends on several factors, including:
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 The temperatures of the surfaces
* The emissivities of the surfaces (related to surface color, finish, etc.)
+ The “view factor” existing between the surfaces

The “view factor” is a measure of how much of the receiving surface can be “seen” by the
transmitting surface. In this case, as we increase the y-gap we also increase the surface area
of the inside of the enclosure, and hence more area is made available to receive heat energy
from the PCB by the process of radiation. Hence, in Figure 6, as the y-gap increases so the
heat loss by radiation increases. Note also that for any value of y-gap, the total heat loss by
the three mechanisms must always add up to the total dissipated within the enclosure, which
is 4 x 0.5 W =2 W in this case.

5.3.2 Two more enclosure materials

So far we have only considered the flow of heat within the enclosure. Of course, as illustrated
in Figure 3, there are other heat paths through the enclosure walls and from the enclosure
outer surfaces which will also have an impact on the overall module thermal performance.
The nature of the heat flow will depend very much on the thermal properties of the enclosure
material:

+ Conduction through the enclosure walls, which will be influenced by the conductivity of
the enclosure material.

+ Radiation heat loss from the enclosure’s outer surface, which will be influenced by the
emissivity of the module surface.

In addition, the module dimensions (which vary as we vary the y-gap) will also determine the
nature of heat flow within the enclosure, as we have already seen, plus heat loss through the
enclosure walls and from the module outer surface both by convection and radiation. Clearly
these factors are interlinked, and do not lend themselves to a simple, manual analysis. We
have therefore re-run the simulations with the two new enclosure materials, and the results
are shown in Figure 7.
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Fig 7. Variation in TJ. with y-gap for the three enclosure materials

We can summarize the properties of the three materials in a simple way, as shown in Table 2.

Table 2. A simple summary of the material properties

Material Heat transfer by radiation Heat transfer by conduction
Black plastic good bad

Polished aluminium bad good

Anodized aluminium good good

The black plastic and polished aluminium materials are both good in one respect and less
good in another. Hence the temperatures for these two materials tend to be higher, although
the property variations do not exactly cancel out. On the other hand, the anodized aluminium
material has “the best of both worlds”, being both a good conductor and good for radiation
exchange, so the temperature results for this material are lower.
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5.3.3 Summary: the influence of y-gap on T,
The following list is a summary of observations from this section:

1. The presence of the enclosure can cause an increase in device temperatures compared to
the case where no enclosure is present - this was seen for the black plastic and polished
aluminium materials.

2.However, an enclosure made from anodized aluminium was found to reduce device
temperatures slightly.

3. Air inside the enclosure is “stagnant” and so the process of natural convection cannot
occur.

4.The heat loss mechanisms inside the enclosure are therefore:
a. conduction through the stagnant air
b. direct conduction from the PCB edges to the enclosure

c. radiation

5.Radiation heat exchange depends on the “view factor” between radiating surfaces and
tends to increase as the enclosure internal dimensions increase.

6.The enclosure material influences overall module thermal performance. In particular, the
material thermal conductivity and surface emissivity.

7.0f the three materials considered, anodized aluminium has the best combination of
thermal conductivity and surface emissivity.

5.4 Adding x- and z-gaps around the PCB

So far, all the cases we have considered have had physical contact between the edges of the
PCB and the enclosure walls. Although the area of contact was small, the graph of Figure 6
has shown that the amount of heat transferred through this path is significant, amounting to
approximately 20 % of the total in the case of the black plastic enclosure.

135




Chapter 5: LFPAK MOSFET thermal design - part 2

It is probable, though, that some real-life configurations may have an air gap between

the PCB edges and enclosure walls - perhaps to provide electrical isolation or for other
mechanical reasons. Introducing such an air gap would alter the available heat paths within
the module, and inevitably have an effect on the temperatures of the MOSFET devices
mounted on the PCB.

To investigate the effect of the air gap around the PCB, the previous models were re-run, but
this time with x- and z-gaps of 5 mm and 10 mm. See Figure 8.

aaa-001393

Fig 8. Gaps added around the PCB

5.4.1 The black plastic enclosure

The results for the black plastic enclosure are shown in Figure 9.
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Fig 9. The effect of x- and z-gaps on TJ. for the black plastic enclosure

Although we can see some difference when the gap is introduced, it could be argued that
the effect is not dramatic - around 2.5 °C. This is because the plastic material is not a good
conductor of heat energy, and so conduction into the enclosure is not a dominant heat path
(see Figure 6). In addition, the increased view factor results in an improved transfer of heat
by radiation. Hence removing the conduction heat path does not result in a dramatic change
in temperatures.

5.4.2 The polished aluminium enclosure

We would expect to see a more significant effect for the aluminium enclosures, as aluminium
is a better conductor of heat than plastic, and so removing this conduction path should have
more effect on T, The results for the polished aluminium enclosure are shown in Figure 10.
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Fig 10. The effect of x- and z-gaps on TJ for the polished aluminium enclosure

The effect of adding the x- and z-gaps around the PCB is much more noticeable in this
case, especially as the y-gap increases, resulting in a difference of ~20 °C when the y-gap
is 10 mm. By removing the conduction path from the PCB edges we have increased the
thermal isolation between the PCB and enclosure:

¢ Direct conduction between the PCB and enclosure is eliminated.
 Heat flow through the air remains poor as the air is still stagnant.

+ Radiation heat exchange is also poor as the surface emissivity of the aluminium
is very low.

5.4.3 The anodized aluminium enclosure

For the anodized aluminium enclosure, the effect of adding the x- and z-gaps is less
pronounced. See Figure 11.
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Fig 11. The effect of x- and z-gaps on Tj for the anodized aluminium enclosure

Although in this case we have lost the direct conduction heat path within the module,
the radiation heat path is still quite effective, owing to the surface finish of the enclosure
material. Hence the variation in T, is not as great as for the polished aluminium material.

5.4.4 The three enclosures side-by-side

The results for all three enclosure types are shown on the single graph of Figure 12. This
graph enables us to compare the influence of the three material types when there is no direct
conduction between the PCB and enclosure.
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Fig 12. The effect of x- and z-gaps on T, for the three enclosure materials

It should be remembered that the surface finish of the enclosure also influences how its outer
surfaces will lose heat energy to the environment by the process of radiation. So for instance,
the polished aluminium material will not only have poor radiation heat transfer between its
inner surfaces and the PCB, but also between its outer surfaces and the local environment.
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5.4.5 Summary: adding x- and z-gaps around the PCB

* Adding a gap between the PCB and enclosure removes the direct conduction heat path
between these items

* For the black plastic enclosure, the effect on T, of the air gap is not dramatic as plastic is
a poor conductor of heat anyway, and radiation exchange between the surfaces is good

* For the polished aluminium enclosure with larger y-gap, the effect is more dramatic as
aluminium is a good thermal conductor and radiation exchange is poor

* The change in temperatures for the anodized aluminium material lies somewhere
between the previous two sets of results. This is because, although aluminium has good
thermal conductivity, the surface properties of anodized aluminium allow for good heat
exchange by radiation

* Viewed side-by-side, the temperatures observed for the anodized aluminium and black
plastic materials are quite similar, while the polished aluminium results are higher -
especially for the larger y-gap

* Enclosure thermal conductivity and emissivity also influence the heat paths through the
enclosure and from the enclosure outer surface to ambient

5.5 Encapsulating the PCB

So far we have only considered cases where the PCB has been surrounded by air within

the enclosure. However, it is sometimes the case that the interior of the enclosure may

be partially or completely filled with an encapsulation (or “potting”) compound. This is
generally done to provide the PCB with additional protection from dirt and moisture, as well
as improving the mechanical reliability of the module as a whole.

Clearly, if we fill some or all of the enclosure with a solid material then we will alter the
thermal behavior of the module. Even without carrying out any detailed analysis, it seems
likely that the following aspects will be affected:

+ Assuming that the encapsulant is opaque, some or all of the radiation paths will be
eliminated

* Some or all of the conduction paths through the air within the enclosure will be
improved, provided the encapsulant has a higher thermal conductivity than stagnant air
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In the following analyses, we will examine the influence of a typical encapsulant with
thermal conductivity of 0.55 W/m.K. For comparison purposes, the thermal conductivity of
still air is around 0.003 W/m.K, so although the thermal conductivity of the encapsulant is
not very high in absolute terms, it is considerably higher than the air which it may replace.
We will consider two methods of encapsulation - one where the level of encapsulant just
reaches the top surface of the PCB and one where the whole space within the enclosure is
filled with encapsulant. See Figure 13.

We will only examine configurations where the x- and z-gaps are 5 mm. In other words,
where the PCB edge is separated from the enclosure walls by a gap of 5 mm. The rationale
for this is as follows:

* The need to keep the number of variables to a manageable level

« The likelihood that, in a real design, there would be a need to provide an electrical
insulation gap between the PCB and enclosure, when an aluminium enclosure is utilized

* The further probability that, in the x- and z-directions, the PCB would be the largest
single item in the module, and hence the enclosure would probably not be much larger
than the PCB in these directions

encapsulant

encapsulant

aaa-001398

Fig 13. The enclosure partially filled with encapsulant (top) and completely filled
(bottom)
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5.5.1 Partial encapsulation

The results for the three enclosure types are shown in Figure 14, Figure 15 and Figure 16.

Results without encapsulation are also shown in each graph, for the purpose of comparison.
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Fig 14. Partial encapsulation - black plastic enclosure
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Fig 15. Partial encapsulation - polished aluminium enclosure
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Fig 16. Partial encapsulation - anodized aluminium enclosure
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In all three cases, partial encapsulation results in major reductions in temperature. This
strongly suggests that the new conduction paths introduced by the encapsulant are thermally
better than those which it replaces. This is particularly noticeable for the polished aluminium
material, where (relatively) poor radiation heat paths are replaced by more effective
conduction paths.

The results are collated onto the single graph of Figure 17, again for the purpose of
comparison.
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Fig 17. Partial encapsulation - the three enclosure types summarized

It is also interesting to note that the results have become largely independent of y-gap.
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5.5.2 Full encapsulation

The results for the three enclosure types are shown in Figure 18, Figure 19 and Figure 20.

Results with half- and no encapsulation are also shown on each graph, for the purpose of
comparison.
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Fig 18. Full encapsulation - black plastic enclosure
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Fig 19. Full encapsulation - polished aluminium enclosure
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Fig 20. Full encapsulation - anodized aluminium enclosure
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The results are very similar to those for partial encapsulation, with a general overall
reduction in temperature, which is sometimes quite substantial, and a general independence
of y-gap. The results are collated onto the single graph of Figure 21, again for the purpose of
comparison.
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(3) 5 mm gap, anodized aluminium, full encapsulation.

Fig 21. Full encapsulation - the three enclosure types summarized

By fully encapsulating the enclosure internal space we have made the thermal pathways
identical, irrespective of enclosure material. However, we still see a difference in the
thermal performance of enclosures of the same size but differing materials. This is because
the thermal pathways within the enclosure are only part of the total path which the heat
energy takes from source to ambient. The heat energy still has to travel through the walls
of the enclosure by conduction, and then from the outside of the enclosure to ambient by
convection and radiation. As these thermal pathways are heavily dependent on material
properties, we still see differences in thermal performance for enclosures of the same size
when fully encapsulated.
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5.5.3 Summary: encapsulating the PCB

1. Encapsulation, whether partial or full, removes some or all of the radiation heat paths
within the module and replaces still air with a more conductive material.

2. Both partial and full encapsulation result in a general decrease in device temperatures.

3. The results have become largely independent of y-gap.

5.6 Direct cooling through the enclosure

So far we have considered cases where the area of direct contact between PCB and enclosure
has either been very small (only at the edges of the PCB) or non-existent. In this section, we
will consider two cases where the contact between PCB and enclosure is much more direct.

5.6.1 Bottom-side cooling of the PCB

Bottom-side cooling (BSC) of the PCB is an arrangement whereby the underside of the PCB
is brought close to the inner surface of the enclosure, separated by a thin insulating layer. See

Figure 22.

y-gap
Hmm

Insulator
aaa-001407

Fig 22. Bottom-side cooling of the PCB
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The goal of bottom-side cooling is to channel the heat energy from the MOSFETS’ die,
through the bottom of the MOSFET device packages, through the PCB vias and into

the enclosure. Within the enclosure the intention is to make conduction the primary heat
transfer mechanism. Once the heat energy arrives at the enclosure it is dispersed to the local
environment from the enclosure outer surface by convection and radiation in the usual way.

The insulator we have chosen has a thermal conductivity of 2.6 W/m.K and a thickness of
2.54 mm, and is representative of common insulating materials. The y-gap is now relevant to
only one side of the PCB and, as in the previous section, we will only consider configurations
where the PCB edge is separated from the enclosure walls by a gap of 5 mm. The results for
all three enclosure types are shown in Figure 23, together with the corresponding results for
non-bottom-side cooling, for comparison purposes.

70 aaa-001408

T (°C) —
€
60 @
3)

50

\ig

40

30

20

0

IN
[e)
-
N

y-gap (mm)
(1) Tj polished aluminium.

2) T, black plastic.

3) Tj anodized aluminium.

4) Tj black plastic BSC.

5) T, polished aluminium BSC.

(6) T, anodized aluminium BSC.
Fig 23. Bottom-side cooling (BSC) applied to the three enclosure types
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The application of bottom-side cooling has resulted in a reduction in temperatures in all three
cases, with results which are almost independent of y-gap. The extent to which we have
succeeded in making conduction the dominant mechanism is shown in Figure 24. As T, is
now almost independent of y-gap, Figure 24 shows only the results for y = 10 mm. A 10 mm
gap is considered reasonable to allow for other components (connectors, capacitors, etc.) on
the top side of the PCB.
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Fig 24. Comparison of conduction heat transfer for the three enclosure types with
bottom-side cooling applied (y-gap = 10 mm)
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For the two aluminium enclosures the amount of heat transferred by conduction within the
enclosure is in every case greater than 95 %. This should not be a surprise as aluminium
is a relatively good conductor of heat (see Table 1 and Table 2) and so does not present
a significant barrier to the conduction of heat energy. Even for the plastic enclosure, the

amount of heat transferred by conduction within the enclosure is still almost 60 %. When
considered in conjunction with the graphs of Figure 23, this fact suggests that bottom-side
cooling is an effective strategy for removing heat from the PCB. Finally, as we have seen
before, the overall best performance is achieved with the anodized aluminium enclosure,
which benefits both from good conduction and effective heat transfer by radiation.

