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A method to improve the surge current capability of silicon carbide (SiC) merged PiN Schottky (MPS) diodes is
presented and investigated via three-dimensional electro-thermal simulations. When compared with a conventional MPS
diode, the proposed structure has a more uniform current distribution during bipolar conduction due to the help of the
continuous P+ surface, which can avoid the formation of local hotspots during the surge process. The Silvaco simulation
results show that the proposed structure has a 20.29% higher surge capability and a 15.06% higher surge energy compared
with a conventional MPS diode. The bipolar on-state voltage of the proposed structure is 4.69 V, which is 56.29% lower
than that of a conventional MPS diode, enabling the device to enter the bipolar mode earlier during the surge process. Fur-
thermore, the proposed structure can suppress the occurrence of ‘snapback’ phenomena when switching from the unipolar
to the bipolar operation mode. In addition, an analysis of the surge process of MPS diodes is carried out in detail.

Keywords: merged PiN Schottky (MPS) diode, silicon carbide (SiC), surge capability, surge energy, reliability

PACS: 85.30.—z, 85.30.De

1. Introduction

Silicon carbide (SiC) is a third-generation semiconduc-
tor material that has become widely used in the preparation
of high-voltage, high-temperature, high-power, irradiation-
resistant power electronics devices due to its excellent material
properties, such as a wide bandgap, high critical breakdown
electric field and high thermal conductivity.!'=! During appli-
cation, SiC power devices may experience lightning strikes,
short circuits and the occurrence of momentary high-current
pulses, which will exceed the rated current value of the device,
causing the device to experience brief high-current conditions.
Therefore, surge capability is an important factor in assessing
the reliability of power devices.[*>]

The resistance to a surge current refers to the ability of
a device to withstand large current pulses under forward-bias
conditions. According to previous studies, during the surge
process, large current pulses flow through the device, gener-
ating a corresponding voltage drop. Such a voltage drop gen-
erates a large heating power, causing the temperature of the
device to rise sharply in a short period of time, which may
eventually make the anode metal of the device melt, leading to
device failure.!58] Therefore, the main method for improving
the surge capability of a device is to limit the rise in tempera-
ture of the device junction.

Merged PiN Schottky (MPS) diodes contain both a Schot-
tky junction and a p—n junction. MPS diodes combine the ad-
vantages of the low forward voltage drop and short reverse re-
covery time of Schottky diodes with the small reverse leakage
current of PiN diodes.®! When the forward voltage is small,
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only the Schottky junction is turned on, majority carriers flow
through the device and the MPS diode is in the unipolar oper-
ating mode. As the positive voltage increases, the built-in P-N
junction is turned on, and a large number of holes are injected
into the drift region, which reduces the on-resistance of the
device. At this time, the device works in the bipolar operating
mode. [10-14]

This study proposes a novel layout design to improve the
surge capability of 4H-SiC MPS diodes and uses Silvaco tech-
nology computer-aided design (TCAD) software to perform
three-dimensional (3D) electro-thermal simulations of the de-
vice. The results show that by designing a continuous P+
surface (CPS), the bipolar on-voltage of the MPS diode can
be reduced so that it enters the bipolar operating mode earlier
during the surge process. The P+ regions are connected to
each other over the entire surface of the device; thus, the cur-
rent and temperature distributions on the surface of the device
are uniform, which reduces heat accumulation. In addition,
the structure proposed in this work does not require additional
process steps to be compatible with the traditional manufac-
turing process of MPS diodes.

2. Device structure and simulation models
2.1. Structural parameters of the device

Figures 1(a) and 1(b) show the anode layouts of a tradi-
tional MPS diode and a MPS diode with a CPS (CPS-MPS),
respectively. From Fig. 1(b), it can be seen that the Schottky
contact of the novel designed layout structure is composed of a

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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uniform rectangular array, and all other areas are P+ regions,
which form ohmic contacts with the anode. Under normal op-
erating conditions, the Schottky contact consisting of one of
these rectangular regions conducts current, and the continuous
P+ region conducts a bipolar current when the P-N junction is
turned on. For this new design, once the bipolar conduction is
activated only in a certain P-N junction, the conducted plasma
will rapidly diffuse across the entire P-N junction, thereby en-
suring the uniformity of the surface current of the device and
avoiding the random appearance of hotspots. Figures 2(a) and
2(b) show the simulated 3D cell structures of the traditional
MPS diode and the CPS-MPS diode, respectively. Except for
the different anode layout and epitaxial layer thickness, all
other parameters of the two structures are the same. Table 1
shows the specific structural parameters of the devices.

