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ABSTRACT This paper studies the short-circuit safe operating area (SCSOA) of the conventional
field-stop (FS) IGBT and the superjunction (SJ) FS IGBT, based on 1200 V-rated samples, with the
help of numerical electrothermal simulations. The results show that the peak electric field influences the
distribution of the temperature inside devices and plays a crucial role in determining their SCSOAs. When
the doping concentration of the collector, NC, is low, the peak electric field exits near the collector. Both
types of IGBTs have a long short-circuit time, TSC, which can exceed 15 µs. TSC decreases with the
increase of NC because the peak electric field transfers to near the channel. The introduction of the SJ
structure weakens the peak electric field and increases TSC. The difference is at least 4 µs and up to
6.87 µs, when NC ranges from 2.0 × 1017 cm−3 to 1.1 × 1018 cm−3. Besides, TSC of the SJ IGBT can
be increased by using highly-doped pillars.

INDEX TERMS Superjunction (SJ), field-stop (FS), short-circuit safe operating area (SCSOA), insulated
gate bipolar transistor (IGBT).

I. INTRODUCTION
The insulated gate bipolar transistor (IGBT) has been widely
used in power electronics, especially in medium and high
power equipments [1]. It combines the advantages of fast
switching, low conduction loss, and high impedance gate
control. The basic concern of IGBTs is the trade-off rela-
tionship between the on-state voltage, Von, and the turn-off
loss, Eoff. To improve this trade-off, new device structures
are constantly being proposed, from the punch-through (PT)
IGBT [2] and the non-punch-through (NPT) IGBT [3] to
the field-stop (FS) IGBT [4]. To further improve the rela-
tionship, the superjunction (SJ) FS IGBT was proposed [5].
The superjunction structure in the drift region leads to a
significant reduction in Von and Eoff [6].

While improving the trade-off relationship, other charac-
teristics, such as the short-circuit safe operating area, should
not be adversely affected. The short-circuit safe operating
area (SCSOA) is an important parameter in applications

because the short-circuit switching is one of the most severe
stress conditions on IGBTs [7]–[8]. There are two kinds of
short-circuit destruction which are electrical destruction and
energy destruction respectively [9]. Electrical destruction is
caused by current filaments which appear when the impact
ionization in the anode side exceeds a critical avalanche
generation rate [10]. Inside the current filament, the higher
electron current density induces larger impact ionization in
the n-drift/n-buffer junction, resulting in higher collector cur-
rent peak [11]. Energy destruction is also named thermal
destruction, caused by thermal runaway. In a short-circuit
condition, the device supports the entire external voltage
while conducts a large current. It consumes a high power
and its temperature rises sharply. If this situation persists,
thermal runaway will happen and the device will be per-
manently destroyed at last. Therefore, the device should be
switched off in time to keep it safe. The time duration over
which the IGBT structure can withstand the short-circuit
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FIGURE 1. Schematic half-cell cross-sections of the (a) conventional
and (b) SJ FS IGBTs, both with a trench gate. The difference is the drift
region.

condition is defined as short-circuit time, TSC, the longer,
the better. In general, 10 µs is required [12]. This paper
aims to study the energy destruction of the conventional and
the SJ IGBTs.
Although previous studies have shown that the introduc-

tion of the superjunction structure [13] will not reduce TSC
of FS IGBTs, there is currently no special study to discuss
this issue. In this paper, we compare the SCSOA between
the conventional FS IGBT and the SJ FS IGBT, based on
1200V-rated samples, with the help of numerical electrother-
mal simulations. Based on theoretical analysis and simulation
results, we find that the peak electric field influences the dis-
tribution of the temperature inside devices and plays a crucial
role in determining their SCSOAs. The introduction of the
SJ structure weakens the peak electric field and increases
TSC. Besides, influences of the doping concentration of the
collector and the doping concentration of the drift region on
TSC are also discussed.

II. STRUCTURE AND THEORETIC ANALYSIS
Fig. 1(a) and (b) show structures of the conventional field-
stop (FS) IGBT and the superjunction (SJ) FS IGBT,
respectively. Compared with the conventional FS IGBT, the
drift region of the SJ FS IGBT is replaced by alterna-
tive n-type and p-type pillars. Both structures feature the
same MOS gate dimensions. The width and depth of the
trench are respective 1.5 µm and 2.5 µm. The thickness of
the gate oxide is 0.1 µm. Key parameters of 1200V-rated
IGBTs are listed in Table 1. Their definitions are shown in
Fig. 1. The numerical simulator Sentaurus Device [14] is
used to explore the electrothermal performance of devices.
The following models are active: Slotboom bandgap model,
Shockley–Reed–Hall and Auger recombination models, the
normal electric field dependence model, the carrier mobility
model including high field saturation, and Philips unified
mobility model. The collector contact is set as the thermode
with a thermal resistance of 0.3 K/W. Its initial temperature
is 300 K. The gate and emitter contacts are set to be adi-
abatic. Furthermore, the default parameter file is used. The
lifetime is 10 µs for electrons and 3 µs for holes.

