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Some key facts about avalanche

About this document

Scope and purpose

The document aims to provide details about avalanche that are often overlooked, disregarded or simply not
commonly known. Theory is examined in order to establish a baseline that is used later on when considering
examples. Some relevant comments about common avalanche test methods are also given. The final section of
the document covers repetitive avalanche.

Intended audience

Power supply design engineers, applications engineers, students.
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1 Introduction

1 Introduction

Avalanche (and especially repetitive avalanche) do not necessarily belong to the list of common parameters
considered by a MOSFET manufacturer when developing a new family. The reason for this is quite simple:
avalanche typically occurs when the breakdown voltage (Vgg(pss)) of the MOSFET is exceeded, meaning that the
part is being used outside its datasheet specification. Consequently, a designer should make all reasonable
attempts NOT to operate a MOSFET in avalanche.

In some applications with long operating lifetime, such as telecom (AC-DC rectifiers, DC-DC bricks) or server
power supply units, the increasing requirement to comply with standards that impose significant voltage
derating (such as IPC9592B-2012) leads designers in the direction of “zero-avalanche-tolerance”. However,
IPC9592 and other similar standards do not necessarily stipulate any derating guidelines for abnormal
conditions.

Additionally, low voltage drives applications such as forklifts and power tools are rarely subject to voltage
derating, due to their short operating lifetime and/or their high loop inductances (Liop) that make them more
likely to face high Vps spikes and, therefore, avalanche conditions.

Furthermore, due to challenging efficiency requirements, designers of other high performance applications
such as servers -do not confuse with server power supplies- would prefer to use repetitive-avalanche-proof
MOSFETSs to avoid having to move to a higher voltage class.

As a result of the high number of ‘special cases’ within the multitude of applications where MOSFETs are used,
ruggedness against avalanche is a key requirement for users that MOSFET manufacturers cannot afford to
ignore during any new technology development. Regarding ‘repetitive avalanche’ in particular, the absence of
any rating within a datasheet does not necessarily mean that it was not investigated during the design phase of
the technology.

In the following sections of this document, we will list key facts about avalanche that any designer should keep
in mind when using industrial and standard versions of Infineon’s OptiMOS™ families of MOSFETs. We therefore
focus on OptiMOS™ 3 and the subsequent families that are all n-channel enhancement mode trench power
MOSFETSs. Consequently, other MOSFET families are outside the scope of this document.

For engineers who do not want to devote too much time to the theory behind avalanche, section 2.1.2 provides
a simulation circuit that can be used to monitor the temperatures at various locations of the MOSFET during
avalanche. Additionally, specific examples are given in sections 3.2.1 and 3.2.2 to allow engineers to assess if a
MOSFET is avalanche safe under their own application conditions. Finally, a formula supplied in section 3.3
assists with rapid computation of avalanche energy when the circuit presents a different loop inductance.
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2 Single pulse avalanche
2.1 What is single pulse avalanche?
2.1.1 Brief reminder about avalanche

The avalanche mechanism has already been comprehensively explained in other publications, such as [1]. It
originates from an operation above the Vggpss) of the FET, which then induces electric fields in excess of the
critical electric field (E¢). The acceleration applied to the free carriers by these strong electric fields provides
them with enough energy to release electron-hole pairs via impact ionization. This phenomenon cannot be
controlled, potentially leading to large currents being generated and/or high temperature rise within the silicon.
Ultimately, such uncontrolled events can lead to the destruction of the device.

Avalanche manifests itself through a clamping of the Vpg spike, as shown in Figure 1, where we can already
observe that the MOSFET is clamped higher than the minimum Vgg(pss) rating provided in the datasheet at a
junction temperature (T;) of 25°C (Vgrpss)(min,25))- Further details about the actual clamping voltage will be
provided in section 2.1.3

A) MOSFET is facing avalanche B) MOSFET is hot facing avalanche
A Mote the clamping of Vs during avalanche A

Vps
Vs

time time
-

Figurel Vpgwaveforms when MOSFET is in and is not in avalanche

2.1.2 Defining single pulse avalanche

Single pulse avalanche is an isolated event that can potentially (but not necessarily) generate significant
avalanche current and/or energy. When the energy and current generated by such an event are low, the impact
on the MOSFET is negligible. However, if avalanche induces either high energies or high currents, the MOSFET
can be destroyed, as we shall see in section 2.2 when discussing the failure mechanisms.

For that matter, note that energy is not the real issue here, it is current and temperature that cause the failure.
You might then wonder: if temperature is so important, why do we provide a single pulse avalanche rating
within datasheets without any reference to the thermal properties of the test platform (e.g. Rinja)? Simply
because avalanche events occur over such short time periods that the heat doesn’t have time to be transferred
to the PCB. The following statement will validate this.

As a starting point, we realize that the thermal behavior of our MOSFETSs is usually represented in our PSpice
models with the help of a high order Cauer network including all necessary thermal resistances and
capacitances (Riyi and Cypi). An example for the IPBO72N15N3 G is introduced in Figure 2.

Application Note 4 Version 1.0
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Figure2 IPBO72N15N3 G - from MOSFET to thermal network

The network representation for the MOSFET is used to generate the Z,,c = f(time) graph provided inside our
datasheets, as summarized in Figure 3.

Figure3 IPB072N15N3 G - from thermal network to Z;;,,c graph

To make use of the values for these (Ryp;, Cthi) parameters, designers must use the level 3 model from the PSpice
files provided by Infineon. In Figure 4, the parametric values for IPBO72N15N3 G are shown. For this MOSFET, the
thermal impact of the bond wires is negligible, and this is not included within the PSpice level 3 model.