5.6.2 Bottom-side cooling of the PCB, with encapsulation

For the final part of the bottom-side cooling analysis, we can also look at the effect of adding
encapsulant to the inside of the enclosure. In Section 5.5 we saw that replacing some or all
of the air space inside the enclosure with encapsulant tended to reduce device temperatures,
as the encapsulant has a better thermal conductivity than stagnant air. In the first part of
Section 5.6 we also saw that applying bottom-side cooling had a significant impact on device
temperatures due to the presence of a direct conduction heat path through the wall of the
enclosure. For the aluminium enclosure materials in particular, the majority of the heat was
found to be passing through the enclosure wall by conduction (Figure 24). It will therefore
be interesting to see, for instances when we already have good conduction through the
enclosure wall, whether adding encapsulant will make any further significant difference to
device temperatures. See Figure 25.
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encapsulant

encapsulant

aaa-001410

Fig 25. Bottom-side cooling with partial encapsulation (top) and full
encapsulation (bottom)

The three bottom-side cooling scenarios from Section 5.6.1 have been simulated with
partial- and full encapsulation, and the results are shown in the graph of Figure 26.
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Fig 26. Bottom-side cooling, with and without encapsulation

For the aluminium enclosures, the presence of encapsulation has made almost no difference
to device temperature. These results are not surprising, as most of the heat energy is being
transferred from the PCB to the enclosure by direct conduction anyway, and so adding
encapsulant makes little additional difference. In the case of the plastic enclosure, however,
the presence of the encapsulant makes a more significant difference as less heat is being
transferred to the enclosure by direct contact (Figure 24).
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5.6.3 Top-side cooling of the PCB

Top-Side Cooling (TSC) is an arrangement whereby the tops of the device packages are
brought close to the inner surface of the enclosure, separated by a thin insulating layer. See
Figure 27. Although there is no need for an electrical insulator between the device packages
and the enclosure, a thermal “gap filler” is usually employed to allow a consistent contact
between all the devices and the enclosure surfaces. For the purposes of this exercise we will
use the same insulating material as in the bottom-side cooling cases.

Insulator

y-gap

aaa-001412
Fig 27. Top-side cooling of the devices

This arrangement is intended to channel the heat energy from the MOSFETs’ die, through the
top of the MOSFET device packages and into the enclosure.

The y-gap is again relevant to only one side of the PCB and, as in the previous section, we
will only consider configurations where the PCB edge is separated from the enclosure walls
by a gap of 5 mm. The results for all three enclosure types are shown in Figure 28, together
with the corresponding results for non-top-side cooling, for comparison purposes.
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Fig 28. Top-side cooling applied to the three enclosure types

The results are strikingly similar to those for bottom-side cooling, shown in Section 5.6.2:
the application of top-side cooling has again resulted in a reduction in temperatures in all
three cases. Similarly, the results are also virtually independent of y-gap. The degree to
which we have made conduction the dominant mechanism is shown in Figure 29.

As before, T, is now almost independent of y-gap, and so Figure 29 shows only the results
for y =10 mm.
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Fig 29. Comparison of conduction heat transfer for the three enclosure types with
top-side cooling applied (y-gap = 10 mm)

Compared to the figures for bottom-side cooling (Figure 24) we can see that, for the
aluminium enclosures, conduction is not quite so dominant, and for the plastic enclosure

the split is almost equal between conduction and the other paths combined. This is perhaps
not surprising, as in the top-side cooling scheme the heat energy must pass through the
(admittedly thin) layer of plastic on the package tops before reaching the insulator and
enclosure, and as we have seen, plastic is a relatively poor conductor of heat energy. On

the other hand, for the bottom-side cooling scheme, the heat energy has a relatively high
conductivity path (solder, PCB planes, thermal vias) before reaching the insulator, and is not
impeded by a layer of plastic.
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5.6.4 Top-side cooling of the PCB, with encapsulation

Following the same progression as for bottom-side cooling, we will also look at the effect of
adding encapsulant to the top-side cooling scheme. See Figure 30.

encapsulant

encapsulant
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Fig 30. Top-side cooling with partial encapsulation (top) and full
encapsulation (bottom)

In the bottom-side cooling scheme we saw that adding encapsulation tended to lower
device temperatures for the plastic enclosure, but made little difference for the aluminium
enclosures. This was because, for the aluminium enclosure material, the majority of

the device heat energy was found to be passing through the PCB and enclosure wall by
conduction, and so adding the encapsulant material made little difference to thermal
pathways which were already very effective.

In the top-side cooling scheme we have already identified the device plastic as a potential
barrier to the flow of heat energy, so it will therefore be interesting to see whether adding
encapsulant will make any significant difference to device temperatures.

The three top-side cooling scenarios from Section 5.6.3 have been simulated with partial and
full encapsulation, and the results are shown in the graph of Figure 31.
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Fig 31. Top-side cooling, with and without encapsulation

It is interesting to compare these results with those for bottom-side cooling (Figure 26). For
the aluminium enclosures with bottom-side cooling, the presence of encapsulation made
almost no difference to device temperatures. However, for top-side cooling, we see a notable
decrease in temperature when encapsulation is applied. This is a reflection of the fact that
the thermal pathway from the devices in a top-side cooling scheme is not as direct as it is for
bottom-side cooling, and so improving the path from the bottom of the PCB (by replacing
the air with encapsulant) results in a reduction in device temperature.
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5.6.5 Summary: direct cooling through the enclosure

Bottom-side cooling:

* The application of bottom-side cooling results in a reduction in device temperature.
The degree to which temperature is reduced is dependent on the enclosure material

* Results become almost independent of y-gap

* For the aluminium enclosures, the presence of encapsulation makes almost no difference
to device temperatures. For the plastic enclosure, the encapsulant results in reduced
device temperatures.

Top-side cooling:
* The application of top-side cooling also results in a reduction in device temperature.

Again, the degree to which temperature is reduced is dependent on the enclosure
material.

» However, top-side cooling is not as effective as bottom-side cooling
+ Results become almost independent of y-gap

* For all three enclosure types, there is a notable decrease in device temperature when
top-side cooling is applied

5.7 Mounting the enclosure on a bulkhead

All of the cases we have looked at so far have the module located horizontally in free air.
In this last chapter we will consider the module’s thermal performance when located in a
manner more representative of actual usage i.e. mounted vertically, close to a steel bulkhead.

For the purposes of this exercise, we will consider the following module variations:
1.Module x- and z-gaps fixed at 5 mm.
2.Module y-gap(s) fixed at 10 mm.
3.Three enclosure materials (black plastic, polished aluminium, anodized aluminium).
4.PCB mounted centrally in the enclosure.
5.PCB with bottom-side cooling applied.
6.PCB with top-side cooling applied.
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5.7.1 Vertical orientation of the module

Before considering the effect of the steel bulkhead, we will first examine what happens when
we orientate the module vertically rather than horizontally. See Figure 32.

aaa-001417

Fig 32. Orientating the module vertically

The effect on device temperatures is shown in the graph of Figure 33.
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Fig 33. The effect of module orientation on device temperature

At most, the change in orientation has resulted in a decrease in device temperature of 1.5 °C.
Remember that at this stage the PCB is still mounted centrally within the enclosure i.e. the
y-gaps above and below the PCB are 10 mm.

5.7.2 Adding the bulkhead

The next stage is to add the bulkhead to the scenario. Rather than mount the module directly
against the bulkhead, with perfectly flat adjoining surfaces, we have instead chosen to mount
the module using 5 mm plastic “standoffs”. This means that there is an air gap of 5 mm
between the surface of the module and surface of the bulkhead. This is felt to better represent
reality, as any real-life module would probably be mounted using some form of plastic clips.

See Figure 34.
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Standoff

7

Steel
bulkhead

aaa-001419

Fig 34. The module mounted on the bulkhead

The bulkhead itself is modeled as a piece of steel measuring 220 mm x 170 mm x 5 mm. As
the bulkhead is now a part of the overall thermal system, we have to decide how to model
its thermal characteristics. On the one hand, we could model the bulkhead as a normal piece
of conducting material which is capable of transferring heat by the processes of conduction,
convection and radiation. However, if we take this approach then we have to consider how
the section of bulkhead will itself lose heat energy to its surroundings, and the danger with
this approach is that we could end up trying to model the entire vehicle!

An alternative approach, and the one adopted here, is to define the bulkhead as a fixed
temperature block at the ambient temperature of 20 °C. This means that, no matter how much
heat energy is passed into the bulkhead, its temperature will remain at a fixed, uniform 20 °C.
The justification for this approach is that, in reality, the bodywork of the vehicle is so much
more massive than the module that, for all practical purposes, the bulkhead is almost the
“perfect heatsink” used in the model.
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A final point which must be addressed is that of which of the two sides of the module should
be nearest to the bulkhead. This could be an important consideration in scenarios where, for
instance top-side or bottom-side cooling of the PCB is employed. We will therefore consider
both cases, where both the bottom and top of the module are nearest to the bulkhead. The
“bottom” of the module is considered to be the side nearest to the solder side of the PCB, and
the “top” of the module is the side nearest to the component side of the PCB.

5.7.3 Results for the PCB mounted centrally in the module

The results for the module with PCB mounted centrally (y-gaps above and below the PCB
are 10 mm) are shown in Figure 35. Results are shown for the module mounted bottom-side
to the bulkhead, top-side to the bulkhead and without any bulkhead.
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(1) No bulkhead.
(2) Module bottom side to bulkhead, with 5 mm gap.

(3) Module top side to bulkhead, with 5 mm gap.

Fig 35. Results for the module mounted on the bulkhead (PCB central)
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For a given enclosure material, there is little difference in temperature whether the module
is mounted on the bulkhead or not, and also whether the bottom or top side of the module is
nearest to the bulkhead.

We might consider this an unexpected result, as the presence of the bulkhead should be
interfering with the process of natural convection occurring on one side of the module. While
this is undoubtedly true, and the air on the affected sides remains “trapped” and stationary
against the side of the module, the air (and hence the side of the module in contact with it) is
maintained at a lower than normal temperature by the fixed-temperature bulkhead. We might
think of this effect as “heat sinking at a distance”. Hence the lack of convection on one side
is compensated for and there is almost no effect on device temperature.

5.7.4 Results for the PCB with bottom-side cooling

The results for the module with bottom-side cooling (y-gap above the PCB is 10 mm) are
shown in Figure 36. The vertical scale in Figure 36 has been deliberately made the same as
for Figure 35 in order to facilitate comparison of the results.
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(2) Module bottom side to bulkhead, with 5 mm gap.
(3) Module top side to bulkhead, with 5 mm gap.

Fig 36. Results for the module mounted on the bulkhead (PCB utilizing

bottom-side cooling)
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Once again, for a given enclosure material, we do not see a dramatic difference when

the module is mounted on the bulkhead. This might seem a little surprising as, inside the
module, there is a good conduction path from the devices, through the PCB and into the
enclosure material. However, the heat energy is still required to bridge the air gap between
the module outer surface and the bulkhead, and so any heat sinking effect from the bulkhead
is effectively eliminated.

In order to illustrate this point a little better, we will consider the same scenario once more
(PCB bottom-side cooled within the module) except that this time we will attach the module
face directly to the bulkhead. This will be a “perfect attachment” with no contact resistance
and complete, uniform contact between the surfaces. Such a perfect arrangement could never
be achieved in real life, and the results are shown here simply for interest (Figure 37).
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(1) Horizontal (no bulkhead).
(2) Module bottom side to bulkhead, with 5 mm gap.

(3) Module bottom side in contact with bulkhead.

Fig 37. Results for the module mounted “perfectly” on the bulkhead

As one might expect, with an uninterrupted conduction path between the module and the
bulkhead, there is a significant reduction in device temperature.
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5.7.5 Results for the PCB with top-side cooling

The results for the module with top-side cooling (y-gap below the PCB is 10 mm) are shown
in Figure 38.
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(2) Module bottom side to bulkhead, with 5 mm gap.

(3) Module top side to bulkhead with 5 mm gap.

Fig 38. Results for the module mounted on the bulkhead (PCB utilizing
top-side cooling)

The trend in results is very similar to that seen for the bottom-side cooled PCB i.e. the
presence of the bulkhead actually makes little difference to the device temperatures.
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5.7.6 Summary: mounting the enclosure on a bulkhead

* Altering the module orientation from horizontal to vertical has little effect on device
temperatures - at most a decrease of 1.5 °C was observed

Adding the bulkhead to the module with central PCB also makes little difference to
device temperatures

» The bulkhead limits convection heat loss from the surface of the enclosure, but also
provides an effect of “heat sinking at a distance”. These two phenomena tend to cancel
each other out.

* The bottom-side cooling version of the module does not benefit from the presence of
the bulkhead unless mounted directly on it with “perfect” thermal contact. This is an
arrangement which is likely to be unachievable in practice.

* The top-side cooling version of the module also does not benefit from the close
proximity of the bulkhead

* Overall, mounting the module vertically and close to a bulkhead does not make things
dramatically better or worse

5.8 Summary

Thermal aspects are an important concern when designing with power MOSFETs. Both
MOSFET junction temperature and PCB temperature must be kept within safe limits if
reliable operation is to be ensured.

Chapter 4 considered the impact of various different PCB and device configurations on
thermal behavior. The factors considered included PCB layer count, the impact of thermal
vias and the placement of multiple devices.

The scenarios considered in chapter 4 utilized PCBs situated in free air, with no enclosures
or housings included in the scenarios. The primary heat loss mechanism from the PCBs was
therefore natural convection, unimpeded by the presence of any other physical structure.
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This design guide has addressed the likelihood that, in most real-life applications, the need to
protect the PCB from environmental factors, plus possible considerations for electromagnetic
compatibility would almost certainly dictate that the PCB would be mounted in an enclosure
of some form. The investigations have examined how the enclosure, and the bulkhead on
which it may be mounted, have impacted on the thermal performance of the system.

The design guide has considered three enclosure materials with differing thermal properties
and dimensions. Encapsulation within the enclosure, and the role of bottomand top-side
cooling has also been examined, as has the effect of locating the module in close proximity
to a bulkhead. From this investigation we have been able to draw several interesting
conclusions:

1. Adding an enclosure around the PCB may or may not increase device temperatures - this
depends on several other factors.

2.The air within the enclosure is not able to move, and hence the normal process of heat
loss by convection does not occur. Instead, the air behaves as a stationary conductor with
low thermal conductivity.

3.In the absence of convection, heat loss by radiation becomes of more significance, and
hence the surface finish of the materials employed also becomes significant.

4.Partially or completely filling the enclosure with encapsulant results in a lowering of
temperatures, as the encapsulant has a higher thermal conductivity than the stationary air
it replaces.

5.The use of bottom- and top-side cooling techniques can reduce device temperatures
significantly. Of the two, bottom-side cooling is more effective.

6. Altering the module orientation from horizontal to vertical has almost no effect on
device temperatures.

7.The presence of the bulkhead makes little difference to device temperatures.

While this chapter cannot hope to address all possible different module configurations, it is
hoped that those presented here are representative of typical “real life” usage.

Finally, we should reiterate that the information contained within this design guide is
presented as a starting point only. Any new design should of course be prototyped and its

thermal behavior characterized before placing the design into production.
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Chapter 6: Using power MOSFETs
in parallel

6.1 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 R, range.
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The key data sheet limit which must not be exceeded is the maximum junction temperature
T of175°C.

j(max)

6.2 Static (DC) operation

This situation is the simplest condition where current flows through a group of paralleled
MOSFETs 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 I | flowing in each MOSFET is

inversely proportional to its R (the drain-source voltage V _ across all the MOSFETs is

DS(on)
the same).