TABLE 1. Key device parameters.

FIGURE 2. Trade-off relationship between Eoff and Von of IGBTs. ND of the
conventional IGBT is 1 × 1014 cm−3. NP of the SJ IGBT is 4 × 1015 cm−3.
NC varies from 7.0 × 1016 to 1.2 × 1018 cm−3.

FIGURE 3. Circuit configuration for the short-circuit switching.
VDC = 600 V, RG = 5 �. The active area of the device under test is 0.3 cm2.
The collector contact is set as the thermode with a thermal resistance of
0.3 K/W. Its initial temperature is 300 K.

First, switching characteristics of the two types of
IGBTs are studied. Their switching current densities are all
100 A/cm2. Trade-off relationship curves between Eoff and
Von of IGBTs are shown in Fig. 2. Due to the impurity
charge compensation effect, the doping concentration of the
drift region of the SJ device can be an order of magni-
tude higher than that of the conventional one, which lowers
the on-resistance and Von. Then, the SJ IGBT has a better
performance. Take Eoff = 3.4 mJ/cm2 for example, Von of
the SJ IGBT is 1.6 V, much smaller than that of the con-
ventional one, which is around 3.0 V. Under this condition,
Von of the SJ IGBT is about 46.7% lower than that of the
conventional one.
The short-circuit switching is analyzed by using the cir-

cuit shown in Fig. 3. The active area of the device under
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FIGURE 4. Changes of the short-circuit current density and the maximum
temperature with time in an SJ IGBT (solid line) and a conventional IGBT
(dashed line) with NC = 5 × 1017 cm−3 under the short-circuit condition.

test (DUT) is 0.3 cm2. The dc-link voltage, VDC, is set to be
600 V. A step signal is applied to the gate electrode of the
DUT through a 5 � resistor. The short-circuit current density,
JSC, is 1000 A/cm2. Fig. 4 shows SCSOA curves of the con-
ventional IGBT and the SJ IGBT with NC = 5×1017 cm−3.
After the DUT is completely switched on, its short-circuit
current density drops slightly while its maximum temper-
ature gradually increases from 300 K, over time. Thermal
runaway happens at about 8 µs for conventional IGBT and
14 µs for SJ IGBT when the short-circuit current density
rises sharply.
In the short-circuit condition, as shown in Fig. 3, the dc-

link voltage is applied at the collector side while the device
is switched on. Electrons are injected into the lightly-doped
drift region from the n+ emitter through the channel. Holes
are injected from the p-collector into the drift region as well.
They influence the effective doping concentration, Neff, of
the drift region, which can be expressed as

Neff = ND − n+ p (1)

where ND, n and p are respectively, the concentration of
donors, electrons and holes. Then, the expression of Poisson
equation is now

∇ · �E = q

εS
· Neff (2)

where q and εS are respectively, the electron charge and the
permittivity of silicon. They are constant. So, the electric
field is determined by Neff. For an IGBT with a buffer layer,
electrons may be greater than the sum of donor impurities
and holes, causing the electric field to be reversed in such
conditions [15].
Since the DUT supports the entire external voltage while

conducts a large current in the short-circuit condition, its
power consumption is very huge. A large quantity of energy
is dissipated in the form of Joule heat in a short time.
As a result, the temperature of the device rises rapidly.
On the micro-level, the temperature doesn’t distribute uni-
formly inside the device. The density of Joule heat can be

FIGURE 5. Extracted TSC and �TSC of IGBTs with different NC. JSC is set as
1000 A/cm2 manually by adjusting the gate voltage.

calculated as

σ = −→
J · −→

E (3)

Thus, heat generates more in the region with both a high
current density and a high electric field. What we care about
most is the temperature near the channel, because high tem-
perature near the channel will reduce the built-in potential,
Vbi, of the n+-emitter/p-base junction. Finally, Vbi thermally
disappears and the n+-emitter/p-base junction is turned on.
The short-circuit current will flow through the n+-emitter/p-
base junction now and not be controlled by the gate electrode
anymore. Then, thermal runaway happens [16]. Therefore,
the temperature near the channel has a greater impact on TSC.