The values for the Ry, and Cyp,; parameters are provided in Kelvin per Watt (K/W) and Watt-second per Kelvin
(W*s/K) respectively. Moreover, if, for example, we refer to the parameters for “Rth1” in Figure 4, “1.44m” and
“534.18u” correspond to 1.44 millikelvin per Watt and 534.18 microkelvin per Watt respectively. Similarly, for
“Cth6”, “190m” is equivalent to 190 milliwatt-second per Kelvin.
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Figure 4

PSpice level 3 model for IPBO072N15N3 G

Using this model, and ensuring that we retain the simulation data for all the sub-circuits, we can observe the
temperature behavior at various locations of the chip under the datasheet conditions used to define the rating
for avalanche energy, single pulse (Eas). These conditions include Tj=25°C and ias(0) = 100 A, where ias(0) is the
initial current of a single pulse avalanche event. The SIMetrix schematic [2] is shown in Figure 5, where the
supply V3 is disconnected from the circuit when the Device Under Test (DUT) faces avalanche. In this case the

DUT is Ul.

Figure5

Single pulse avalanche - simulation circuit for heat spreading
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Note: The character “E” is employed here to refer to energy (Eas), whereas it was previously used to refer to
an electric field (E¢). It would have been difficult to follow another nomenclature, therefore we kindly
ask the reader to keep this fact in mind for the rest of this document.

The results of the simulation are shown in Figure 6, where the equivalent thermal network depicts the location
within the model of the junction temperature (T;), t1, t2 and t4. As can be seen, although T; peaked above 200°C,
the temperature at t4, which is located between the solder joint and lead frame (as shown in Figure 2 ), exhibits
minimal increase. This clearly shows that, even under a strong avalanche event lasting for 70 us, the heat does
not have time to spread anywhere near the PCB. Therefore, the single pulse avalanche rating is independent of
the PCB conditions.

Within the simulations, the peak value of Tjis approximatively 210°C, which is well above the maximum allowed
junction temperature (T; nax) of 175°C for IPBO72N15N3 G. When defining the Exs datasheet rating, this high T is
considered acceptable due to the very limited number of occurrences over lifetime (you should only tolerate
one event at these energy levels) and the fact that such temperatures remain significantly below the destructive
junction temperature (T; gestr)- Tj destr is the temperature at which OptiMOS™ FETs stop behaving like

j
semiconductors, and will be discussed further in section 2.2.2.

Figure6  Results of single pulse avalanche simulation with IPB072N15N3 G

2.1.3 Amplitude of V¢ spikes in single pulse avalanche

There are two parameters that impact the amplitude of the Vpg spikes during avalanche:
« Parameter A: the production distribution of the MOSFET breakdown voltage (Vgr(pss));
« Parameter B: the junction temperature of the MOSFET.

In order to understand this, it is important to remember that avalanche occurs when electric fields begin to
exceed the critical electric field (E.) of the technology, as discussed in section 2.1.1. Figure 7 shows the portion
of a basic power MOSFET structure that contributes to the breakdown voltage, as well as the distribution of the
electric field over this region when reverse polarized. The green area defines the Vgg(pss) capability of the
MOSFET. As a first approximation, the area to the left of the vertical axis can be ignored. From this diagram, it is
clear that the actual Vgg(pss) of a MOSFET is proportional to the E. of its structure. In Figure 7 and throughout
the rest of the document, we use the terminology loosely, as all electric fields should actually be represented as
absolute values.

Application Note 7 Version 1.0
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Figure7  Portion of a reverse polarized power FET, also showing electric field distribution

Let’s focus first on ‘Parameter A, the production distribution of the MOSFET breakdown voltage (Vgr(pss)). When
mass-produced in millions of units, the MOSFET Vgg(pss) will exhibit a certain distribution. When developing this
technology, the engineer must ensure that the MOSFETSs at the bottom of the distribution curve also exhibits a
VBRr(pss) above the minimum datasheet value (Vgg(pss)(min,25)) (Which is 60 V for BSC014NO6NS) in order to avoid
yield losses. Putting this another way, at T; = 25°C, the engineer must make sure that the maximum electric field
within the structure (Epay) can only reach E. when Vpg is already above Vgg(pss)(min 25)- That way, at Vgr(pss)(min,
25), Emax IS lower than E, and corresponds to the Ey,4ps) parameter shown in Figure 7.

Avalanche begins when the electric field in a portion of the structure exceeds E, as represented by the
maximum electric field observed inside the structure during avalanche (Eyax(avar) in Figure 7. Then, assuming
for the time being a constant temperature, the observed Vps spike will exhibit a plateau at the actual Vggpss) of
the FET. This was drawn in its most basic form in Figure 1 .

Figure 8 provides an example of Vgg(pss) distribution for different lots of the same MOSFET. To compute the
distribution of each lot, we use at least several hundred parts. Despite obscuring the y-axis scale, it is clear that
the MOSFETs all exhibit an actual Vgg(pss) above Vpr(pss)min,25)- However, designers should NOT take advantage
of a Vgg(pss) slightly higher than the official rating of the part: if a MOSFET is rated for 60 V at T; = 25°C, Infineon
only recommends using it up to this rating. Any usage above the Vgg(pss) rating of the MOSFET as stated on the
datasheet is at the user’s risk. Moreover, as shown in Figure 11 , designers must be aware that the variation of
VBr(pss) With temperature will lead to lower Vgg(pss) values for junction temperatures below 25°C.

Application Note 8 Version 1.0
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Figure8  Example of production distribution for Vgp(pss)

Although the original purpose of Figure 8 was to highlight that the actual Vgg(pss) of OptiMOS™ FETs is always
higher than Vgg(pss)(min 25), We can derive other information from this figure. Indeed, due to the Vggpss)
distribution between MOSFETSs of the same lot, each MOSFET will exhibit a different clamping voltage when in
avalanche, as summarized in Figure 9 for low energy avalanche events (i.e. the impact of temperature, which we
will discuss next, is negligible). In the case of OptiMOS™ FETs, due to the tight distribution of Vgg(pss), the
difference in clamping voltage between MOSFETSs in the same lot is very small.