The MOSFET with the lowest R takes the highest proportion of the current and

DS(on)
dissipates the most power (power dissipation P=V_ xI).
All the MOSFETs heat up, but the MOSFET with the lowest R
the R . = ofall the MOSFETs is the same).

th(j-a)

bs(on) €S UP MoOst (assuming

MOSFET R has a positive temperature coefficient. R

DS(on)
die temperatures and R,

DS increases as T. increases. The
(on) J

DS(on) values of all MOSFETs in the group rise, but the die temperature

of the lowest R MOSFET increases disproportionately. The effect of this behavior is to

DS(on)
redistribute the current towards the other (higher R__ ) MOSFETs in the group.

DS(on)

Stable thermal equilibrium is reached after a period of operation. The lowest Riom MOSFET

is the hottest, but carries a lower proportion of the current than it did initially.

The Positive Temperature Coefficient (PTC) of R

DS(on)
power sharing between the MOSFETs in the group. However, as stated earlier the most

is a stabilizing influence that promotes

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 R ¢ “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 optimized 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.

Sometimes a value for R i 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

R

th(j-mb)’

The worked examples that follow are based on the BUK764R0-40E.

thermal resistance from

R, o . - - 0.82 K/W
thG-mb)  junction to mounting base
thermal resistance from minimum footprint;
Ry o . P . 50 - KW
the-a) junction to ambient mounted on a PCB

A typical group of MOSFETs has a range of R,

values. The distribution has a peak at
around the typical data sheet R value; none should have an R

DS(on) bs(on Ugher than the data

sheet maximum. The RDS(OH) of about half of the samples is less than the typical value.

Minimum R, | “is not given in the data sheet, but a good estimate is

Jt{DS((m)(minjl A RDS(on)(max) -2 (KDS(ml)(max] _ JIRDS(cn)(ryp))
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The R value range means that a group of typical MOSFETs is very unlikely to share

DS(on)
power equally when they are operated in parallel.

The worst case would be when one of the MOSFETs has the minimum RDS(OH) and all the

others have the maximum R

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 R f

DS (on) of 4 mQ. The other has a lower than typical R,
2.6 mQ.

DS(on) 0

The MOSFET with the lowest R value takes the highest proportion of the current. It

DS(on)
therefore has the highest power dissipation.
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 R values.

The first scenario shows the system with the thermal resistance from junction to ambient for
each MOSFET (R, . . =20 K/W; T  =125°C).

th(j-a) b

M1

Vb Rth(-a) = 20 K/W
T
electrical v |I-|: D1 thermal
interface ‘G interface

BUK764R0-40E RDS(on)(ZS“C) =4.0mQ
M2

Rth(j-a) = 20 KIW
| oo — Tamb = 125 °C

BUK764R0-40E Rps(on)(25°C) = 4.0 mQ

M3
Rth(j-a) = 20 KW
| —
Ko =

BUK764R0-40E Rps(on)(25°C) = 2.6 mQ a2aa-016409
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Table 2 shows the maximum safe limits of V, I, P and Tj for all the MOSFETs at thermal

equilibrium. At this point, the junction temperature of the hottest MOSFET is almost 175 °C.

M1 0.11 20 2.6 4.16 4231 4.65 435 4.92 22.36 2.46 174 423
M2 0.11 20 4 6.4 27.50 3.03 28.3 7.21 15.26 1.68 159 28.9
M3 0.11 20 4 6.4 27.50 3.03 283 7.21 15.26 1.68 159 28.9

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 R, . -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(-a) = 0-82 KIW
LS
electrical v ||'|: b1 thermal
interface ' G interface

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

Rth(j-a) = 0.82 K/IW
| —t Tamb = 125 °C

D2

BUK764R0-40E Rps(on)(25°C) = 4.0 mQ
3 Rth(j-a) = 0.82 KIW

| p—
Vs
BUK764R0-40E RDS(on)(25°C) =2.6mQ 2aa-016503
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Table 3 shows the values of V., I, P and Tj for all the MOSFETs at thermal equilibrium. At
this point, the junction temperature of the hottest MOSFET is almost 175 °C.

Ml 0.55 0.82 2.6 4.16 211.54 116.35 435 4.92 111.79 6148 174 423
M2 0.55 0.82 4 6.4 137.50  75.63 283 7.21 76.28 41.96 159 28.9
M3 0.55 0.82 4 6.4 137.50  75.63 283 7.21 76.28 41.96 159 28.9

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
R, to maximize the usage of the MOSFET capabilities.

In practice, R, . is always greater than R, . 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 (I ) of the MOSFETs becomes the limiting factor (the data
sheet maximum I is 75 A).

To optimize MOSFET utilization, the MOSFETSs 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:

1.1t is beneficial to reduce R 38 much as possible to optimize the MOSFET die cooling.

2.1t is 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 MOSFETSs depends only on their R values (assuming the R, . ~for each
MOSFET is the same).

DS(on)
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4. When the paralleled (fully enhanced) MOSFETs heat up during use, their power
distribution changes such that the cooler MOSFETs take a greater proportion of the

power. This effect is due to the PTC of R “and it acts to promote thermal stability.

6.3 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 MOSFETs 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.
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This layout suits standard packaged MOSFETs (e.g. D2PAK, LFPAK and TO-220). The dark
shaded area corresponds to the drain tab of the device.

I/ PCB

I thermal via
aaa-016512
a. Two paralleled
MOSFETSs where both
devices are located
directly opposite each

other on the two faces
of a PCB

aaa-016513

b. Two paralleled
MOSFETs where the
devices are located next
to each other on the
same face of a PCB

aaa-016514

c. Three paralleled
MOSFETs where the
devices are located in a
symmetrical loop other
on one face of a PCB
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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 MOSFETSs 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.

aaa-016511

aaa-016518

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

6.4 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.

drain loop
|

M1 M2 M3
H H
g D1 D2 4 D3
H H

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

I

source star point
aaa-016505
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a. MOSFET drain current distribution b. The same MOSFET drain current
immediately after turn on. The time base distribution as in Figure 7a showing the
scale is 100 ns/division. changes as time progress. The time base

scale is 100 ps/division.

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 R +R1,

RDS( +R2 and R + R3 determine the current distribution.
on) DS(on)

DS(on)

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 current in the
MOSFETs to match. The source inductances are the key impedance as they affect the gate-
source voltages (gate drives) of the MOSFETSs 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.
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6.5 Partially enhanced (linear mode) power
sharing

If a group of MOSFETs must operate in linear (partially enhanced) mode, great caution is
needed. MOSFETSs 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 V.. As the group of MOSFETs starts to enhance, the MOSFET with the lowest
Vgsan Starts to conduct channel current first. It dissipates more power than the others and heat
up more. Its Vo o 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 MOSFETs 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 V (M1) =
V,-[,(MI) xRI1.

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

6.6 Gate drive considerations

It is 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 MOSFETs 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 insignificant in 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.
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Gate resistors also help to damp out oscillatory transients on V .. They also swamp any

effects caused by variations in the internal gate resistance Riimy of the MOSFETs.

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
MOSFETs is needed. Here the MOSFETSs 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 synchronized. 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.

6.7 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.

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 R, | ~can be reduced.
Maximum drain current can be increased to achieve better performance from a paralleled

group of MOSFETs. Special manufacturing facilities are required for KGD assembly.
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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.

6.8 Inductive energy dissipation in paralleled
MOSFETs

If the group of paralleled MOSFETs 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 MOSFETs.

If the battery polarity (Vsup) 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 MOSFETs 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 V .. . of one of the MOSFETS. It likely that MOSFETS
in the group have a range of Vsrpss values (even though they are the same type). The
current then flows through the body diode of the MOSFET with the lowest V arypss in reverse
(avalanche) conduction. This condition causes high-power dissipation and temperature

rise in the MOSFET die (P =1, x V . o). If the maximum 175 °C junction temperature is

exceeded, the thermal stress on the die could degrade or destroy the MOSFET.
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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. A — has a positive temperature coefficient which tends to
redistribute the current towards other MOSFETS with higher V . .. values.

1
+
freewheel diode ZN D1 3L1 7 ) Vsup
1

R1 Fq ADI R |Fq/AAD2 R3 D3
+ H 3

gate drive

é aaa-016520

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.
M1 M2 M3
l_
R1 FqAD1 R [FgAD2 Rr3 D3
H H
.
gate drive é +
L1 stup

% aaa-016521
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In this circuit, the difference between the threshold voltages rather than V . spread
determines where the load current flows. The MOSFET with the lowest threshold voltage
conducts the greatest proportion of the current. The drain-source voltage across the MOSFET
group is Voo T Vas and the power dissipation of the group is (VSup + Vo) x L. 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.

6.9 Summary

1.1t 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.If it is necessary to use paralleled MOSFETs, use the lowest number possible as the basic
group size (3 maximum).

4.1f a larger 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 LFPAKSs (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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Chapter 7: Designing

RC snubbers




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

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

Vbp

HS driver Q1 inductor

t
—

Vce
Q2

aaa-002741

LS driver

ov

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

Inductor current is established in the red loop; Q2 is off 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 V
waveform of Q2; see Figure 2.
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The equivalent circuit is shown in Figure 3.

stray
inductance (LLK)
Q1
Coss
(CLK) C) VDD
Q2
Q2 T el

aaa-002743

We are primarily interested in the parasitic elements in the circuit:

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

* The parasitic capacitance C,, is mainly due to C__ 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.

191



stray
inductance (LLK)
LYY

Q1 Rs
= Coss

(CLK) Cs C) VDD

) Q2
Q y Vbs

aaa-002744

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

1

2L, Cr g

where f, . is the frequency of oscillation without a snubber in place; see Figure 2. If we

add an extra additional capacitor across Q1 (C_,), the initial oscillation frequency from f ..
to f (f ) will change. It can be shown that (see Section 7.7 “Appendix A;

<f
RINGI VRINGI ~ "RINGO

determining CLK from Cadd, fRING0 and fRING1”):

JrivGo =

C iy Cadd
LK >
x —1
where:

_ JrinGo

fRINGI
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So if we measure f, ., (without C_, ), then add a known C_,, and measure f_ ., we can

determine C,, and L, (two equations, two unknowns).

C,,, = 3200 pF was added in circuit, and fRING1 found to be 22.2 MHz (f,,
found to be 31.25 MHz; see Figure 2).

nGo Previously

from Equation 3:

g Bhetd = Gy
222
and from Equation 2:
2 ;
Cpp = 229%PF o 3239pF
1417 1

Rearranging Equation 1:
il

(2 ivee) Crr

Lix =

So with f =31.25MHz and C , = 3239 pF:

RINGO

Ly = 2 = 801x10°H = 8.0nH

(2xrx3125%107) x3.239% 10°°

and with f =222MHzand (C, +C

RING1

) = 3239 pF + 3200 pF = 6439 pF:

add

Ly, = d = 7.98% 10°H = 8.0nH

(2xmx222%10") % 6.439%x10°°

In other words, the calculated value of L, , remains almost unchanged when we add
the additional 3200 pF capacitance. This is a good sanity check of the method for
determining C,, and L.
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If we replace C in 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 ({ or zeta) in the circuit; see Figure 5.

aaa-002745
2.0

[N [ L\
X [~
- —\

3

|

ﬂ/

\
7

He=o.
2)¢=0.1.
(3)¢=02.
#)¢=0.4.
(5)¢=0.7.
©C=1.
(neg=2.
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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, and C,, is:

¢ = ["sz Lix
\2R JCEK

The snubber capacitor C¢ does not appear in Equation 9.

In some circuits, it is possible to damp the oscillations with R, alone. 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 C in series with Ry, with the value
of C, chosen so as not to interfere with normal operation.

The snubber is a straightforward RC circuit whose cut-off frequency f. is:

Fcz;
2R Cs

Again, we must choose which value of f. 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 f; .., 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 £, =

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

C,=3239pF

L ,=8.0nH

f, .o =31.25MHz

RINGO
s [L Lix
°~ 2R/ \C,

C 2RRSCS RINGO

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:

L
gj “LK _ 80x10 - 0.78Q
Cii - 3.239 % 1(:r9
use 2 x 1.5 Q in parallel to give 0.75 Q.
Rearranging Equation 12 we have:

o A (R ! = 6.79nF

2RRsfrivGe 2 xmx0.75%3.125% 10°

use 4.7 nF + 2.2 nF to give 6.9 nF.

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
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Vertical scale is 2 V/div.

As seen in Figure 6, the snubber has almost eliminated the ringing in the V  waveform.

This technique could also be applied to the MOSFET in the Q2 position.

» 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 MOSFETs.
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We know that:
I

L xCrx

where | ., is the frequency of oscillation without a snubber in place and L, and C, are the

parasitic inductances and capacitances respectively.

Jriveo =

: . : [T 1) .
If we add capacitor C_,; across Q1 drain-source, f, ., is reduced by an amount “x” where:

We know that:
JrinGo _ 1
X
L e(Crxet Crag)
therefore
1 - X
L eCrg 2RLp(Crp+ Cogg)
1 29

NlrxCrx  NLix(Crx+t Coga)

JLLK( CrxtCaia)
NLixCrx = = -

C_ = Cret Cadd
e

2 e
Cregx“—Crx = Chgd

CLK(x2 —1)="Cpaa

oo Cada’
LK
x?— 1
where:
y = “RINGO
f RINGI
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Chapter 8: Failure signature of electrical overstress on power MOSFETs

Chapter 8: Failure signature of electrical
overstress on power MOSFETs

8.1 Introduction

Power MOSFETs 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 MOSFETSs 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 8.1.1 to Section 8.1.5 gives an overview of the common failure signatures.

Appendices in Section 8.2.1 to Section 8.2.15 provide further images.
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Chapter 8: Failure signature of electrical overstress on power MOSFETs

8.1.1 ESD - Machine Model
8.1.1.1 EOS method

ESD pulses were applied using a standard Machine Model ESD circuit; for details see AEC -
Q101-002 - REV-A - July 18, 2005. Voltage of the applied pulse was progressively increased
until device failure was observed.

S1

b ¢ terminal A
}‘ s2
200 pF 500 Q
GENERATOR " he SOCKET
10 kQ to 10 MQ
¢ terminal B
T

aaa-004800

Fig 1. Typical circuit for Machine Model ESD simulation

8.1.1.2 Fault condition simulated

Machine 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 between either gate-
source or gate-drain. The pulse is applied with minimal series resistance between the voltage
origin and the MOSFET, resulting in rapid rise of the MOSFET gate voltage. Electrical test
equipment or malfunctioning circuits can easily apply such voltage pulses.