III. RESULTS AND DISCUSSION
A. THE INFLUENCE OF NC ON TSC
Fig. 5 shows the simulated TSC of the two types of IGBTs
with different NC. The injection efficiency of the p-collector
increases with the increase of NC. The difference of TSC,
�TSC, between these IGBTs is also shown. To avoid the
influence of JSC on �TSC, JSC is set as 1000 A/cm2 for all
samples by adjusting the gate voltage. When NC is small,
both conventional FS and SJ FS IGBTs show good capa-
bilities of the SCSOA, with a long TSC, which can exceed
15 µs. Besides, their TSC both decrease with the increase
of NC.
There is still some difference between them. When NC

increases, the decline trends of TSC of the two types of IGBTs
show a clear difference. TSC of the SJ IGBT decreases at
a relatively stable rate. However, TSC of the conventional
one decreases sharply at first and then levels off. That is the
reason why �TSC increases first and decreases then as NC
increases. �TSC reaches its maximum value of 6.87 µs when
NC = 3.0 × 1017cm−3, after which TSC of the conventional
IGBT levels off. �TSC also shrinks gradually after NC is
larger than 3.0 × 1017 cm−3. In general, �TSC between
the two IGBTs is at least 4 µs and up to 6.87 µs, when
NC ranges from 2.0 × 1017 cm−3 to 1.1 × 1018 cm−3.To
explore the different performance of the two types of IGBTs
in short-circuit conditions, several samples of TSC curves
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FIGURE 6. Electric field distribution in IGBTs with difference NC after
shorted by 6 µs.

FIGURE 7. Electric field distribution along y-direction at the cut-line MM’
(x = 1.65 µm) of Fig. 6.

in Fig. 5 are picked and their internal states are analyzed.
Their corresponding distributions of the electric field and
temperature after shorted by 6 µs are shown in Fig. 6–9.
As illustrated below, the position of the peak electric field
changes in these samples, and so does the position of the

FIGURE 8. Temperature distribution in IGBTs with difference NC after
shorted by 6 µs.

FIGURE 9. Temperature distribution along y-direction at the cut-line MM’
(x = 1.65 µm) of Fig. 8.

maximum temperature. The electric field along the depth
is almost flat in samples B and B’. Its slope is reversed
around the sample B or B’. Take the conventional IGBT as
an example. The slope of the electric field is reversed in the
sample A, compared with that in the sample C. Thus, the
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peak electric field appears near the collector in the sample
A and the emitter in the sample C. For the conventional
IGBT, samples A/B/C correspond to NC = 1.0×1017/1.8×
1017/2.0 × 1017 cm−3. For the SJ IGBT, samples A’/B’/C’
correspond to NC = 1.0×1018/1.1×1018/1.2×1018 cm−3.
The results are analyzed as follows.
When NC is small, the injection efficiency of the p-

collector is low. Under this condition, the concentration of
holes injected by the p-collector cannot exceed the doping
concentration of the drift region when the current is conduct-
ing. Then, the concentration of electrons in the drift region
is even greater than the sum of the concentration of donor
impurities and the concentration of holes. Neff in (1) is neg-
ative. So, the position of the peak electric field appears near
the collector. Since the current density along the drift region
is almost unchanged, the heating center is located at the
bottom of the drift region. Then, the position of the max-
imum temperature appears near the collector. The channel
temperature is relatively low. It needs a long time to reach
the critical value that causes thermal runaway. As a result,
TSC is large.
The peak electric field changes with the changes of

injected holes, causing a change in the temperature near the
channel and a decrease in TSC. As NC increases, more holes
are injected into the drift region and they can be injected
deeper into the device. Holes slowly increase and electrons
slowly decrease at the bottom of the drift region, causing the
value of p minus n in (1) to grow. The negative Neff decreases
slowly. Then, the peak electric field decreases, and the elec-
tric field at the rest of the drift region increases slowly. Since
the current density is maintained at 1000 A/cm2 manually
for different NC, more heat is generated near the channel.
Therefore, the channel temperature increases more at the
same time. Thermal runaway happens earlier, resulting in a
decrease in TSC. This tendency continues until Neff becomes
positive.
NC = 1.8 × 1017 cm−3 is the turning point of the conven-

tional IGBT. At this time, Neff in the drift region is almost
zero. The electric field hardly changes along with the depth
in the drift region. And, the electric field on the collector
side is even slightly lower than that on the rest of the drift
region. From now on, the electric field near the collector
becomes lower than that near the emitter. The peak elec-
tric field and the heating center are now transferred to the
channel region as well. Once NC reaches 2.0 × 1017 cm−3,
conductivity modulation is nearly formed at the bottom of
the drift region and the concentration of injected carriers
becomes much higher than that of the drift region, resulting
in a drastic decrease in TSC. After that, Neff hardly changes
with the increase of NC and so does the peak electric field.
Increasing NC only broadens the region with the conduc-
tance modulation effect. Therefore, TSC of the conventional
IGBT only slightly decreases with the increase of NC, after
NC exceeds 3.0 × 1017 cm−3. The difference is within 1 µs.
TSC of the SJ IGBT is less affected by NC because of the

higher doping concentration of pillars, which is an order of

FIGURE 10. TSC of three groups of IGBTs at JSC = 1000 A/cm2.