L Due to Vigpss) distribution between MOSFETs
14 ofthe same lot, these MOSFETs will exhibit

different clamping voltages when in avalanche

Vs

tilrne

Figure9  Different Vgp(pss) means different clamping voltages during low energy avalanche event

Regarding the influence of temperature on the amplitude of the Vpg spikes during avalanche (previously
introduced as ‘Parameter B’), it turns out that E. monotonously increases with temperature. Therefore, Vgg(pss)
does too. During high energy avalanche events, T; varies over time. As a consequence, the voltage at which the
Vps of the MOSFET is clamped during avalanche varies over time, as can be observed in Figure 10, which is
simplified to show the most relevant waveforms of Figure 6 . Finally, Figure 10 also provides the peak Vps
voltage observed during avalanche (Vps peak). Later, even when making calculations for avalanche events of high
energy, we shall approximate that the Vps voltage of the MOSFET during an avalanche event is constant and

equals Vps peak-
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Figure 10 Variation of Vpg and temperature during high energy avalanche event

For our OptiMOS™ FETs, the variation of E. with temperature leads to a VgR(pss) increase of 5% per 100°C for the
latest families, and up to 9% per 100°C for some older families, as can be seen for BSC014NO6NS (latest
OptiMOS™ 60 V) and IPP110N20N3 G (OptiMOS™ 3200 V) in Figure 11.
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Figure 11 Variation of Vgp(pss) With temperature for two OptiMOS™ MOSFETs

As we saw in section 2.1.2, with the test conditions used to provide the datasheet value for Es, temperatures as
high as 210°C can be reached inside the silicon, which is almost 200°C above the typical T of 25°C used to define
most parameters within the OptiMOS™ datasheets. This increase of T; causes a Vgg(pss) increase of up to almost
20% for OptiMOS™ FETs.

Adding a 5 to 10% higher Vgg(pss) due to the production distribution, we obtain the familiar 1.3 x Vgg(pss)(min,25)
value often provided in literature for the peak amplitude of Vpg spikes during avalanche, previously defined as
Vs peak- However, for all the latest OptiMOS™ families, due to the lower variation of Vggr(pss) With temperature,
Vps spikes during avalanche should not exceed 1.2 x Vgg(pss)(min,25)-

It can also be derived that, for low energy avalanche events, the observed Vps spikes will remain well below
1.2~1.3 X VgRr(pss)(min,25), @s the rise in T; will be approximately negligible.

This can be demonstrated with the use of a test circuit, the schematic of which is shown in Figure 12. For the
DUT, we will use BSC014N06NS, which is part of Infineon’s latest OptiMOS™ 60 V family. For this test platform,
Vpp is set to 50 V. This voltage amplitude is very high when using a 60 V-rated MOSFET as DUT, because the Vpg
spikes generated when turning off the DUT will simply be superposed on top of this Vpp. In this case, by leaving
a small voltage span for the Vpg spikes between Vpp and Vgg(pss), we can facilitate the occurrence of avalanche.

Application Note 11 Version 1.0
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Figure 12 Test circuit to study low energy avalanche events

In Figure 13, just after 1 ps on the x-axis, we can observe that BSC014NO6NS enters avalanche, as indicated by
the clamping of Vps for approximately 40 ns. On this occasion, the energy generated during avalanche was
insufficient to heat the MOSFET, as indicated by the flatness of the clamping voltage. Consequently, the
clamping occurs at approximately 64 V, which corresponds to the actual Vgg(pss) of this sample at an ambient
temperature around 25°C.
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Figure 13 BSC014NO6NS waveforms with test circuit

2.2 Failure mechanisms

We will now introduce the two types of failure that can affect OptiMOS™ FETs during avalanche.

2.2.1 Latch-up

The latch-up mechanism is best understood by referring to Figure 14 and [1] . The avalanche event generates a
drain current, the amplitude of which will be greater where the electric field has more intensity. If the
technology is structured in such a way that the electric field is high in the vicinity of the parasitic NPN bipolar
junction transistor (BJT), a significant amount of current will flow through its base resistor, producing a voltage
between base and emitter. If this voltage reaches a certain threshold, the bipolar transistor turns on and most of
the avalanche current now flows through it, with potentially damaging effects as there is no means of
controlling it.

Since the latch-up mechanism is well understood, Infineon strived to mitigate its impact during the
development of all OptiMOS™ technologies covered by this document. Hence, in many of these technologies,
latch-up can no longer occur. However, due to their specific structures, there are still a few technologies for
which the risk of latch-up could only be reduced, but not fully removed.
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Figure 14 MOSFET cross-section with parasitic BJT

We will now look closer at latch-up, using some equations.

The first equation introduces I, the critical current at which the parasitic bipolar transistor is turned on. This
typically takes place when its base-to-emitter voltage reaches approximately 0.6 V.

Ve =Ry X1, 0.6V

crit ~

Equation1

Since the temperature can vary significantly during avalanche, it is important to observe how the critical
current varies. We can re-arrange Equation 1 as shown in Equation 2, where we can see that both numerator
and denominator vary with temperature.

Vge(T)
_ _ BE
lerie = Icrit(T) - Rg(T)

Equation 2
Regarding the numerator of Equation 2, the Vg of this parasitic BJT decreases linearly with temperature by a
few mV/°C.
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Then, we can expand the denominator of Equation 2 and obtain the following equation.

T ]2.5

Equation 3

As opposed to the numerator of Equation 2, the denominator quickly increases with temperature.

Based on equations 1-3, the variation of the I limit during an avalanche event is plotted in magenta in Figure
15. Itis clear that I initially drops very quickly, before its rate of decrease slows down. At a certain point, I
starts increasing with time. On the other hand, the avalanche current (dark blue line) is considered to linearly
decrease for our applications as it corresponds to the inductor current. On that basis, latch-up can only occur
towards the beginning of an avalanche event, while the slope of the diminishing I is steep.

Figure 15 Impact of critical current on latch-up

2.2.2 Thermal destruction

Thermal destruction occurs when the junction temperature of the MOSFET reaches T; jest. Given the
precautions taken against latch-up during the technology development of our OptiMOS™ families, thermal
destruction is responsible for the majority of failures caused by avalanche. Even for technologies prone to latch-
up, such a failure mechanism will only prevail over thermal destruction in applications with a low L. This is
because the temperature increase during avalanche is caused by energy that is proportional to Liop X (ias(0))2.