8.1.1.3 Signature

An edge cell of the MOSFET structure is a failure site that is normally located close to the
gate. Outer edge cells and cells near the gate are the first to be subjected to the incoming
voltage pulse. As a result, these cells are the first sites where the voltage exceeds the gate-
oxide capability.
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Chapter 8: Failure signature of electrical overstress on power MOSFETs

Table 1. Examples of Machine Model ESD failure signature

Cell pitch

Device name Image

(um)

BUK9508-55A 9 (hexagon)

aaa-004801

Comments

Fail site is gate oxide of
edge cell; see Section 8.2.1
“Machine model EOS of
BUK9508-55A" for further
images

T

BUK9Y40-55B 4 (stripe)

Fail site is gate oxide of
edge cell; see Section 8.2.2
“Machine model EOS of
BUK9Y40-55B” for further
images

PSMN7R0-30YL 2 (stripe)

Fail site is gate oxide of
edge cell; see Section 8.2.3
“Machine model EOS

of PSMN7R0-30YL” for
further images

PSMNO11-30YL 2 (stripe)

=
aaa-004854

Fail site is gate oxide of
edge cell; see Section 8.2.4
“Machine model EOS

of PSMNO011-30YL” for
further images
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8.1.2 ESD - Human body model
8.1.2.1 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.

s1 R1

—
b 1500 Q
E terminal A

HIGH VOLTAGE
PULSE ?(;0 pF \32 S(I)D(;JIIET short 5Rg° Q
GENERATOR
terminal B

<

aaa-004855

Fig 2. Typical circuit for Human body Model ESD simulation

8.1.2.2 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.

8.1.2.3 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 2. Examples of Human Body Model ESD failure signature

Cell pitch

Device name Image
(pm) o

BUK9508-55A 9 (hexagon) | =

Comments

Fail site is gate oxide of
edge cell; see Section 8.2.5
“Human body model EOS
of BUK9508-55A" for
further images

BUK9Y40-55B 4 (stripe)

Fail site is gate oxide of
edge cell; see Section 8.2.6
‘“Human body model EOS
of BUK9Y40-55B” for
further images

PSMNO11-30YL 2 (stripe)

"l
aaa-004858

Fail site is gate oxide of
edge cell; see Section 8.2.7
‘“Human body model EOS
of PSMNO011-30YL” for
further images

8.1.3 Unclamped Inductive Switching (UIS) (Avalanche or Ruggedness)

8.1.3.1 EOS method

Inductive energy pulses were applied using a standard UIS circuit; for details see
AEC - Q101-004 - REV - May 15, 1996. A fixed inductance value is elected. Current in the
inductance prior to switching the MOSFET was progressively increased until device failure

was observed.
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Vbr —,

BVdss -

lay

‘ Vbp
gate
voltage 0
[~ tay —
Vg
~— lg(on)
aaa-004859 aaa-004860
Fig 3. Circuit diagram for UIS Fig 4. Waveforms obtained from

ruggedness test UIS test

8.1.3.2 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.

8.1.3.3 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 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 (~ us), 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.
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Table 3. Examples of unclamped inductive switching failure signature

Cell pitch
(um)

Device name Ima Comments

round burn in active
area; see Section 8.2.8
“Unclamped inductive
switching EOS of
BUK71.06-34ARC” for
further images

BUK7L06-34ARC 9 (hexagon)

aaa-004861

T 1 round burn in active
i area; see Section 8.2.9
“Unclamped Inductive
Switching EOS of
BUKY9Y40-55B” for

further images

BUK9Y40-55B 4 (stripe)

round burn in active
area; see Section 8.2.10
“Unclamped inductive
switching EOS of
PSMN7R0-30YL” for
further images

PSMN7R0-30YL 2 (stripe)

aaa-004863

8.1.4 Linear mode operation
8.1.4.1 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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108 aaa-004864

Ip i i
(A) I I

102 = tp=10ps

100ps _ | |

i/

LA

1

1 m:
~= 10 ms
—r 100 ms —

101 ‘ ‘

T, =25°C; 1, is a single pulse.

Fig 5. Safe operating area; continuous and peak drain currents
as a function of drain-source voltage

8.1.4.2 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.

8.1.4.3 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.
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Table 4. Examples of linear mode failure signature

Cell pitch

o) Ima

Device name

BUK7L06-34ARC 9 (hexagon)

Comments

Burns located in center of
die adjacent to wire-bonds;
see Section 8.2.11 “Linear
mode EOS of BUK71.06-
34ARC?” for further images

BUK9Y40-55B 4 (stripe)

Burn adjacent to location of
clip bond in center of die;
see Section 8.2.12 “Linear
mode EOS of BUK9Y40-
55B” for further images

PSMN7R0-30YL 2 (stripe)

aaa-004867

Burn adjacent to location of
clip bond in center of die;
see Section 8.2.13 “Linear
mode EOS of PSMN7R0-
30YL” for further images

8.1.5 Over-current
8.1.5.1 EOS method

The maximum current-handling capability is specified on the data sheet for Power
MOSFETs. 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
Vgs = 10 V; T = 25 °C; see Figure 1 - [ ] A
Ibm peak drain current tp < 10 ps; pulsed; Tmp = 25 °C; see Figure 3 - 260 A

aaa-005071

Fig 6. Example of maximum current rating from the data sheet of
PSMN7R0-30YL

8.1.5.2 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.

8.1.5.3 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.
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Table 5. Examples of over-current failure signature

Cell pitch
(um)

Device name Image Comments

Burns located in center

of die adjacent to wire-
bonds. Secondary damage

of remelted top metal and
solder die attach; see Section
8.2.14 “Over-current EOS
of BUK71.06-34ARC” for
further images

BUK7L06-34ARC 9 (hexagon)

Burn adjacent to location of
clip bond in center of die;
see Section 8.2.15 “Over-
current EOS of PSMN7R0-
30YL” for further images

PSMN7R0-30YL 2 (stripe)
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8.2 Appendices

8.2.1 Machine model EOS of BUK9508-55A

Table 6. Machine model EOS

BUK9508-55A

Cell structure: 9 mm hexagons
Package: TO-220 T

Die size: 5.5mmx 4.5 mm

EOS condition: 1.1 kV MM pulse

aaa-004875

Fails located in edge cells, in the vicinity of the gate contact

aa-004876 aaa-004877
Fig 7. Sample image 43; after Fig 8. Sample image 43; after Al
Al removal removal, close-up
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aaa-004878 aaa-004879

Fig 9. Sample image 47; after Fig 10. Sample image 47; after
Al removal, no visible TEOS removal, close-up

damage at hot spot

8.2.2 Machine model EOS of BUK9Y40-55B

Table 7. Machine model EOS

BUK9Y40-55B

Cell structure: 4 um stripe

Package: LFPAK (clip bond)
Die size: 2.5mmx 1.35 mm e
+ - sase S
EOS condition: 200V to 240 V MM pulse aaa-004880

Fails located mostly in edge cells, in the vicinity of the
gate contact. Some fails subjected to ATE testing to create
additional damage to highlight fail site
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aaa-004881

Fig 11. Sample image 24; after
TEOS removal

aaa-004883

Fig 13. Sample image 31; after
ATE testing and after
TEOS removal

aaa-004882

Fig 12. Sample image 25; after
TEOS removal

«.{
p— .
aaa-004884

Fig 14. Sample image 32; after
ATE testing and after
TEOS removal
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8.2.3 Machine model EOS of PSMN7R0-30YL

Table 8. Machine model EOS

PSMN7R0-30YL

Cell structure: 2 pm stripe
Package: LFPAK (clip bond)
Die size: 2.5mmx 1.35 mm

EOS condition: 200V to 270 V MM pulse

aaa-004885

Fails located mostly in edge cells, in the
vicinity of the gate contact

aaa-004886 aaa-004887

Fig 15. Sample image 1; after Fig 16. Sample image 8; after
TEOS removal TEOS removal
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- *
aaa-004888

aaa-004889

Fig 17. Sample image 3; after Fig 18. Sample image 6; after
TEOS removal TEOS removal

8.2.4 Machine model EOS of PSMNO011-30YL

Table 9. Machine model EOS

PSMNO11-30YL

Cell structure: 2 um stripe
Package: LFPAK (clip bond)

Die size: 1.7mmx 1.2 mm

EOS condition: 200V to 210 V MM pulse :

aaa-004890
Fails located mostly in corner edge cells,
in the vicinity of the gate contact
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aaa-004891

Fig 19. Sample image 3; after
Al removal

aaa-004893

Fig 21. Sample image 8; after
Al removal
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aaa-004892

Fig 20. Sample image 6; after
Al removal

aaa-004894

Fig 22. Sample image 10; after
Al removal
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8.2.5 Human body model EOS of BUK9508-55A

Table 10. Human body model EOS

BUK9508-55A

Cell structure: 9 mm hexagons
Package: TO-220
Die size: 5.5 mmx 4.5 mm

EOS condition: 5 kV HBM pulse

" aa-004899
Fails located in edge cells, distributed around
edge of device

aaa-004900

Fig 23. Sample image 4, after
Al removal

{ 0
: \‘t\ " s |
E{u N r~

Fig 24. Sample image 4; after Al
removal, close-up
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aaa-004902

Fig 25. Sample image 19; after
Al removal

s
aaa-004903

Fig 26. Sample image 19; after
TEOS removal, close-up

8.2.6 Human body model EOS of BUK9Y40-55B

Table 11. Human body model EOS

BUK9Y40-55B

Cell structure: 4 pm stripe
Package: LFPAK (clip bond)
Die size: 2.5mmx 1.35 mm

" MmNk il AT
aaa-004904

EOS condition: 450 V to 650 V HBM pulse
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
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'“"'lf*ﬁf‘lla-f'lflifu?ﬁf

aaa-004905 aaa-004906
Fig 27. Sample image 5; after Al Fig 28. Sample image 5; after
removal TEOS removal, close-up

8.2.7 Human body model EOS of PSMN011-30YL

Table 12. Human body model EOS

PSMNO11-30YL

Cell structure: 2 pm stripe
Package: LFPAK (clip bond)
Die size: 1.7mmx 1.2 mm

EOS condition: 200V to 210 V HBM pulse

aaa-004907

Fails located in edge cells
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HHLEH
aaa-004908

Fig 29. Sample image 2; after
Al removal

aaa-004910

Fig 31. Sample image 5; after
Al removal

aaa-004909

Fig 30. Sample image 4, after
Al removal

45;6-64911
Fig 32. Sample image 10; after
Al removal

8.2.8 Unclamped inductive switching EOS of BUK7L06-34ARC

Table 13. Unclamped inductive switching EOS

BUK7L06-34ARC

Cell structure: 9 mm hexagons
Package: TO-220 (clip bond)

Small round burn marks, randomly distributed
over active area, close to but not directly under

wire-bonds
Die size: 43 mmx 4.3 mm

EOS condition: 0.2 mH; 80Ato 110A
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- A
aaa-004912 aaa-004913

Fig 33. Sample image 1 Fig 34. Sample image 2

aaa-004914 aaa-004915

Fig 35. Sample image 3 Fig 36. Sample image 4
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8.2.9 Unclamped Inductive Switching EOS of BUK9Y40-55B

Table 14. Unclamped inductive switching EOS

BUK9Y40-55B

Cell structure: 4 um stripe

Package: LFPAK (clip bond)
Die size: 2.5mmx 1.35 mm
EOS condition: Red dots: 0.1 mH, 76 A to 80 A o o
Yellow dots: 15 mH, 7Ato 9 A

Small round burn marks, randomly distributed over
active area, close to but not directly under clip bond

aaa-004917 aaa-004918

Fig 37. Sample image 41; 0.1 mH Fig 38. Sample image 43; 0.1 mH

T

aaa-004919 aaa-004920

Fig 39. Sample image 51; 15 mH Fig 40. Sample image 55; 15 mH
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8.2.10 Unclamped inductive switching EOS of PSMN7R0-30YL

Table 15. Unclamped inductive switching EOS

PSMN7RO0-30YL

Cell structure: 2 um stripe

Package: LFPAK (clip bond)

Die size: 23 mmx 1.35 mm

EOS condition: Red dots: 0.1 mH, 48 Ato 51 A
Yellow dots: 3.5mH, 16 Ato I8 A

aaa-004921

Small, round, burn marks, randomly distributed over
active area, close to but not directly under clip bond

aaa-004922 aaa-004923

Fig 41. Sample image 6; 0.1 mH Fig 42. Sample image 8; 0.1 mH

aaa-004924 aaa-004925

Fig 43. Sample image 18; 3.5 mH Fig 44. Sample image 20; 3.5 mH
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8.2.11 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,3A Burn marks located in middle of the die adjacent to wire bonds

30V,1.5A  Burn mark and location are more discrete at 20 V, 1.5 A

aaa-004926 aaa-004927

Fig 45. Sample image 1: 15V, 3A Fig 46. Sample image 2: 15V, 3A

aaa-004928 aaa-004929

Fig 47. Sample image 3: 15V, 3 A Fig 48. Sample image 4: 15V, 3 A
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'
aaa-004930 aaa-004931

Fig 49. Sample image 1: 30V, 1.5 A Fig 50. Sample image 2: 30 V, 1.5 A

aaa-004933

Fig 51. Sample image 3: 30V, 1.5 A Fig 52. Sample image 4: 30 V, 1.5 A

aaa-004932
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8.2.12 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, 3.5 A, 30 ms
20V, 3 A, 60ms aaa-004934
30V, 14 A, 60 ms Burn marks in center of die, adjacent but not directly
under clip bond — can cause die cracking

aaa-004935 aaa-004936

Fig 53. Sample image 61; 20 V, Fig 54. Sample image 62; 20 V,
3.5A,30ms 3.5A,30ms

aaa-004937 aaa-004938

Fig 55. Sample image 63; 20 V, Fig 56. Sample image 64; 20 V,

3.5A,30ms 3.5A,30 ms
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-004939

Fig 57. Sample image 66; 20 V,

3 A, 60 ms

aaa-004941

Fig 58. Sample image 67; 20 V,

3 A, 60 ms

aaa-004942

Fig 59. Sample image 68; 20 V,
3 A, 60 ms

5

R

¥,
o ar

aaa-004944

Fig 61. Sample image 71; 30 V,
1.4 A, 60 ms

aaa-004943

Fig 60. Sample image 69; 20 V,
3A, 60 ms

aaa-004946

Fig 62. Sample image 72; 30 V,
1.4 A, 60 ms
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aaa-004945 a8a-004947

Fig 63. Sample image 73; 30 V, Fig 64. Sample image 74; 30 V,
1.4 A, 60 ms 1.4 A, 60ms

8.2.13 Linear mode EOS of PSMN7R0-30YL

Table 18. Linear mode EOS

PSMN7RO0-30YL

Cell structure: 2 um stripe

Package: LFPAK (clip bond)

Die size: 23 mmx 1.35 mm

EOS condition: Burn marks in center of die, adjacent but not directly under clip bond
0.1 mH, 48 Ato 51 A
3.5mH, 16Ato 18A
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aaa-004948 28a-004951