magnitude larger than ND of the conventional IGBT. Due to
the high doping concentration of the pillars, holes injected
into the pillars are far unable to form conductance mod-
ulation like the conventional IGBT when NC increases to
2.0 × 1017 cm−3. The turning point of NC, which is cor-
responding to a flat electric field along with the depth,
increases to 1.1 × 1018 cm−3. For SJ IGBT, the concentration
of injected carriers and the doping concentration of pillars
are similar in magnitude. Therefore, when NC increases, n
and p just slowly change and the value of p minus n increases
slowly as well, which further makes the change of the peak
electric field slow. So it is for the temperature near the chan-
nel. Thus, TSC of the SJ IGBT just decreases at a relatively
steady and slow rate with the increase of NC.

B. THE INFLUENCE OF ND AND NP ON TSC
To find out the influence of ND and NP on TSC, another
two groups of IGBTs are simulated. Fig. 10 shows the
simulated TSC of these samples. Each group has the same
breakdown voltage. There are no data for the SJ IGBT with
NP = 1×1015 cm−3 when its NC is below 2.0 × 1017 cm−3,
because its saturation current densities are only a few hun-
dred amperes per square centimeter. The simulation results
are similar to those in part A. When NC is small, both the
conventional and the SJ IGBTs have a long TSC because
their peak electric fields are near the collector side. Their
TSC decrease with the increase of NC, but at different rates.
What attracts attention is that TSC of the SJ IGBT

increases when the pillar concentration increases from
1.0 × 1015 cm−3 to 8.0 × 1015 cm−3, while the change
of ND between 7.0 × 1013 cm−3 and 2.0 × 1014 cm−3 has
almost no effect on TSC of the conventional IGBT. For the
conventional IGBTs with different NC, their TSC is almost
the same under different ND, because its ND is much smaller
than the concentration of injected carriers. As a result, ND
in (1) is almost negligible. The change of ND has a very lim-
ited influence on the peak electric field and the temperature
near the channel, causing TSC to be almost unchanged. For
SJ IGBTs with different NP, there is a clear difference in
their TSC. In general, TSC increases with the increase of NP
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when NC is larger than 2.0 × 1017 cm−3. As stated before,
the doping concentration of pillars and the concentration of
injected carriers are similar in magnitude. NP plays a more
important role in SJ IGBTs than ND in conventional IGBTs.
Since a bigger NP introduces more lateral electric flux, the
distribution of the electric field is flatter. Then, the peak
electric field is reduced, resulting in a lower temperature
near the channel under the same NC.
It is noticeable that the turning point of the SJ IGBT with

NP = 1.0 × 1015 cm−3 is 4.0 × 1017 cm−3. It is very close
to those of the conventional ones which are 1.8×1017 cm−3.
Besides, the changing trend of the TSC curve in Fig. 10 is
similar to those curves of the conventional ones. That is
because this NP is comparable with ND of the conventional
ones, causing injected carriers to play a more important
role in the change of TSC. They all decrease sharply when
NC is around the turning point and then level off. Under
this condition, �TSC is above 4 µs only when NC ranges
from 2.0× 1017 cm−3 to 4.0× 1017 cm−3. Therefore, on the
premise that the breakdown voltage meets requirements, NP
of the SJ IGBT should be increased as much as possible to
increase its TSC.

IV. CONCLUSION
In the short-circuit condition, the IGBT supports the entire
external voltage while conducts a large current. It consumes a
high power and its temperature rises sharply. The temperature
distribution in the device is determined by the distribution
of the electric field, which is further determined by the
concentration of injected carriers and the doping concen-
tration of the drift region. And, the peak electric field plays
a crucial role in determining SCSOAs of IGBTs. When the
doping concentration of the p-collector, NC, is small, both
the conventional FS IGBT and the SJ FS IGBT have a
long TSC, which can exceed 15 µs. The reason is that the
peak electric field and the maximum temperature appear
near the collector. So, the channel temperature is low. As
NC increases, the peak electric field and the maximum tem-
perature transfer to near the channel. Then, TSC decreases.
Since the doping concentration of the drift region of the
conventional IGBT is relatively low, its peak electric field is
more susceptible to the concentration of injected carriers. Its
TSC decreases sharply at first then levels off. And, its TSC
hardly changes when the doping concentration of its drift
region changes from 7.0 × 1013 cm−3 to 2.0 × 1014 cm−3.
On the other hand, since the pillar concentration of the SJ
IGBT is relatively high, its peak electric field is less sus-
ceptible to the concentration of injected carriers. Its TSC
decreases at a relatively stable rate with the increase of
NC. And, its TSC increases when the pillar concentration
increases from 1.0 × 1015 cm−3 to 8.0 × 1015 cm−3.

Besides, the SJ IGBT has a longer TSC than the conventional
IGBT with the same NC.
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