T; destr is close to the intrinsic temperature of silicon, that is the temperature at which the density of thermally
generated carriers equals the background doping. Hence, when such a temperature is reached, our MOSFET will

no longer behave like a semiconductor.

There is not much variation in Tj gest, for the OptiMOS™ devices being discussed, and the value is usually close
to 400°C. Additionally, this value is independent of external conditions (start temperature, pulse duration, pulse
shape).
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In order to determine the exact Tj gest Of @an OptiMOS™ family, the avalanche current under which the MOSFET
is thermally destroyed is recorded at a fixed L o0, With different values for the junction temperature at the start
of avalanche (Tj(start)). These results are then placed on a graph similar to Figure 16, and a line is drawn between
all these points. The value on the x-axis corresponding to y = 0 represents Tj 4esty. The measurements at different
Tj(start) Values can be repeated for other Lo, values in order to confirm the validity of the results, since all lines
should cross the x-axis at roughly the same temperature, as is the case for the blue and green lines in Figure 16

3000
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S L
<L 40.1mH
[
o™
= 21mH
<1500 }
o
3]
=
® 1000 |
=2
500
D L 1 1 ']
0 100 200 300 400 500
(o]
Tj[start][ C]

Figure 16 Extraction of T; gest, for a technology

Unfortunately, coping with thermal destruction implies some trade-offs, as it impacts some key drivers of high
performance technologies, in particular the product of drain-source on-state resistance by active area, also
known as Rps(on) X A. Indeed, whereas a technology reduction of Rps(on) X A usually leads to smaller chip sizes for
a defined Rpgon) value, the device itself requires a bigger chip size in order to mitigate the temperature increase
caused by high energy avalanche events. To a great extent, bigger is better to cope with avalanche!

2.3 100% tested in production

Every single one of our OptiMOS™ FETs must pass a production test for single pulse avalanche. The schematic
of the test circuit is quite similar to the one used in Figure 5 for our simulations. For clarity, this schematic is re-
drawn on Figure 17, where U1 represents the DUT.
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Figure 17 Rough schematic of Infineon “s avalanche production test for OptimOS™

This production test is commonly known within the semiconductor industry as Unclamped Inductive Switching
(UIS), and is very well described on page 5 of [3] . As the DUT is turned off and is therefore exhibiting high
impedance, inductance L2 forces its current through this DUT, since there is no alternative path for it.
Consequently, the Vpg of the DUT quickly exceeds its Vggpss) rating, making it operate into avalanche.

While the DUT faces avalanche during an UIS test, its current (which can only be avalanche current since its
channel is off) decreases linearly. This triangular current shape is the cornerstone of all avalanche ratings
provided within Infineon OptiMOS™ datasheets, therefore other current shapes are not discussed within this
document.

As shown in Figure 17, in the case of our OptiMOS™ FETs, the Vpp supply (V3) becomes disconnected from the
inductor just before the onset of avalanche within the DUT. Therefore, when calculating energies later, the
formula used will be Exs =2 X Ligop X (ias(0))%.

The designer should keep this point in mind when comparing datasheets because some suppliers do not
disconnect the Vpp supply during avalanche, as is the case for the schematic and test procedure shown in Figure
18. This leads to a higher avalanche energy rating, since it is now defined by Exs = 2 X Ljgop X (ias(0))? x Vs peak/
(VDS,peak'VDD)-

This can be illustrated by an example with Lioop = 100 pH, ias0) = 50 A, Vps peak =60V x 1.2 =72V and Vpp = 12 V.
On one hand, when using Eas = 2 X Ligop X (ias(0))?, Eas; would be recorded as 125 mJ. On the other hand, when
using Eas = V2 X Ligop X (ias(0))% x Vps, peak/ (Vbs,peak-VoD), the recorded value of Es; is 150 mJ, which is 20% higher
than Eps3, simply because Vpp was not disconnected during avalanche!

Note: As previously stated, when computing single pulse avalanche energies, we shall use as approximation
that the Vps voltage of the MOSFET during an avalanche event is constant and equals Vps peak-

Application Note 17 Version 1.0
2017-01-9



o _.
Some key facts about avalanche |nf|neon

2 Single pulse avalanche

Figure 18 Avalanche tests setup with Vj,, always connected to circuit

As its name suggests, a single pulse avalanche event should only be allowed to occur once -particularly if the
conditions are close to the limits provided on the datasheet diagram entitled “Avalanche characteristics”. This is
because those limits correspond to junction temperatures above the T; . of the MOSFET, and repeating such
events would impair the lifetime of the MOSFET. Remember that avalanche is not a condition under which
Infineon recommends to use the OptiMOS™ FETs on focus here.
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3 Making use of the datasheet

3.1 Existing information

In some cases, the single pulse avalanche capability of an OptiMOS™ FET within an application can be readily
assessed by referring to the datasheet, such as the E,g rating and the diagram providing the avalanche
characteristics (see Figure 19 and Figure 20 below). Note that I (provided as a test condition for E,g inside Table
2) corresponds to the initial avalanche current (ix5(0)), which is also called iy on the y-axis of Figure 20. In the
rest of this document, we shall always use ix5(0) to refer to this parameter.

The “Avalanche characteristics” diagram of any datasheet can be interpreted in the following way. For a defined
Tj(start)> If the point of coordinates (tay, ias(0)) corresponding to the application conditions is below and to the
left of the plotted lines, then the device can cope with the avalanche event. As an example, in Figure 20, the area
of safe avalanche conditions for Tj(start) = 125°C is covered in green. Given the information provided by this
diagram, we shall from now on refer to it as being the SOA,5 graph, where SOA,g stands for Safe Operating Area
under single pulse avalanche.