Fig 65. Sample image 1; 15V, Fig 66. Sample image 2; 15V,
2.5A, 100 ms 25A, 100 ms

aaa-004953

Fig 67. Sample image 4; 15V, Fig 68. Sample image 5; 15V,
25A, 100 ms 25A, 100 ms

aaa-004955

Fig 69. Sample image 11; 15V, Fig 70. Sample image 12; 15V,
5A, 1ms 5A, 1ms
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aaa-004958

Fig 71. Sample image 13; 15V, Fig 72. Sample image 14; 15V,
5A, 1ms 5A,1ms

8.2.14 Over-current EOS of BUK7L06-34ARC

Table 19. Over-current EOS

BUK7L06-34ARC

Cell structure: 9 pm hexagon
Package: TO-220 (clip bond)
Die size: 43 mmx4.3 mm
EOS condition: 120 A

Extensive damage starting from die where wire bonds meet die.
Secondary damage of reflowed solder and even fused wires are visible

230



Chapter 8: Failure signature of electrical overstress on power MOSFETs

aaa-004959

Fig 73. Sample image 1

aaa-004961

Fig 75. Sample image 3

aaa-004960

Fig 74. Sample image 2

aaa-004962

Fig 76. Sample image 4: source
wires fused
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8.2.15 Over-current EOS of PSMN7R0-30YL

Table 20. Over-current EOS

PSMN7RO0-30YL

Cell structure: 2 um stripe
Package: LFPAK (clip bond)
Die size: 23 mmx 1.35 mm
EOS condition: 35A, 35 ms

Burn marks located in center of die under and adjacent to clip bond.
Some evidence of die-cracking

aaa-004963 aaa-004964

Fig 77. Sample image 6 Fig 78. Sample image 7

aaa-004965 aaa-004966

Fig 79. Sample image 8; die is Fig 80. Sample image 10; die is
cracked through burn cracked through burn
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8.3 Tables

Table 1. Examples of Machine Model ESD failure signature
Table 2. Examples of Human Body Model ESD failure signature
Table 3. Examples of unclamped inductive switching failure signature
Table 4. Examples of linear mode failure signature

Table 5. Examples of over-current failure signature

Table 6. Machine model EOS

Table 7. Machine model EOS

Table 8. Machine model EOS

Table 9. Machine model EOS

Table 10. Human body model EOS

Table 11. Human body model EOS

Table 12. Human body model EOS

Table 13. Unclamped inductive switching EOS

Table 14. Unclamped inductive switching EOS

Table 15. Unclamped inductive switching EOS

Table 16. Linear mode EOS

Table 17. Linear mode EOS

Table 18. Linear mode EOS

Table 19. Over-current EOS

Table 20. Over-current EOS

Table 21. Abbreviations
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204
206
208
210
211
212
214
215
217
218
219
220
222
223
224
226
228
230
232
281

233




Chapter 8: Failure signature of electrical overstress on power MOSFETs

8.4 Figures

Fig 1. Typical circuit for Machine Model ESD simulation
Fig 2. Typical circuit for Human body Model ESD simulation
Fig 3. Circuit diagram for UIS ruggedness test
Fig 4. Waveforms obtained from UIS test
Fig 5. Safe operating area; continuous and peak drain
currents as a function of drain-source voltage
Fig 6. Example of maximum current rating from the data sheet of PSMN7R0-30YL
Fig 7. Sample image 43; after Al removal
Fig 8. Sample image 43; after Al removal, close-up
Fig 9. Sample image 47; after Al removal, no visible damage at hot spot
Fig 10. Sample image 47; after TEOS removal, close-up
Fig 11. Sample image 24; after TEOS removal
Fig 12. Sample image 25; after TEOS removal
Fig 13. Sample image 31; after ATE testing and after TEOS removal
Fig 14. Sample image 32; after ATE testing and after TEOS removal
Fig 15. Sample image 1; after TEOS removal
Fig 16. Sample image 8; after TEOS removal
Fig 17. Sample image 3; after TEOS removal
Fig 18. Sample image 6; after TEOS removal
Fig 19. Sample image 3; after Al removal
Fig 20. Sample image 6; after Al removal
Fig 21. Sample image 8; after Al removal
Fig 22. Sample image 10; after Al removal
Fig 23. Sample image 4; after Al removal
Fig 24. Sample image 4; after Al removal, close-up
Fig 25. Sample image 19; after Al removal
Fig 26. Sample image 19; after TEOS removal, close-up
Fig 27. Sample image 5; after Al removal
Fig 28. Sample image 5; after TEOS removal, close-up
Fig 29. Sample image 2; after Al removal
Fig 30. Sample image 4; after Al removal
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Fig 31. Sample image 5; after Al removal 220
Fig 32. Sample image 10; after Al removal 220
Fig 33. Sample image 1 221
Fig 34. Sample image 2 221
Fig 35. Sample image 3 221
Fig 36. Sample image 4 221
Fig 37. Sample image 41; 0.1 mH 222
Fig 38. Sample image 43; 0.1 mH 222
Fig 39. Sample image 51; 15 mH 222
Fig 40. Sample image 55; 15 mH 222
Fig 41. Sample image 6; 0.1 mH 223
Fig 42. Sample image §8; 0.1 mH 223
Fig 43. Sample image 18; 3.5 mH 223
Fig 44. Sample image 20; 3.5 mH 223
Fig 45. Sample image 1: 15V, 3 A 224
Fig 46. Sample image 2: 15V,3 A 224
Fig 47. Sample image 3: 15 V,3 A 224
Fig 48. Sample image 4: 15V, 3 A 224
Fig 49. Sample image 1: 30 V, 1.5 A 225
Fig 50. Sample image 2: 30 V, 1.5 A 225
Fig 51. Sample image 3: 30 V, 1.5 A 225
Fig 52. Sample image 4: 30 V, 1.5 A 225
Fig 53. Sample image 61; 20V, 3.5 A, 30 ms 226
Fig 54. Sample image 62; 20 V, 3.5 A, 30 ms 226
Fig 55. Sample image 63; 20 V, 3.5 A, 30 ms 226
Fig 56. Sample image 64; 20 V, 3.5 A, 30 ms 226
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Fig 62. Sample image 72; 30 V, 1.4 A, 60 ms 227
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Fig 63. Sample image 73; 30V, 1.4 A, 60 ms

Fig 64. Sample image 74; 30V, 1.4 A, 60 ms

Fig 65. Sample image 1; 15V, 2.5 A, 100 ms

Fig 66. Sample image 2; 15V, 2.5 A, 100 ms

Fig 67. Sample image 4; 15V, 2.5 A, 100 ms

Fig 68. Sample image 5; 15V, 2.5 A, 100 ms

Fig 69. Sample image 11; 15V, 5A, 1l ms

Fig 70. Sample image 12; 15V, 5 A, 1 ms

Fig 71. Sample image 13; 15V, 5 A, 1 ms

Fig 72. Sample image 14; 15V, 5 A, 1 ms

Fig 73. Sample image 1

Fig 74. Sample image 2

Fig 75. Sample image 3

Fig 76. Sample image 4: source wires fused

Fig 77. Sample image 6

Fig 78. Sample image 7

Fig 79. Sample image 8; die is cracked through burn
Fig 80. Sample image 10; die is cracked through burn
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Chapter 9: Power MOSFET frequently
asked questions

9.1 Introduction

This chapter provides a number of 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 content is intended for guidance only. Any specific questions from customers should be
discussed with NXP Power MOSFET application engineers.

9.2 Gate

9.2.1 Q: Logic Level Trench generation 3 types are specified with 15 V (V). What is the
technical reason for the reduction to 10 V for the Trench generation 6 logic level
platform?

A: The Trench generation 3 platform is >10 years old. It was released to the best
practice rules of the time. In particular, it was designed and assessed to meet the
requirements of AEC-Q101. Production control and testing were established to
ensure ongoing compliance to those requirements.

In the intervening years, the best practice rules have moved on. In particular, the
understanding of gate oxide wear out has improved. It is now appreciated that
meeting AEC-Q101 does not guarantee meeting modern reliability requirements.
The market is looking for failure rates significantly lower than 1 PPM over the
lifetime of >15 years.

In the Trench generation 6 data sheet, Ve is rated at 175 °C and DC conditions.
The gate can withstand 20 V at 25 °C for a short period (>1 hour on worst case
parts). The capability is expected to be similar to competitor parts, often they state
20 V but do not specify the conditions for it.
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Additional information

The Trench generation 6 platform specifies a gate voltage rating that exceeds the
market reliability requirements and has production controls and tests to guarantee
them.

The 10 V DC rating is conservative. Customer feedback is to set a clear,
conservative but realistic limit on the data sheet. It ensures that engineers are
guided to adopt good design practice and not use excessive overdrive.

For Trench generation 6 devices, use logic level parts where gate drive voltage

is between 5 V and 10 V. Voltages of 15 V do not destroy any logic level part.
Clearly, voltages between 10 V and 15 V are possible and have a corresponding
range of lifetimes. However, the guidance is to use standard level parts where the
gate voltage is >10 V for >100 Hours in the life of the vehicle.

When new designs consider using a Trench generation 3 part, or earlier NXP
technology, the same guidance should be used. It is because the gate oxide
thicknesses are the same in Trench generation 3 and Trench generation 6. However,
it should be appreciated that the same guarantees cannot be given because the tests
and controls are not the same.

9.3 Thermal impedance (Z,) curves

9.3.1 Q: When comparing Z, curves in some data sheets, there appear to be some
contradictions.

From an R 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.
[s this assumption correct?

A: The method for setting the Z, curve has changed between the Trench generation 3
parts (2008) and Trench generation 6 (2012). The die size is also different which
changes the Z, and R characteristics.
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240

Additional information

The earlier method used empirical models for Zth (1 ps) and R , joined by an
exponential line.

The latest method uses models for the Z, generated by Computational Fluid
Dynamics (CFD) simulation, verified by measurement.

The dies in the 2 parts have different dimensions and therefore they have different
V4

th*
The plots depicted in Figure 1 compare the data sheet curves for the single shot
Z

th*
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 if the Trench generation 3 part
is designed to work within these Z, limits, the Trench generation 6 part is an
excellent alternative. It has a very high probability of working satisfactorily.

It is possible to assess how to rate the Trench generation 3 part using the new rules
with a more accurate reflection of the true performance of it. Figure 1 shows the
new line in comparison with the two data sheet lines.
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aaa-013060
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(1) = BUK9Y38-100E

(2) = BUK9Y30-75B

(3) = BUK9Y30-75B (new test method)

Fig 1. Comparison of transient thermal impedance

Although there is a difference in the R , it is probably unimportant. In practice, it
is the R amby that is the limiting factor for the design. The R of the 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 ps. For pulses between 1 ps and 2 ps, the
temperature rise (or Z, ;) 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.
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9.3.2 Q: Itis 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.

Additional information

- Itis 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 °C is 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 NXP MOSFET

data sheets. The typical value is significantly less than the maximum. It is

well understood that thermal cycling can induce an increase in R by OVET

the lifetime of the MOSFET. A tolerance margin is included in the data sheet
maximum R, imb) value which allows for an increase of over the lifetime of the
MOSFET.

The maximum value should always be used for worst case design analysis.
Maximum R . ~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?

MOSFETs 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 to determine T..

M I;=P*Ryi_ eyt Tpey

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 R at 25 °C =12 mQ

DS(on)

Maximum R at 175 °C =23.6 mQ

DS(on)

Maximum R at 2.31 K/'W

th(j-mb)

From the application data:
PWM frequency = 100 Hz
Maximum duty cycle = 50 %
V. =14V

supply

R _=0.7Q

load

Maximum ambient temperature = 85 °C
Maximum PCB temp. = 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
R, is 18 mQ (midway between 12 mQ at 25 °C and 24 mQ at 175 °C).

ds(on)
When conducting, the MOSFETs power dissipation IZRDS(M) =20x20x0.018 =
7.2 W.
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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, =2.31 x
3.6=83K.

The maximum MOSFET die temperature in this situation is 100 + 8.3 = 108.3 °C
(which is very safe).

To guarantee that the PCB temperature does not rise above 100 °C in an 85 °C
ambient, the thermal resistance between PCB and ambient must be (100 - 85)/3.6 =
4.2 K/W.

9.4 MOSFET body diode

9.4.1 Q: How much current can the MOSFET body diode carry?

A: The data sheet states the I 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 or in 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 T ) SO it is necessary to
calculate the diode dissipation. In a DC case, it is simply I.x V. It is equivalent to
V., x I as used in the NXP MOSFET data sheet. For a worse case analysis, the max
V, 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 the equation:
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) Power: V- fm_,g Hlt, If_m
where:
L. is the average diode current

I is the RMS diode current

R is the slope of the I /V _, characteristic graph given in data.

V, is typically where the R_line meets the axis at [ ;= 0. For a conservative worst
case analysis, use 1.2 V.

100 aaa-013061
& ll
80
ll Il
60
| I
o |
20
Mif[ @) (3)I
; M I
0 0.5 1.0 1.5
Vsd (V)

(1) = characteristic at 25 °C
(2) = idealized characteristic at 25 °C

(3) = worst case idealized characteristic at 25 °C
Fig 2. 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 T is acceptable. It can include SPICE simulation using RC thermal

models.
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9.5 Safe operating area and linear mode operation

9.5.1 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. Tj is a function of power dissipation. Power dissipation is a function
of I current and on-state resistance (P =17 x R) when operating in the fully
enhanced mode. It is the product of I, and V when operating between on and off
states. The R, of a 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 NXP data sheets, graphs show the
continuous drain current and normalized total power dissipation (see Figure 4) as a
function of the mounting base temperature. These graphs can be used to determine
the derating.

9.5.2 Q: Is it necessary to derate any limit (current, voltage, power etc.) to achieve high
reliability?

A: If current, voltage, power, junction temperature, etc. are within NXP data sheet
limitations, no additional derating is needed. In the data sheet, there is a power
derating curve based on junction temperature. Junction temp (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 derated
if necessary (see Section 9.5.3) as recommended in the data sheet and it should be
possible to obtain optimum reliability.
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9.5.3 Q: How do I derate an SOA graph for temperatures other than 25 °C?

A:  Asan example, assume that the temperature required is 100 °C, instead of

25 °C. T, rated is 175 °C for this automotive grade MOSFET. Derate the voltage
when considering the effect of temperature on SOA performance (see Figure 3).
To determine the new voltage (at temperature) for a fixed current, use the power
derating line in Figure 4. For example, power at 100 °C = 50 % of power at 25 °C.
Therefore, the 10 V line represents 5 V at 100 °C etc. It is explained in Application
Note AN11158 (Chapter 1 of this book). If necessary, the SOA lines for 1 ms, 10 ms
etc. can be extended at the same slope to the right.

For example: with a mounting base temperature of 25 °C, the allowed temperature
rise is 150 °C for a given automotive MOSFET rated at 175 °C. At 100 °C, the allowed
temperature rise is reduced to a half (75 °C). As a result, the allowed power is half of
that allowed at 25 °C. Because of the effects of linear-mode operation, the current is
maintained but the allowed drain-source voltage is derated. The SOA graph depicted
in Figure 3, shows the voltage derating effect for 100 °C condition. It is explained in
more detail in Chapter 1.
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9.5.4 Q: Is 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 V
values (see Figure 3). The 1 ms, 10 ms, 100 ms and DC lines at higher V _values
emphasize it. The reason is that most newer technologies pack more parallel
fundamental cells to share more current in a smaller die (lower R, 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
(g, =1/ V). It enables them to carry higher currents even at lower Ve values.
However V- (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.
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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.

Can Trench designs operate in the linear mode?

. In order to optimize R, and switching performance, some modern Trench

technology is designed with a very aggressive cell pitch. Generally, it is harmful to
linear mode performance. NXP Trench technology uses a less aggressive cell pitch
than competitors and achieves better linear mode performance, while maintaining
very good R,
of the device, noting particularly the SOA temperature derating, these devices can
be used in linear mode.

and switching performance. If care is taken in the selection and use

How can a part be identified when it is designed for linear mode operation?

: While all NXP MOSFETs can be used in linear mode operation, some NXP

MOSFETs 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 (refer to the part naming
conventions in the selection guide).

For parts designed for linear mode operation, are there any restrictions (such as the
Spirito boundary)?

: Even if a MOSFET is intended for use in linear mode applications, the part

must not be operated outside of its SOA. Post 2010, all NXP MOSFETs have

a measured SOA characteristic. The limit of linear mode capability on NXP 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.
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9.6 Avalanche Ruggedness and Unclamped
Inductive Switching (UIS)

9.6.1 Q: Are trench designs susceptible to the UIS issue (parasitic BIT turn-on)?

A: In general - Yes, but NXP Trench MOSFETs 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 NXP 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 5. In the Trench case, a design feature
in the source contact effectively short circuits the base - emitter of the parasitic
BIT. In older planar technology, the shorting of base to emitter of the parasitic
bipolar is not as effective due to the longer path length in the n and p regions.

aas-015847

Fig 5. Simplified planar and trench technology

9.6.2 Q: Why are planar designs susceptible to failure during UIS?

A: All MOSFETs 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 NXP trench technologies are
less vulnerable to triggering of the BJT than planar designs. See Section 9.7.1 and
the additional information associated with Section 9.6.3.
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9.6.3 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 BIT:

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, NXP 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 NXP 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.

9.6.4 Q: Is 100 % UIS testing required on MOSFETs?

A: UIS testing is a fundamental part of NXPs defect screening procedures. It is
applied to all devices. The test is designed to increase the junction temperature to

j(max)”

251




Chapter 9: Power MOSFET frequently asked questions

9.6.5 Q:

9.6.6 Q:

9.6.7 Q:

9.6.8 Q:
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[ have parts not capable of parasitic BJT turn-on. Why?

. 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 UIS-related
failure mechanism in our devices.

What is the chart accuracy for avalanche current vs. time in avalanche, or energy
Vvs. junction temperature?

: Avalanche current versus time graphs are based on conditions that take a device to

T, ey, and therefore, our ruggedness screening covers them. All NXP MOSFETs
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.

For energy versus junction temperature charts (if applicable), how is the
inductance, maximum current, time in avalanche etc., determined from the chart?

. A temperature rise model is used, which is shown in AN10273 Power MOSFET

single-shot and repetitive avalanche ruggedness rating (Chapter 2 of this book).
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 LI The user must determine the current/time in

avalanche based on the particular conditions. Examples are provided in Chapter 2.

Are repetitive avalanche ratings the same as for a single pulse?

: 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 6.
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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.

NXP 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 6
and Section 9.6.14).

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
Chapter 2.

Are there any special failure modes associated with repetitive avalanche?

: 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. NXP has performed research into this area and provides the repetitive
ratings in the data sheet. See also Chapter 2.
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9.6.10 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 V, reaches the bipolar switch-on threshold, the MOSFET is destroyed (V,
reduces with temperature). So at higher cell densities, for the same avalanche
current, there are more cells and current per cell is 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.

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.
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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.

: Refer to Section 9.6.8 of this chapter. For the answer to this question, refer to

Section 1.2.4.3 of Chapter 1 and all of Chapter 2.
Additional information

Keep each avalanche event within the safe limits for repetitive operation specified
on the data sheet and T, 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

V, beyond the data sheet maximum, the data sheet also specifies a maximum
avalanche energy.

Extensive avalanche testing is performed on NXP 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 MOSFETSs).

[s it possible for the avalanche current on a device to exceed the package maximum
current but not the die maximum current?

: 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.
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9.6.13 Q: How is the avalanche rating on the body diode obtained (testing or modeling). If it
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A:

is tested, how is it tested and what circuit model is used?

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.

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 T ) SO it is necessary to calculate the diode dissipation.

ax)
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 T, is acceptable.
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9.6.14 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.

J
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 Chapter 2). It also corresponds to 10 % of the single
shot current using the same inductor value, see Figure 6.

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 it to be damaged. It
is not completely destroyed but it does cause it to wear out, which is observed as
parameter variation.

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 Ty =
25°C, itresultsina T, increase 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 a start T,=
25 °C.

By reducing the current to 10 % = 1.9 A, t_ reduces to ~500 us and the temperature
rise is 5 °C.
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Fig 6. Avalanche safe operating area

9.7 Capacitive dV/dt issues

9.7.1 Q: Is 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.
Additional information

If the dV/dt across the MOSFETs drain to source is too high, it may charge Cpo
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:
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Vgs = Rdrr‘ver* ng* dVidt

In some bipolar drive circuits (such as emitter follower derived circuits), the
problem is increased because the driver cannot pull the gate down to 0 V and has
about 0.7 V offset.

It is 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 Cg . to CgS is a factor but a good drive circuit is the critical factor.

Even ifa Vi spike is present, it is safe for the MOSFET as long as the dissipation
is within thermal limits and within the MOSFET SOA limits.

How are parts constructed to minimize this effect?

: NXP MOSFETs are designed with a high threshold at high temperatures and

we check V__ 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 C and C,e The gate network structure of the
device is designed to have good control of all areas of the die.

How is dV/dt characterized?

. It is usually measured in a half-bridge test circuit. It is a measure of the device

dVds/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.
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9.7.4 Q:

9.7.5 Q:

9.7.6 Q:

260

Additional information

Failure due to dV/dt is not something seen in modern low-voltage MOSFETs
however, dV/dt is normally characterized for NXP 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.

What diode or other parameters are important to assess susceptibility? For
example, maximum dV/dt and maximum I..

: 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 V_spike if significant. The ratio of C__
atlow V, compared to C__value at high V is an indicator of the non-linearity of
C,... 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 9.7.1. The ratio of Q.
to Q,, and the gate threshold voltage can be used to indicate the susceptibility of
the device to gate glitches.

[s trench technology sensitive to this phenomenon?

. In theory, all MOSFETs are.

Additional information

dV/dt induced turn-on of the parasitic bipolar transistor is not known as an issue
in low voltage NXP MOSFETs. If UIS parasitic turn-on is solved, then dV/dt
induced turn-on is also solved. Refer to Section 9.6.1 and Section 9.6.3 for more

information.

Does a soft recovery body diode give lower dV/dt and if so, how is it designed and
fabricated into the part?

. 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.
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How does temperature influence this sensitivity to dV/dt and why?

. At high temperatures, it is easier to trigger a parasitic bipolar as its V, reduces. But

if the BJT is effectively shorted out and current diverted away from it, as discussed
in Section 9.6.1, then it is not an issue.

Can NXP provide R , C
shown in Figure 7?

a Vi, saturation values in the parasitic BJT model, as

. 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 7, it can be seen that there are two current paths which could
cause MOSFET problems. Current I, flows via C_, and depending on C and R,
it can cause the MOSFET to switch on momentarily. It is often referred to as a
“gate glitch”. Current I, flows via C, and R, which can potentially switch on the
parasitic BJT

= * = * *
Vgs = I*R, =R *Cy *dV/ dt

Vs

= I*Ry = Ry*Cyp*dV/dt

e

DRAIN
o

NPN applied
I bipolar @ ramp
2 transistor voltage

Rp

SOURCE aaa-013073

Fig 7. Power MOSFET showing two possible mechanisms for dV/dt induced turn-on
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Fig 8. Physical origin of the parasitic BJT components that may cause dV/dt induced
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turn-on

Additional information

Early lateral MOSFETSs (structure shown in Figure 8), were susceptible to failure
caused by the turn-on of this parasitic transistor.

However, TRENCH MOSFETs, as manufactured by NXP, are much more immune
to this failure mechanism.

The gate structure is located in trenches in the die surface rather than it being a
horizontal layer on the die surface. This structure means that the short-circuiting of
the base emitter junction of the parasitic bipolar transistor (to prevent its turn on),
is much more effective.

As the generations of Trench MOSFETs have progressed, feature dimensions
(trench pitch) have reduced, making the parasitic bipolar transistor even more
immune to being turned on.

Figure 9 shows the structure of a Trench generation 6 device. The parasitic bipolar
inhibition is particularly good in this structure due to the very short base to emitter
length. The source metal short-circuits the p-n junction near the source contact,
making it very hard to get a high enough V. to turn on the parasitic BJT.
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Fig 9. Trench generation 6 structure

9.8 Package and mounting

9.8.1 Q:

A:

On the drawing for the Power SO8 / LFPAKS56 common footprint, there are no vias
on the exposed pad. Are the addition of vias advised and, if so, which diameter?

If improved thermal resistance is required, vias can be added to the footprint. The
effect of adding vias is discussed in Section 4.3.5 of Chapter 4.

Additional information

NXP 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 via, 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. Please consult the manufacturing
process engineers regarding surface mount and soldering process issues.

263




Chapter 9: Power MOSFET frequently asked questions

9.8.2 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 MOSFETSs or specify
any HV isolation parameter in our data sheets. Insulation testing is only applicable
to TO220F packages (NXP SOT186A)

Additional information

HYV isolation is specified for MOSFETs with insulated drain tabs or in modules
with isolated bases. The test voltage applied in the NXP factory is 2.45 kV for 0.4
seconds (V__ at 50 Hz).

9.8.3 Q: The efficiency of my DC-to-DC converter exceeds my requirements. Can I use
smaller, higher RDS MOSFETs to save money?

Environmental conditions: 4-Layer FR4 board at 105 °C ambient.
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.

Guidance on what can be achieved is given in Chapter 4 and Chapter 5.
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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 Tj would 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 T, . 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 MOSFETs.

9.8.4 Q: What is the position of NXP on using Pb free solder for internal soldering (die
attach, clip attach)?

A: NXP is a member of the DAS working group. It is a project consortium comprising
NXP, 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 considered. An
extension to the expiry date of this exemption was applied for in January 2015 by
representatives of the electronics industry, including the DAS5 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 DAS group in November
2013. Tt 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.

9.9 SPICE models

9.9.1 Q: Isthere is a large difference between the data sheet and the SPICE model behavior
and in particular, the gate charge characteristics?

A: There is quite a good similarity between the data sheet characteristics and the NXP
SPICE models at 25 °C, especially for transfer curve, R

dson’

diode characteristic and
gate charge. The SPICE model also accounts for the package parasitic resistances
and inductances.
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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 model is only correct at 25 °C, the R

dson

versus temperature
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.

9.10 MOSFET silicon technology

9.10.1 Q: What is drift engineering?

A: Drift engineering is optimizing of the drift region between the bottom of the 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 breakdown voltage
BV capability (see Figure 10).
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Fig 10. Resistance in power MOSFETs

9.10.2 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 R
without a large increase in capacitance that usually accompanies reduced cell
pitch. Reduced cell pitch also reduces SOA capability (linear mode operation) but

dson

improves avalanche capability.

9.10.3 Q: What is obtained from a shorter channel?

A: Shorter channel gives a lower R, and a lower Cgs capacitance simultaneously.
It has higher leakage current and the transfer curve (I, versus V  characteristic)
becomes more dependent on V. It is also observed in the output characteristics.

9.10.4 Q: What is obtained from thick bottom oxide?

A: Thick bottom oxide refers to gate oxide at the bottom of the trench (see Figure
10). 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 Cg |
value.
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9.11 Supply and availability

9.11.1 Q: What statements can be made concerning the long-term availability of previous

A:

generations of TrenchMOS parts?

NXP 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.

9.12 EMC

9.12.1 Q: If EMC issues are encountered when substituting Trench generation 6 parts for

268

competitor parts, what advice is available? Can the application note AN1/160
Designing RC snubbers help?

. In this case, optimizing the RC snubber for the NXP MOSFET is necessary.

Additional information

EMC performance depends on many factors, some of which depend on layout
parasitics, circuit components and the power MOSFET. For applications such
as half bridges, 3 phase inverters, DC-to-DC converters etc., a snubber is often
needed. It helps to reduce oscillations across the MOSFET drain and source
terminals to acceptable levels. These oscillations would travel along conductors
which can act as antennae. However, the snubber for the incumbent part is
likely to be different from what is needed for the NXP device. It is because

the MOSFETs are made from different technologies with different dynamic
characteristics.

We would recommend following the process described in AN71160 (Chapter 6 in
this book) that was written specifically for these situations.
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9.13 Leakage, breakdown and MOSFET
characteristics

9.13.1 Q: How does quiescent current (I, ) 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 I, at T, =25 °C
and 175 °C. This example is specific to NXP Trench generation 2 technology but
the same principles can be applied for other NXP technology. An exponential fit
to these points provides the plot of Figure 11. It is also in line with some testing
which is performed during the development of new MOSFET technologies.

Additional information

Figure 12 is the same curve, plotted with a Log scale for I to ease reading the
value of 20 pA at 50 °C. These values are for a V_at the rated voltage. Reducing
voltage reduces leakage current.

aaa-013067 aaa-013068
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9.13.2 Q:

9.13.3 Q:

270

What is the relationship between breakdown voltage (BV  at, =250 pA) and
drain leakage current (I, )? Both state the same V _ value but the drain current is
different.

. Although these two parameters reference the voltage rating of the part, they look

at different characteristics of the product. Drain leakage current (I, ) looks at the
characteristic for V_at the rated voltage. The test applies a voltage, and checks
that the current is below the limit.

Additional information

The breakdown voltage of a device (BV
current of 250 pA to flow. 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 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.

) is the V_required to cause a drain
S

Is the standard level gate device BUK7Y28-75B guaranteed to work with a 7 V
gate drive at -40 °C for 25 A?

: NXP 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.
Additional information

Referring to Figure 13, the typical gate threshold voltage Vi is 3 V. It rises to
approximately 3.5 V at -55 °C (i.e. a rise of approximately 0.5 V). The highest
Vi rises from approximately 4 V to 4.5 V (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 14, it would shift the gate drive curve from 7.0 Vto 5.5 V for a
worst case device (1.5 V shift).
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9.13.4 Q:

9.13.5Q:

272

The 5.5 V drive curve allows more than 25 A and is still in the linear (R ) region
of the output characteristic.