Figure 19 Various datasheet ratings (including E,s) for BSCO14NO6NS
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Figure 20 SOA,g graph for BSCO14NO6NS

Point Ain Figure 20 corresponds to the conditions for the Exg value provided in Table 2 of the datasheet (refer to
Figure 19). Indeed, at point A, Tj(start) = 25°C, ias(0) = 50 A, tay = 300 ps and Vps peak is approximately 1.3 x Vgr(pss)
(min,25)> where VBR(DSS)(min,ZS) =60V for BSCO14NO6NS.

With Eas = Y2 X Vps peak X ias(0) X tay, we obtain Exs of approximately 580 mJ.

Note: Based on the information in section 2.1.3, a coefficient of 1.2 would have been more appropriate for
BSC014NO6NS. At the time this datasheet was released, it was decided to use 1.3 in order to provide
some extra derating for the SOAs graph.
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Since we are focusing on avalanche events exhibiting a triangular shape, E5s can alternatively be calculated
with %2 X Ligep X (ias(0))?, which provides us with the loop inductance (Li,op) Of the test circuit used to obtain the
Eas value in Table 2 of the datasheet. For the BSC014NO6NS datasheet, Lo, is equal to 464 pH.

Although the datasheet value for Exg provides the necessary reference for Infineon to validate the avalanche
ruggedness of every single MOSFET in production, this rating might prove of limited use for many users, as it is
impossible to cover all applications with a single value of loop inductance Lj,p. In fact, whereas the avalanche
energy faced by OptiMOS™ FETs within telecom bricks is due to the combination of low Lioop @nd high current
densities, this same avalanche energy results from very high Lo, and low current densities within forklift
applications. Consequently, it is important to be able to extrapolate the Exs of a MOSFET for any Lo, value. For
that reason, properly understanding the SOA,s graph allows easy assessment of whether any application (with
its different L ,p) is safe in terms of single pulse avalanche energy. It is the purpose of the next section.

3.2 Extrapolation for other apps conditions

Before providing extrapolation formulas, we shall start with basic theory, using as a reference the
comprehensive work in [4] . Readers that are solely interested in practical examples can skip this section and
move to sections 3.2.1 and 3.2.2.

Figure 21 is based on [4] and provides three examples with two different loop inductance values (L1 <L2) and
two different initial avalanche currents (ias;(0) < ias2(0)). Since it was shown in section 2.2 that the dominant
avalanche failure mode for our OptiMOS™ FETs is caused by an excessive increase in junction temperature, the
most critical parameter to monitor is Tj ,eak, the peak junction temperature during avalanche. Figure 21
therefore charts T; poqi for each of the three examples discussed. It is demonstrated in [4] that T; pea, 0ccurs at 2
X tf, where t; is the time taken for the avalanche current to reduce to 0.

To begin with, we can see the impact of a different L0, by comparing the examples 1 and 2, whose initial
current ias(0) is identical (see red and blue solid lines). With example 2, the higher Ly, L2, slows down the
decrease of the avalanche current, which consequently leads to a faster increase of the temperature and,
ultimately, a higher peak temperature, as can be observed when comparing the red and blue dotted curves.
Assuming that the solid and dotted blue curves refer to datasheet conditions for the Eg rating, it is clear that
one cannot use the same ijg(0) if the loop inductance is higher, otherwise the junction temperature peaks far
too high. This last remark is self-explanatory when using energies instead of temperatures, because Exs = 72 x

Lioop X (iAS(O))Z-

Figure21 Impact ofisg(0) and Ligop ON'T;
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Under the conditions of a triangular current shape, the maximum temperature delta (ATy) can be defined as
follows with the help of reference [4]:

ATy = @ XiAs(O) * Vs, peak * F1 X\/Ff

Equation 4

There are a few comments to make about this equation, because it is slightly different to the one found in
reference [4] .

Firstly, the factor F; was denominated as “K” in [4]. We don’t follow this approach in order to avoid any
confusion with the symbol for Kelvin. If using the MKS unit system, this factor Fy is provided in K/ (W x \/s) . F;
depends on the area of power generation and the thermal properties of silicon. In our examples, since we will
keep the same MOSFET part number during our extrapolations and we neglect the production distribution of
the MOSFET parameters, F; can be considered constant.

Secondly, in a similar way to [4], we assume as a first approximation that the avalanche voltage is constant. In
our case, however, we define this constant voltage as being equal to the peak voltage during avalanche
(Vbs,peak)- The assumptions made for considering F; constant also apply to Vps peak. In addition to them, we also
consider as a first approximation that Vps peax does not change when extrapolating values for different
avalanche energies. Following the impact of temperature on Vps e, introduced in section 2.1.3, we understand
that Vps peak Will vary when using different avalanche conditions, but we also know that such variations will
remain well below 10% for all latest OptiMOS™ families, especially considering that the extrapolations will
usually be for conditions where actual peak temperature values during avalanche (T; eax) (and therefore

Vs peak Values) are relatively close.

Thirdly, although all temperature values in the following calculations use °C, their temperature delta ultimately
refers to Kelvin.

Finally, we can confirm that the remaining terms of Equation 4 have been previously defined.
Itis possible to expand t; as follows:

_ L[oop X iAS(O)
te= L
DS, peak
Equation 5

By inserting Equation 5 in Equation 4, we obtain an equation that will be more useful for us:

5 1 3 1
A TM = % X Fl X VDS,peak /2 x IAS(O) /2 X L[oop /2

Equation 6

Having previously approximated F; and Vps peak as being constant for a defined MOSFET, we can therefore
introduce a constant factor F, (the unit is K/4/I* x V x s ) defined as follows:

_\2 15
FZ_?XlevDs,peak/
Equation 7

Using Equation 7, we can further simplify Equation 6 to obtain:
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3 1
A TM = F2 X iAS(O) /2 X Lloop /2

Equation 8

Within an application, the initial junction temperature (Tjstar) and/or Lioop and/or ias(0) will likely differ from
the conditions used to define Exg in Infineon datasheets. The following examples will show how designers can
assess if their conditions are safe.

3.2.1 Example with Tj(start) = 25°C

In this example, an application using BSC014NO6NS has an initial avalanche current ips(0) =30 A and Ligp3 = 928
uH. For simplicity, assume that Tjstart) is 25°C. For the Exs defined within the BSC014NO6NS datasheet, we had
iasa(0) =50 A and Lioops =464 UH. Note that we have chosen for our example a loop Liyep3 that equals twice the
value of Ligopa.

ATy must remain the same for both conditions. Consequently, using Equation 8, the maximum initial avalanche
current, ias3(0), that this application could withstand is defined:

. 3 15 3 1
’AS3(0) /2 x L[oop3 /2 = IAS4(0) /2 X Lloop4 /2

Equation 9

3[464 uH _

928 il 39.7TA

i 53(0) = 50 A x

Equation 10

In this application, because ix5(0) is only 30 A, and therefore lower than iag3(0), BSCO14NO6NS will safely cope
with the single pulse avalanche event.

To confirm that the calculations are correct, we can derive tg3 using Equation 5 and obtain:

_ 928 ytHx39.7 A

tf3 = —eovxi3 =472 HUS

Equation 11

For the slanted curves of the SOA,s graph (highlighted in blue, red and green in Figure 22), t; corresponds to tay.
In the same figure, the point B with coordinates (tf3, ias3(0)) lies on the blue slanted line with Tj(tart) = 25°C,
which confirms the correctness of our calculations. However, in some cases, the slanted lines plotted on the
SOA,s graph of our OptiMOS™ datasheets are derated slightly more than indicated by the formulas previously
introduced. Nevertheless, following the method above provides a relatively accurate assessment.
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Figure22 Using SOA,s graph for BSC014NO6NS when Tj(start)=25°C

3.2.2 Repeating same procedure with a different Tjstary)

In applications where Tjstar) is not 25°C, before using the formulas introduced in section 3.2, it is necessary to
find a reference point for which both the Exs and L;o0p are known.

As an example, assume a Tj(start) of 100°C when using BSC014N06NS, and determine Es and Lo, corresponding
to point Cin Figure 23. Since ias(0)= 50 A and tay = 50 ps, use Eas = ¥2 X Vps peak X 1as(0) X tay With Vpg peak = 1.3 X
VBR(DSS)(min,ZS) =78V to obtain EAS =97.5mJ.
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Because Eag = %2 X Ligop X (las(0))?, we can deduct that, for point C, Lisop = 78 pH. It is then straightforward to
follow the procedurein 3.2.

If Tj(stary) does not correspond to any of the three values usually provided on the SOAxs graph in the datasheet,
Infineon can plot a chart using another temperature. Simply contact an Infineon representative and request
this.

Figure 23 Using SOA,g graph for BSC014NO6NS when Tj(sta)=100°C
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3.3 Variation of Exs with Ligop

It is possible to extract further valuable information from Equation 8. Readers not wanting to follow the detail
can move straight to Equation 13.

Referring to Equation 8 , the exponents for L 0, and ig(0) differ from those of the formula used for single pulse
avalanche energy, namely Exs = %2 X Ligop X (ias(0))2. In Equation 8, the exponent for ixs(0) is not two but three
times bigger than for L 5. So:

+ Onone hand, to maintain a constant energy, Lioop X (ias(0))? must remain constant;

« Onthe other hand, to maintain a constant temperature increase (critical to extrapolate single pulse
avalanche), Ligop X (1as(0))® must remain constant

Assuming that L., changes by a factor Y, then:
« ias(0) will have to change by Y(/2) to keep the energy constant, and ias_¢(0) = ias(0) x Y(1/2);
« ias(0) will have to change by Y©/3) to maintain the same temperature increase, and ips_t(0) = ias(0) x Y(1/3),

Therefore, the variation in energy obtained when keeping the same increase in temperature relates to the factor
Y of change in Lyo0p by a factor Z equal to (ias_t(0)/ias_e(0))2. This gives:

AP (-2
Z‘(Y(-l/z) -

Equation 12

By simplifying further:

7=y

Equation 13

Put another way, varying the loop inductance by a factor Y will cause single pulse avalanche energy to vary by a
factor of YA/3),

This can be confirmed by reusing the results from section 3.2, which correspond to point B in Figure 22 . By
doubling the value of Liy0p, Eas changed from 580 mJ to:

E s = Y2928 pH x 39.7 A*> =731 mJ

Equation 14

This corresponds to an avalanche energy increase by a factor of 1.26 (= 731 mJ/580 mJ).
Using Equation 13 with Y=2,Z = 1.26 is also obtained, confirming the validity of this formula.

There is another point to remember from these findings: based on the above theoretical explanation, the
slanted lines of the SOA,s graph for any OptiMOS™ FET are NOT of constant energy!

Finally, please note that the discussion above related to OptiMOS™ FETs for which the following assumptions
apply:

« The avalanche current is assumed to take a triangular shape;

« Thermal destruction is the dominant failure mechanism caused by single pulse avalanche.

Application Note 26 Version 1.0
2017-01-9



o _.
Some key facts about avalanche ‘ In fl neon

3 Making use of the datasheet

3.4 Comparing apples to apples

Previously, we learned that Epg increases with Ly, Therefore, when comparing the Exs from datasheets of
different manufacturers, ensure that the values provided are for the same Lo, condition! If this is not the case,
using Equation 13, it is possible that you need first to re-compute the Exs of each part at the same L,
preferably the one of your application circuit.

Still regarding the topic of fair comparisons, designers should only compare the avalanche capabilities of
MOSFETs with similar values for Rpg(on). Unfortunately, as different manufacturers use different technologies, it
is probable that MOSFETs with the same Rpgon) Will have different chip sizes. But, at least, this comparison
makes sense.

Comparing the avalanche capabilities of MOSFETs with significantly dissimilar Rpg(op) is not recommended.
Recall that, for the same technology, the MOSFET chip size is inversely proportional to its Rpg(on) and, as
mentioned previously, bigger is usually better when coping with avalanche. Consequently, even if comparing
MOSFETs from different manufacturers, it is still likely that the part with the much lower Rpg(on) Will have a
larger chip size.