The R, values for the 5.5 V characteristic at 25 A in Figure 15 is pessimistic for
operation at -40 °C. It uses the 25 °C R curves, and the mobility increases with
lower temperatures making the R, 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
NXP 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.

What is the lowest voltage (BV ) to be expected at -40 °C for a 40 V device using
Trench generation 6?

: The following principle could be applied to any NXP 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
BV and temperature is approximately linear over this range. Therefore, a straight
line can be plotted at Temperature (-55 °C and 25 °C) versus BV (at -55 °C and
25 °C).

For example: a 40 V Trench generation 6 part, has a BV, at-55 °C of 36 V and
40 V at 25 °C. Using linear interpolation, gives a BV, of 36.75 V at -40 °C.

What factors affect the value of I, current according to the transfer characteristic
graph for BUK9275-55A, especially over the V,, range of22V-3.0V?

: The answer to this question is not simple - there are several factors which would

affect the I, value.
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1. The graph depicted in Figure 16 is typical. The BUK9275-55A MOSFET has
a distribution of parameter values within the production tolerance limits. The
graph is only intended to illustrate how I, V, and Vv, are related when the
MOSFET is operating for a particular V_condition. Vi 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 I / Ve characteristic. The graph
in Figure 16 is for T = 25 °Cand T = 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 Vi in the range 2.2 V to 3 V in 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 16
demonstrates how I, changes with T, for a given V. value.

3. A dashed vertical red line on the graph is shown at V=22V If T, increases
from 25 °C to 175 °C, I, approximately doubles (from approximately 1 A to
2A). However, at V =28V (dashed vertical green line), the same junction
temperature change has no effect on I . At V> 2.8V, an increase in T, results
in a decrease in I .
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Fig 16. Transfer characteristics: drain current as a function of gate-source
voltage - typical values

It is clear that the relationship between the MOSFET parameters is complex and
their relationship with the thermal environment is also complex.

9.13.6 Q: Can NXP provide Cpo C and C, numerical values for T,=-55°C and T,=
+175°C (atV, =0V, V, =16 V)? If it is impossible to test, a theoretical one is
also acceptable. A graph is provided in Figure 17, but it is for T = +25 °C.

A: Unfortunately NXP 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.

Additional information

C,, is the input capacitance formed by the parallel combination of C, and Cpo and
C, dominates. C, is formed across the gate oxide so it does not vary significantly
with temperature or the MOSFET terminal voltages. As Cgs depends on gate

oxide thickness and other defined die feature dimensions, it should not vary much
between samples.
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C._ is the reverse transfer capacitance which is essentially the Miller capacitance
(C- 1t is formed across the MOSFET body diode depletion layer. This layer
becomes thicker, as the reverse voltage (V) across it increases. C__increases as
V, decreases. C__has a greater variability than C,_ because it depends on the body
diode depletion layer.

1SS

C, . is the output capacitance. The Miller capacitance (Cg ) also dominates this
capacitance. It varies with V _in a similar way to C__ varying with V__and it has
similar variability to C __ for the same reasons.

These relationships are illustrated on the data sheet graph depicted by Figure 17.
It has been observed that switching losses only slightly increase at T, max, in the
order of 10 %, since the capacitances only marginally change. Other factors can
influence switching behavior, especially should the gate driver current capability
change significantly with temperature. The depletion layer thickness varies in
proportion to the square root of the absolute temperature in K and it affects C_

and C .
0ss
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Fig 17. Input, output and reverse transfer capacitances as a function of drain-source
voltage: typical values, Vgs =0V
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9.13.7 Q: Can NXP provide the minimum Ve 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 min and max V__ should be used for design purposes. They

gs(th)
are given in the data sheet Characteristics (see Table 1).

Additional information

Table 1. Limiting values

Voltages are referenced to GND (ground = 0 V).

Symbol Parameter Conditions in Typ Max Unit

Vi gate-source I,=1mA;V, =V T =25°C 24 3 4 \Y%
threshold [,=1mA;V, = Vo T, =-55 °Cc - - 45 'V
voltage [,=1mA;V, =V T=175°C 1 - -V

These values are guaranteed worst case values. In this case, the 175 °C minimum
V_ . isnotless than 1 V. The -55°CV___is not greater than 4.5 V.

gs(th) gs(th)

9.13.8 Q: Can NXP provide the inherent R, component value with T, from -55 °C to
+175 °C?

A: The measured R, value is in the range of 1 Q - 3 Q and it does not vary
significantly with temperature. In our general MOSFET characterization, it is
presently not possible to test R, 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.
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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.

9.14 MOSFET reliability

9.14.1 Q: How is the FITS-rate calculated?

A: FIT (failure in time) is commonly used to express component reliability and is
defined as the number of failures occurring in 1 x 10° hours (1 billion hours).

At any elapsed time (t), the reliability (R) of a group of operating
semiconductors is:

R(t) = (n-n)/n_

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/n )*(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, resulting from ambient
temperature and the heat due to power dissipation, 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:

(7 Acceleration factor = ¢/ F4/R"U/T1-1/T2)
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®)

278

Where:

EA = activation energy (eV)

k = Boltzmann constant (8.60 - 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
the expected life under normal conditions.

Under accelerated life test conditions:

F = (ng/n,*4%*t) * 10° FITs

Time t now becomes A*t, where A is the acceleration factor.

Based on the life-test results for an example part, the FITs data provided in Table
2 has been calculated. Note that an adjustment is made to the number of failures
based on Poisson’s probability distribution, 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
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Table 2. Calculated FITs data

Test name High Temperature Reverse Bias (HTRB) +
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

Confidence level 90 | %

Activation energy 0.7 |eV

Failure rate at 125 | °C | at90 % confidence = | 6.725 FITs
Failure rate at 85 |°C | at90 % confidence = | 0.688 FITs
Failure rate at 55 |°C | at90 % confidence = | 0.086 FITs
Failure rate at 25 |°C | at90 % confidence = | 0.0007 FITs

Mean time before failure at 125 |°C | at90 % confidence = | 1.49 x 10? hours
Mean time before failure at 85 °C | at90 % confidence = | 1.49 x 10° hours
Mean time before failure at | 55 |°C | at 90 % confidence = | 1.49 x 10® | hours

Mean time before failure at |25 |°C | at 90 % confidence = | 1.49 x 10" | hours
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Abbreviations

Symbol Description

C constituent thermal capacitance element
Esans single-shot avalanche energy

EMC ElectroMagnetic Compatibility

EOS Electrical Overstress

ESD ElectroStatic Discharge

Lsar repetitive avalanche current

Tnseans single-shot avalanche current

I, avalanche current

I MOSFET drain current

I, MOSFET drain current

KGD Known Good Die

L inductance

LFPAK Loss-Free Package

MOSFET Metal-Oxide Semiconductor Field-Effect Transistor
NTC Negative Temperature Coefficient

P, power as a function of time

PCB Printed-Circuit Board

Posanm peak drain-source avalanche power

Posanr repetitive drain-source avalanche power
PTC Positive Temperature Coefficient

PWM Pulse Width Modulation

R, constituent thermal resistance element

R, thermal resistance

Rio device junction to ambient thermal resistance
R i) thermal resistance from junction to mounting base
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Symbol Description

SMD Surface-Mounted Device

SOA Safe Operating Area

t, avalanche period/duration

T, junction temperature

T v, average junction temperature (For repetitive avalanche.)
L. initial junction temperature (Summation of T  and AT .)

T e maximum Junction temperature

T junction temperature rise in the MOSFET

T, mounting base/case temperature

UIS Unclamped Inductive Switching

Vir breakdown voltage

V srypss drain-source breakdown voltage

Vs drain to source voltage of the MOSFET (also the case for V)
Vs gate to source voltage of the MOSFET (also the case for Vgs)
Voo supply voltage

Z, device Transient thermal impedance

Zyo transient thermal impedance

Zyiany2) transient thermal impedance (Measured at half the avalanche period)
AT change in temperature

AT, average temperature rise from average

AT, o maximum junction temperature variation

AT on-state temperature difference

T total time of heating pulse

T, thermal time constant
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Page numbers in italics denote figures, those in bold denote tables.

Accelerated testing 277-278
Active clamping 187-188
Anodized aluminium PCB enclosures 127, 134
with bottom-side cooling 150, 151-152, 151, 154, 154, 165-166, 165, 166
bulkhead mounting of 164—167, 164, 165, 166, 167
with full encapsulation 147, 148, 148, 154, 154, 159
with partial encapsulation 144, 145, 145, 154, 154, 159
with top-side cooling 156157, 156, 157, 159, 159, 167, 167
vertical orientation /62
with x- and z-gaps 138-139, 139, 140, 141
with y-gaps 134, /34
see also Polished aluminium PCB enclosures
Arrhenius equation 277-278
Auvailability and supply 268
Avalanche current 28, 52, 187, 252, 255, 270
and parasitic BJT turn-on 251, 254
repetitive 58, 58, 59, 257, 258
single-shot 53-54, 55, 56, 56
Avalanche ruggedness 200, 250-257
repetitive 52, 57-59, 58, 252-253, 255
limiting values 22, 24-25,28-29, 28
safe operation 59-60, 60, 61-62, 257, 258
single-shot 19, 20, 52-54, 53, 55, 252-253
limiting values 22, 24, 28-29, 28
safe operation 56-57, 56, 60, 61
see also Unclamped Inductive Switching (UIS)
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Avalanching 186-187

Axes naming convention 128

Bare die MOSFETs, for paralleled groups 185
Bipolar junction transistors (BJTs) see Parasitic BJT turn-on
Black plastic PCB enclosures 127, 134
with bottom-side cooling 750, 151-152, 151, 154, 154, 165-166, 165, 166
bulkhead mounting of 164-167, 164, 165, 166, 167
with full encapsulation 146, 148, 148, 154, 154, 159
with partial encapsulation 743, 145, 145, 154, 154, 159
with top-side cooling 156157, 156, 157, 159, 159, 167, 167
vertical orientation /62
with x- and z-gaps 136-137, 137, 140, 141
with y-gaps 129-133, 130, 132, 134, 134
Body diodes 21, 186-187, 256
avalanche rating 256
current 22, 24, 244-245, 245
soft recovery 260
Bottom-side cooling (BSC) of PCBs 149-152, 149, 150, 151, 160
with bulkhead mounting 165-166, 165, 166
with encapsulation 152-154, 153, 154
Breakdown voltage see Drain-source breakdown voltage
Bulkhead mounting of PCBs 160, 162—-168, 163, 164
with bottom-side cooling 165-166, 165, 166
with top-side cooling 167, 167

Burn marks see Failure signatures
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Capacitances 37, 39, 4041, 41, 274-275
input 37,40-41, 41,274,275
Miller 39, 275
output 37,4041, 41,275, 275
parasitic 191, 192-193, 195, 196, 198
reverse transfer 37, 40-41, 41,275, 275
Capacitive dV/dt issues 258-262, 261, 262
Cell density 251,254
Cell pitch 249, 267
Clamping, active 187-188
Conduction heat loss in PCB enclosures 126, 128, 129, 134
with bottom-side cooling 150-152, 151, 154
effects of encapsulation 141, 145, 148, 152, 154
effects of x- and z-gaps 137-141
effects of y-gaps 131-132, 132,133
with top-side cooling 156-157, 157
Convection heat loss in PCB enclosures 126, 128, 129, 131, 133, 165
Convolution integral 66

Current failure mode see Parasitic BJT turn-on

DAS working group 265

Data sheet parameters 1849
capacitance characteristics 37, 39, 4041, 4/
derating curves 25-29, 26, 27, 28, 246
diode characteristics 42

dynamic characteristics 3641, 37, 38, 40, 41
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gate charge parameters 37-40, 37, 38, 40, 265
limiting values 21-25, 22, 276, 276
ordering information 21
package outline 42
pinning information 21, 21
product profile 18-20, 19
Safe Operating Area (SOA) curves 29, 29, 4349, 43, 49, 206, 207
static characteristics 31-35, 31-32, 33, 35, 36
thermal characteristics 30-31, 30, 30, 48-49, 49
DC-to-DC converters 264-265
Derating 49, 49, 246247, 247, 248, 249
Derating curves 25-29, 26, 27, 28, 246
Diode characteristics 42
Diodes
body 21, 186-187, 256
avalanche rating 256
current 22, 24, 244-245, 245
soft recovery 260
freewheel 186, 187
Discontinuation of Delivery (DOD) document 268
Drain current 19, 20, 29, 33, 207, 271
and gate-source voltage 272-274, 274
limiting values 22, 23, 25-26, 26
maximum continuous 24, 25-26, 26
in paralleled groups 173, 177, 182, 182, 185
Drain-gate voltage 22, 23, 39
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Drain leakage current 32, 34, 269-270, 269
Drain-source breakdown voltage 31, 32, 46, 266
active clamping 188
avalanching 186-187
and drain leakage current 270
minimum values 272
repetitive UIS 58, 58
single-shot UIS 53-54, 55
Drain-source on-state resistance 19, 20, 32, 34-35, 35, 36, 271, 272
limiting values 43, 44
Drain-source voltage 19, 20, 55, 58
and capacitances 41, 41,275, 275
derating 49, 49, 247, 247
and gate charge 39, 40, 40
limiting values 22, 23, 46
see also Drain-source breakdown voltage
Drift engineering 266, 267
dV/dt induced turn-on 258-262, 261, 262
Dynamic characteristics 3641, 37, 38, 40, 41

Electrical Overstress (EOS) 200-236
ElectroStatic Discharge (ESD)
Human Body Model 203, 203, 204, 217, 217-220, 218, 219
Machine Model 201, 201, 202, 211, 211-216, 212, 214, 215
linear mode operation 206-207, 207, 208, 224, 224-230, 226, 228
over-current 208-209, 209, 210, 230, 231-232, 232
Unclamped Inductive Switching (UIS) 204-205, 205, 206, 220, 221-223, 222, 223
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Electrical thermal analogy 66, 67
ElectroMagnetic Compatibility (EMC) 87, 124, 268
ElectroStatic Discharge (ESD) 200
Human Body Model 203, 203, 204, 217, 217-220, 218, 219
Machine Model 201, 201, 202, 211, 211-216, 212, 214, 215
EMC see ElectroMagnetic Compatibility (EMC)
Encapsulation of PCBs 141-149
with bottom-side cooling 152-154, 153, 154
full 742, 146-148, 146, 147, 148
partial 742, 143-145, 143, 144, 145
with top-side cooling 158-159, 158, 159
Enclosure design 124-169
bottom-side cooling 149-152, 149, 150, 151, 160
with bulkhead mounting 165-166, 165, 166
with encapsulation 152-154, 153, 154
bulkhead mounting 160, 162—-168, 163, 164
with bottom-side cooling 165-166, 165, 166
with top-side cooling 167, 167
encapsulation 141-149
with bottom-side cooling 152-154, 153, 154
full 142, 146-148, 146, 147, 148
partial 142, 143—145, 143, 144, 145
with top-side cooling 158-159, 158, 159
materials 126-127, 127, 134
module model characteristics 125-128, 125, 127, 129
potential heat paths 128, /29
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top-side cooling 155-157, 155, 156, 157, 160
with bulkhead mounting 167, 167
with encapsulation 158-159, 758, 159
vertical orientation 161-162, 161, 162
x- and z-gaps 135-141, 136, 137, 138, 139, 140
y-gaps 129-135, 130, 132, 134
EOS see Electrical Overstress (EOS)
ESD see ElectroStatic Discharge (ESD)