3.5 Datasheet diagram for thermal impedance

Since avalanche is a dynamic phenomenon, it should be of great use to refer to the variation of the thermal
impedance, junction-to-case (Zi,,c) with pulse duration and duty cycle, provided in Infineon datasheets. In
Figure 24 is an example diagram, extracted from the BSC014NO6NS datasheet. As we are concerned with single
pulse avalanche, the plot of particular interest is the lower one (single pulse).

Figure 24 Diagram 4 of BSC014NO6NS datasheet
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Unfortunately, as mentioned in [5], this plot tends to underestimate the impact of avalanche on the MOSFET
temperature. This mismatch can mainly be attributed to the difference in the shape of the power pulse
experienced by the MOSFET, as summarized in Figure 25. For plotting Zy, ¢ = f(t,) in the datasheet, the power
pulse is rectangular. However, during avalanche, the power pulse can be considered to have the same triangular
shape as the avalanche current when approximating the avalanche voltage as being constant.

A) For Zyc = f(t,) graph B) During avalanche
inside the datasheet
Power pulse shape = Power pulse shape =
‘ RECTANGULAR ‘ TRIANGULAR
@] O
2 =
o o
(al a
— — —
time time

Figure 25 Shape of power pulse faced by MOSFET - Z;j ¢ = f(t,) graph vs avalanche

The typical temperature behavior of a MOSFET during single pulse avalanche can however take this effect into
account relatively well by returning to PSpice simulation and re-using the circuit from Figure 5 . But, this time,
we will not use the typical values for Zy, ¢, as set by default for the PSpice level 3 model. Instead, to compensate
for the higher impact of avalanche on MOSFET temperature, we can simulate using the maximum value of Z, ;¢
by setting the parameter “Zthtype” to 1, as shown in Figure 26.

Consequently, the junction temperature will peak slightly higher than the 210°C observed in Figure 6 . However,
this is not of concern because the following still applies:

*  This Tj 5eak remains significantly more than 100°C below the T; yest Of the structure;

+ Since only one single pulse avalanche event of such energy is tolerated, the duration above the T; y,,y of the
MOSFET is so short that the lifetime is not impacted.
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Figure 26 Setting Z;;,,c to max value for PSpice level 3 model
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4 Repetitive avalanche

4.1 What is repetitive avalanche?

In the case of repetitive avalanche, the energy per event is much lower than for single pulse avalanche. As the
name implies, its occurrence is characterized by a fast repetition rate, which is typically the same as the
switching frequency (fsy) of the application circuit.

The existing repetitive patterns can be categorized into two main types, as shown in Figure 27.

1. In some cases, we could talk about "steady state" repetitive avalanche, because avalanche events happen
during every single switching period over the entire product lifetime.

2. In other cases, we are facing some sort of “transient or fault conditions” repetitive avalanche, since
avalanche only occurs under specific transient (e.g. start-up) or fault (e.g. short-circuit) conditions, during
which 10 to 50 consecutive avalanche events could be observed, after which avalanche would stop until the
next start-up or short-circuit causes a re-occurrence of avalanche over many consecutive voltage pulses.

A) ,Steady state” repetitive avalanche
\J--: A 1 3
A
_:;8 sesn
This avalanche pattern persists
|| |I I||'||| ||| ||||||I | || |||||||| ||| ||I|||| ||| I||||||| ||| |||||I | ||| ||I|'|'| ||| I||||||| ||| |||||| | ||| ||||'| | durlmg {alm:ﬂ} EV:RYT}:Ichmg
'd'\llllululluld |IIII I It ||I I lu”ud||||u|u J|||I|” IJu"l'l UL cycle over the product lifetime
fsW time
B) ,Transient” repetitive avalanche
@ @ @
Avalanche for 20 cycles Mo avalanche event occurs for quite Avalanche for 20 cycles
some time {minutes, hours or days)
Viripss)imin 25 _——— — — — — —
A
:;é‘ LN ]
(1)+(2) pattern
|||I| U ‘I||||I |||| ||| ||| |||||| . . "|| .| ||I ||| ‘||||I ||| || ‘||| repeats itself over the
|I| |J||I|II'|J| '|||.., " | |||,||||| product lifetime
fSW tlme

Figure 27 Two types of repetitive avalanche

In most repetitive avalanche cases, due to the low energy of each avalanche event, the silicon temperature
hardly rises when compared to the worst-case of single pulse avalanche. Therefore, the observed Vps spikes
only slightly exceed the Vgg(pss)(min 25) rating of the MOSFET, as opposed to the 1.2~1.3 x Vgg(pss)(min,25)
amplitudes recorded during high-energy single pulse avalanche. This relatively low amplitude of the avalanche
spikes was also observed in section 2.1.3 when discussing the topic of low energy avalanche events.

Arelevant difference between single pulse and repetitive avalanche ratings relates to the permitted T; ax
during such events. Indeed, whereas we showed in section 2.1.2 that the junction temperature is permitted to
exceed Tj may during single pulse avalanche, this is not the case for repetitive avalanche. As highlighted on page
9 of [3], if exceeding T; ax during repetitive avalanche, the cumulative effect of such events could impact the
reliability of the device over its lifetime, which is not acceptable.

This Tj max can be as low as 150°C for SuperSO8 or S308 devices, which is typically a limitation of the package
itself, not of the chip technology. The latter can usually withstand 175°C, as betrayed by the fact that MOSFETs
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from the same family as these SuperSO8 MOSFETs, but housed within a different package (e.g. TO-220 and
D?PAK) are rated for 175°C.

4,2 Failure mechanisms

We have to distinguish between single pulse and repetitive avalanche because the way they can affect normal
MOSFET behavior differs significantly.

As we saw in section 2.2, the two destruction modes for single pulse avalanche are either caused by high
current (latch-up) or high energy (thermal destruction). These destruction modes are quite loud and fast.