European Union directives 265

Failure signatures 200-236
ElectroStatic Discharge (ESD)
Human Body Model 203, 203, 204, 217, 217-220, 218, 219
Machine Model 201, 201, 202, 211, 211-216, 212, 214, 215
linear mode operation 206-207, 207, 208, 224, 224-230, 226, 228
over-current 208-209, 209, 210, 230, 237-232, 232
Unclamped Inductive Switching (UIS) 204-205, 205, 206, 220, 221223, 222,223
Failures in time (FITs) data 277-278, 279
Fall time 37
Fault conditions 200
see also Failure signatures
FITs (failures in time) data 277-278, 279
“FloTHERM” package 85, 125
Foster RC thermal models see RC thermal models

Freewheel diodes 186, 187
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Gate charge parameters 3740, 37, 38, 40, 265
Gate-drain charge 19, 20, 37, 38, 39, 40
Gate drivers 184-185, 260
Gate glitches 260, 261
Gate leakage current 32, 34
Gate oxide 23
and capacitance 274
failure signatures 201, 202, 203, 204
repetitive avalanche wear-out 257
thick bottom 267, 267
Trench technologies 238, 239
Gate resistors 184-185, 276-277
Gate-source threshold voltage 31, 32-33, 33, 35, 259, 270, 271
active clamping 188
clamping effect 184
and gate charge 37, 40
limiting values 276, 276
negative temperature coefficient 45, 183, 248
and thermal runaway 45, 45, 46, 249
Gate-source voltage 55, 58
and capacitances 41
and capacitive dV/dt turn-on 258-259
and drain current 272-274, 274
and drain-source on-state resistance 35, 35
and gate charge 39-40, 40

limiting values 22,23
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and thermal runaway 45-46, 45
Trench technologies 238-239
Ground plane layer 87

Heat loss in PCB enclosures see Enclosure design

Heatsinking 82,91, 121

Hot spotting 248-249

Human Body Model ESD 203, 203, 204, 217, 217-220, 218, 219
HYV isolation tests 264

Impedance matching 180, 182

Inductance, stray 191, 192-193, 195, 196, 198

Inductive energy dissipation in paralleled groups 186188, 187
Input capacitance 37,40-41, 41, 274, 275

Insulation testing 264

JESD51 standards 83-84

Junction temperature 246, 265, 273, 274
calculating rise in 54, 65-66, 242244
and derating 246
limiting values 22, 24
and repetitive avalanche events 58, 59, 60, 60
simulation examples 70-79, 71, 72, 75, 76, 77, 78, 79
and single-shot avalanche events 54, 55, 56-57, 56

see also Thermal design

294



Index

KGD MOSFETs, for paralleled groups 185

Lead-free solder 265
Legal information 288-290
LFPAK MOSFET thermal design see Enclosure design; thermal design
LFPAK MOSFETs, for paralleled groups 186
Limiting values 21-25, 22,276, 276
derating curves 25-29, 26, 27, 28, 246
Safe Operating Area (SOA) curves 29, 29, 4349, 43, 49
Linear mode operation 200
failure signatures 206207, 207, 208, 224, 224-230, 226, 228
paralleled group design 183—184, 184
Safe Operating Area curves 43, 44, 48-49, 49, 247, 249
Spirito boundary 248-249, 251
thermal runaway 45-46, 45, 249
Trench technologies 249

Machine Model ESD 201, 201, 202, 211, 211-216, 212, 214, 215
Mentor Graphics (Flomerics) “FIoTHERM” package 85, 125
Miller capacitance 39, 275
Miller plateau 37, 38, 39, 184
Mounting 263-265

paralleled groups 178-181, 179, 180

see also Bulkhead mounting of PCBs
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Naming conventions 249

Negative Temperature Coefficient (NTC) 45, 183, 188, 248

Non-repetitive drain-source avalanche current 53, 54, 55

Non-repetitive drain-source avalanche energy 19, 20, 52, 54, 55
limiting values 22, 24, 28-29, 28

NTC see Negative Temperature Coefficient (NTC)

Ordering information 21

Oscillation suppression see RC snubber design

Output capacitance 37,4041, 41, 275, 275

Output charge 20

Over-current 200, 208-209, 209, 210, 230, 231-232, 232

Oxide, gate see Gate oxide

Package and mounting 263-265
Package outline dimensions and tolerances 42
Paralleled group design 172—188
dynamic operation 181-182, 181, 182
gate drive considerations 184—185
inductive energy dissipation 186—188, /87
linear mode operation 183-184, /84
mounting and layouts 178-181, 179, 180
packaging considerations 185-186
static operation 173-178, 175, 176, 176, 177

Parameters see Data sheet parameters
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Parasitic BJT turn-on 252, 254
and dV/dt induced turn-on 260, 261-262, 261, 262
planar technologies 250, 250, 251
Trench technologies 250, 250, 251, 262, 263

Parasitic capacitance 191, 192-193, 195, 196, 198

Parasitic inductance 191, 192—-193, 195, 196, 198

Part naming conventions 249

Partially enhanced mode 183-184, /84

Pb free solder 265

PCB design see Enclosure design; thermal design

Peak drain current 22,23, 29, 207

Peak drain-source avalanche power 54, 55

Peak source current 22, 24

Piecewise Linear (PWL) files 73-74, 74, 75

Pinning information 21, 21

Planar technologies, parasitic BJT turn-on 250, 250, 251

Plastic PCB enclosures see Black plastic PCB enclosures

Plateau voltage 39, 40, 40

Polished aluminium PCB enclosures 127, 134
with bottom-side cooling 150, 151-152, 151, 154, 154, 165-166, 165, 166
bulkhead mounting of 164—167, 164, 165, 166, 167
with full encapsulation 147, 148, 148, 154, 154, 159
with partial encapsulation /44, 145, 145, 154, 154, 159
with top-side cooling 156157, 156, 157, 159, 159, 167, 167
vertical orientation /62

with x- and z-gaps 137-138, 138, 140, 141

297




Index

with y-gaps 134, 134
see also Anodized aluminium PCB enclosures
Positive Temperature Coefficient (PTC) 45, 173, 178, 187
Power dissipation 19, 20, 200, 242-244, 246, 248
limiting values 22, 23-24,26-27, 27, 44-46
Power sharing see Paralleled group design
Product profile 18-20, 19
Prototype build 122
PTC see Positive Temperature Coefficient (PTC)
Pulse Width Modulation (PWM) circuits 181-182, 181, 182
PWL files 73-74,74, 75

Quick reference data 18-20, 19

Radiation heat loss in PCB enclosures 126, 128, 129, 134
effects of encapsulation 141, 145, 148
effects of x- and z-gaps 137-141
effects of y-gaps 132-133, 732
RC snubber design 190-198, 268
determining parasitic elements 192—-193, 198
in practice 196-197, 197
test circuit 190-191, 790, 191, 192
theory 194-195, 194
RC thermal models 64, 6768, 67, 68, 69, 79-80, 256
thermal simulation examples 70-79, 72, 75, 76, 77, 78, 79
Reduced cell pitch 267
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Reliability 277-278, 279

Repetitive avalanche ruggedness 52, 57-59, 58, 252-253, 255
limiting values 22, 24-25, 28-29, 28
safe operation 59-60, 60, 61-62, 257, 258

Repetitive drain-source avalanche current 58, 58, 59

Repetitive drain-source avalanche energy 22,24-25,28-29, 28, 58

Repetitive drain-source avalanche power 58, 58

Reverse recovery effects 42, 190, 191, 197

Reverse transfer capacitance 37,4041, 41, 275, 275

Rise time 37

Safe Operating Area (SOA) curves 29, 29, 43-49, 43, 183, 206, 207
derating 49, 49, 246247, 247, 249
repetitive avalanche ruggedness 59-60, 60, 257, 258
single-shot avalanche ruggedness 56-57, 56, 60

Shorter channel 267

Silicon technology 266267, 267

Simulation software, thermal 85, 125

Single-shot avalanche ruggedness 19, 20, 52-54, 53, 55, 252-253
limiting values 22, 24, 28-29, 28
safe operation 56-57, 56, 60, 61

Snubbers see RC snubber design

SOA see Safe Operating Area (SOA) curves

Soft recovery 260

Software, thermal simulation 85, 125

Solder, Pb free 265
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Source current 22, 24, 244-245, 245

SPICE models 243, 245, 256, 265-266
Spirito boundary 248-249, 251

Static characteristics 31-35, 31-32, 33, 35, 36
Storage temperature 22, 24

Stray capacitance 191, 192—-193, 195, 196, 198
Stray inductance 191, 192-193, 195, 196, 198
Supply and availability 268

Switching performance 36, 39, 249, 266
Switching speed 276

Switching times 37, 41

Thermal conductivity 92-93, 105, 116
encapsulants 141-142
enclosure materials 127, 135, 141
insulating materials 150
Thermal design 82-122
circuit topology 87
ElectroMagnetic Compatibility 87, 124
ground plane layer 87
PCB layout and stack-up 86-87
simulation set-up 86
simulation software 85, 125
thermal performance of single LFPAK device 88-103
1-layer PCB 88-91, &8, 89, 90
2-layer PCB 94-95, 94, 95
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4-layer PCB 96-99, 96, 97, 98
4-layer PCB with thermal vias 99-102, 100, /00, 101, 102
role of FR4 size 91-93, 92, 93
thermal performance of two LFPAK devices 103-113, 104
1-layer PCB 105, 105
2-layer PCB 106, 106
4-layer PCB 107, 107
4-layer PCB with thermal vias 108-112, 108, 109, 110, 111, 112
thermal performance of four LFPAK devices 113-121, /14
1-layer PCB 114-115, 115
2-layer PCB 115-116, 116
4-layer PCB 116-117, 117
4-layer PCB with thermal vias 117-120, /18, 119, 120
see also Enclosure design; RC thermal models
Thermal electrical analogy 66, 67
Thermal failure mode 252, 254
Thermal impedance 30-31, 44, 48, 64, 65, 65, 67
calculating junction temperature rise 54, 65-66
curves 30, 239-241, 241
thermal simulation examples 70, 72, 72, 74, 76, 77
Thermal models see RC thermal models
Thermal performance see Enclosure design; thermal design
Thermal resistance 30-31, 30, 30, 83-84, 264-265
calculating 242-244
in paralleled groups 173-174, 174, 175-177, 178
and vias 263
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Thermal runaway in linear mode 45-46, 45, 249
Thermal simulation examples 70-79, 72, 75, 76, 77, 78, 79
Thermal simulation software 85, 125
Thermal vias 99, 179, 180, 263
see also Thermal design
Thick bottom oxide 267, 267
Third quadrant 42
Threshold voltage see Gate-source threshold voltage
Top-Side Cooling (TSC) of PCBs 155-157, 155, 156, 157, 160
with bulkhead mounting 167, 167
with encapsulation 158-159, 158, 159
Transient thermal impedance see Thermal impedance
Trench technologies
capacitive dV/dt issues 260, 262
generation 3 devices 238,239, 240
generation 6 devices 238-239, 240, 262, 263, 266
linear mode operation 249
parasitic BJT turn-on 250, 250, 251, 262, 263
TSC see Top-Side Cooling (TSC) of PCBs
Turn-off delay time 37

Turn-on delay time 37

Unclamped Inductive Switching (UIS) 52, 200, 250-252
failure signatures 204-205, 205, 206, 220, 22/-223, 222, 223
planar technologies 250, 250, 251
repetitive avalanche events 52, 57-59, 58

safe operation 59-60, 60, 61-62, 257, 258
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single-shot avalanche events 52-54, 53, 55
safe operation 56-57, 56, 60, 61
Trench technologies 250, 250, 251, 262, 263
Vias 99, 179, 180, 263
see also Thermal design
View factor 133, 137
X-gaps in PCB enclosures 135-141, 136, 137, 138, 139, 140

Y-gaps in PCB enclosures 129-135, 130, 132, 134

Z-gaps in PCB enclosures 135-141, 136, 137, 138, 139, 140
Zero Temperature Coefficient (ZTC) point 45, 46, 248
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Legal Information

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. NXP
Semiconductors 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, NXP Semiconductors 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. NXP Semiconductors takes no
responsibility for the content in this document if provided by an information source outside
of NXP Semiconductors.

In no event shall NXP Semiconductors 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, NXP
Semiconductors’ 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 NXP Semiconductors.

Right to make changes - NXP Semiconductors 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.
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Suitability for use - NXP Semiconductors 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 NXP Semiconductors
product can reasonably be expected to result in personal injury, death or severe property

or environmental damage. NXP Semiconductors and its suppliers accept no liability for
inclusion and/or use of NXP Semiconductors products in such equipment or applications and
therefore such inclusion and/or use is at the customer’s own risk.

Applications - Applications that are described herein for any of these products are for
illustrative purposes only. NXP Semiconductors 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 NXP Semiconductors products, and NXP Semiconductors accepts no liability for any
assistance with applications or customer product design. It is customer’s sole responsibility
to determine whether the NXP Semiconductors 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.

NXP Semiconductors 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 NXP Semiconductors 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). NXP 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.
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Evaluation products - This product is provided on an “as is” and “with all faults” basis for
evaluation purposes only. NXP Semiconductors, its affiliates and their suppliers expressly
disclaim all warranties, whether express, implied or statutory, including but not limited to the
implied warranties of non-infringement, merchantability and fitness for a particular purpose.
The entire risk as to the quality, or arising out of the use or performance, of this product
remains with customer.

In no event shall NXP Semiconductors, its affiliates or their suppliers be liable to customer
for any special, indirect, consequential, punitive or incidental damages (including without
limitation damages for loss of business, business interruption, loss of use, loss of data or
information, and the like) arising out the use of or inability to use the product, whether or not
based on tort (including negligence), strict liability, breach of contract, breach of warranty or
any other theory, even if advised of the possibility of such damages.

Notwithstanding any damages that customer might incur for any reason whatsoever
(including without limitation, all damages referenced above and all direct or general
damages), the entire liability of NXP Semiconductors, its affiliates and their suppliers and
customer’s exclusive remedy for all of the foregoing shall be limited to actual damages
incurred by customer based on reasonable reliance up to the greater of the amount actually
paid by customer for the product or five dollars (US$5.00). The foregoing limitations,
exclusions and disclaimers shall apply to the maximum extent permitted by applicable law,
even if any remedy fails of its essential purpose.

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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