On the contrary, in the case of repetitive avalanche, the destruction mechanism is far more unassuming and
impacts the device very slowly through repeated micro-damages. Indeed, even if it is characterized by low
energy, any avalanche event generates some hot carriers, which are charges injected along the trench oxide of
the power MOSFET. The repetition of such avalanche events leads to an accumulation of such charges, which
slowly but surely influences the normal behavior of the MOSFET, as we shall see in section 4.4.

It might be expected that the “transient or fault conditions” repetitive avalanche has a more moderate impact
on the OptiMOS™ FET than the “steady state” repetitive avalanche, because potentially the former gives time
for the accumulated charges to recombine between two bursts of avalanche events. In reality, such benefits are
very difficult to predict, and it is very hard to build up any kind of correlation.

4.3 Locating where avalanche occurs

As opposed to single pulse avalanche, the lower energies experienced in the case of repetitive avalanche lead to
a more localized onset of avalanche. If we refer to the definition provided for avalanche in section 2.1.1 and to
the more specific details provided in [6] , we can gain some insight into this location.

Given the rapid increase in the number of generated free carriers (and consequently in the current amplitude)
as the electric field increases, avalanche is highly likely to originate in the regions of higher electric fields, where
the amplitude is most likely to exceed the critical electric field (E.) when the drain-to-source voltage applied to
the device exceeds its Vgr(pss). Please refer to Figure 28 for further details on this.
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Figure 28 Most likely location for the onset of avalanche

This last statement actually poses a challenge for charge-compensated devices making use of a field plate, such
as trench MOSFETs. Indeed, the insertion of a field plate permits a reduction in Rpg(on) by enabling a better
uniformity of the electric field over the whole trench. As shown in Figure 29, this uniformity ideally materializes
in the shape of a rectangular distribution of the electric field along the trench, as opposed to the triangular
shape of more conventional approaches (basic trench or planar structures [7] ). If referring to the previous
paragraph, a very uniformly distributed electric field may have very randomly located position for the onset of
avalanche. Unavoidably, some compromise must be found between Rpg(on) reduction and robustness against
repetitive avalanche.
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Figure29 Change in E distribution along y-axis for different trench structures

4.4

Rating of OptiMOS™ families under repetitive avalanche

Over the last few years, repetitive avalanche has been considered during the design phase of most of Infineon’s
OptiMOS™ families. It was observed that some parameters drift over time, with the amount of drift and the
actual parameters being dependent on the technology. Figure 30 provides an example of parametric drift for a
particular technology. It can clearly be seen that, in the majority of cases, the zero gate voltage drain current
(Ipss) and transconductance (g) shift closer to the datasheet limits when experiencing repetitive avalanche
under the conditions internally defined for this technology. Adding on top of that the natural distribution of the
parameters over multiple production lots, there is a clear risk for parameters to move out of specification.
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Figure 30 Example of parameters drift during repetitive avalanche
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Taking this into account, so as to significantly reduce the impact of repetitive avalanche on technology
parameters, Infineon would need to compromise significantly on other figures of merit that are dominant in the
vast majority of applications. This would be too high of a price to pay for an event that does not correspond to a
normal usage of a MOSFET, and that a designer should strive to avoid by all means. Consequently, Infineon does
not insert repetitive avalanche ratings within the OptiMOS™ “Industrial and Standard Grades” datasheets.
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BJT = Bipolar Junction Transistor

Cthi = Thermal capacitance for ith stage of the MOSFET PSpice model
DUT = Device Under Test

Eas = Avalanche energy, single pulse

Ec = Critical electric field

Ernax = Maximum electric field within the structure

Emax(aval) = Maximum electric field within the structure during avalanche
FET = Field Effect Transistor

fsw = Switching frequency

gfs = Transconductance

ias(0) = Initial current for single pulse avalanche

Irit = Critical current at which the parasitic bipolar transistor is activated
Ips = Drain to source current

Ipss = Zero gate voltage drain current

MOSFET = Metal Oxide Semiconductor Field Effect Transistor

Rps(on) = Drain-source on-state resistance

R¢hi = Thermal resistance for ith stage of the MOSFET PSpice model
Rinya = Thermal resistance, junction-to-ambient (usually provided with device mounted on a PCB)
SOA4s = Safe Operating Area under single pulse avalanche

t; = Time taken for avalanche current to reduce to 0

T; = Junction temperature

Tj destr = Destructive junction temperature

J

Tj,max = Maximum junction temperature

T peak = Peak junction temperature during avalanche

Tj(start) = Junction temperature at the onset of avalanche
t, = Pulse duration

UIS = Unclamped Inductive Switching

VBRr(pss) = Drain-source breakdown voltage

VgR(Dss)(min,25) = Datasheet rating for minimum drain-source breakdown voltage @ Tj=25°C
Vps = Drain-source voltage

Vs peak = Peak Vps voltage during avalanche

Zihyc = Thermal impedance, junction-to-case

ATy = Maximum temperature delta
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IMPORTANT NOTICE

The information contained in this application note is
given as a hint for the implementation of the product
only and shall in no event be regarded as a description
or warranty of a certain functionality, condition or
quality of the product. Before implementation of the
product, the recipient of this application note must
verify any function and other technical information
given herein in the real application. Infineon
Technologies hereby disclaims any and all warranties
and liabilities of any kind (including without limitation
warranties of non-infringement of intellectual property
rights of any third party) with respect to any and all
information given in this application note.

The data contained in this document is exclusively
intended for technically trained staff. It is the
responsibility of customer’s technical departments to
evaluate the suitability of the product for the intended
application and the completeness of the product
information given in this document with respect to such
application.

WARNINGS

Due to technical requirements products may contain
dangerous substances. For information on the types
in question please contact your nearest Infineon
Technologies office.

Except as otherwise explicitly approved by Infineon
Technologies in a written document signed by
authorized representatives of Infineon Technologies,
Infineon Technologies’ products may not be used in
any applications where a failure of the product or
any consequences of the use thereof can reasonably
be expected to result in personal injury
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