() (b)

Fig. 1. Schematic views of (a) a MPS diode and (b) a CPS-MPS diode
(blue regions are P+ regions and gray ones are Schottky contact regions).
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Fig. 2. Three-dimensional simulation of the cell structure of (a) a MPS
diode and (b) a CPS-MPS diode.

Table 1. Device parameters of a MPS diode and a CPS-MPS diode.

Parameters Value
P+ region width, Wp. (um) 4.0
P+ region doping (cm ™) 1x 10"
P+ region depth, Tp; (um) 1.0
P+ region horizontal width, Lp, (pm) 4.0
Junction spacing, Ws (um) 4.0
Junction horizontal spacing, Ls (pm) 4.0
MPS N— drift region thickness, Ty— (pm) 12.0
CPS-MPS N— drift region thickness, Ly_ (um) 10.0
N— drift region doping (cm~3) 5.0x 10"
N+ substrate thickness, T+ (pm) 100.0
N+ substrate doping (cm ) 1.0 x 10"
Schottky barrier height (eV) 1.2

2.2. Device simulation models

In order to obtain realistic and reliable simulation results,
this work uses 3D hybrid-circuit electro-thermal simulations
to analyze the surge process of the device. During the surge
process, a large amount of joule heat is generated when a
high current passes through the device, and the device junction
temperature increases correspondingly.!'>1% In the simulation
process, the Atlas software package calculates the heat distri-
bution of the device by solving the heat flow simulation.[17!8]
The heat flow equation has the form

oT;
cZl =

V(kVT; H
P (xVTL)+H,

where C is the heat capacitance per unit volume, x is the ther-
mal conductivity, H is the heat generated and 7i, is the local
lattice temperature.

The main thermal parameters of SiC MPS diodes include
the thermal resistance and thermal capacity. The junction tem-
perature of a SiC MPS diode has a considerable influence on
the forward conduction characteristics and reverse blocking
characteristics of the device. Compared with the cathode, the
thermal conductivity of the anode is very small, so the heat
loss of the anode is relatively low and the heat is mainly con-
centrated in the cathode. Therefore, in the electrothermal sim-
ulations a thermal contact is added under the cathode and the
thermal resistance is set to 0.02 K-cm?-W 1 [12:19]

Figure 3(a) shows the simulation circuit of the surge cur-
rent used in this study. A half-sine current pulse with a pulse
width of 10 ms (as shown in Fig. 3(b)) is applied to the anode
of the device under test.?! Figure 3(c) shows the temperature
distribution of the cross section A—A’ of the simulation cell of
the CPS-MPS diode at 5.4 ms during the surge process. The
device exhibits its maximum temperature near the anode sur-
face, which would cause the anode metal (Al) to melt, leading
to device failure.!®2!! This phenomenon is consistent with the
experimental results, which proves the reliability of the simu-
lation models adopted in this study.
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Fig. 3. (a) Surge current simulation circuit, and (b) half-sine surge cur-
rent pulse with a pulse width of 10 ms. (c) Temperature distribution of
the CPS-MPS diode simulation cell (A—A’ cross section) at f = 5.4 ms.

3. Simulation results and discussion

In this section, the simulation results of the static and dy-
namic characteristics of the device are presented. The simu-
lation results prove that, compared with a traditional 4H-SiC
MPS diode, the CPS-MPS diode has a lower bipolar conduc-
tion voltage and a more uniform current distribution. More
importantly, the surge capability of the CPS-MPS diode is
stronger and can withstand the impact of a higher current den-
Sity.

3.1. Basic electrical characteristics

Figure 4 shows the forward and reverse /-V character-
istics of a MPS diode and the CPS-MPS diode. Figure 4(a)
shows the -V curves in both the low-current region and the
high-current region. The forward conduction voltages of the
4H-SiC MPS and 4H-SiC CPS-MPS diodes at a rated current
density of Jg = 200 A-cm~2 are 1.37 V and 1.57 V, respec-
tively. Since the Schottky contact area of the CPS-MPS diode
is smaller than that of a conventional MPS diode, the current
conduction path is smaller, resulting in a larger on-state volt-
age drop at the same current density.

As shown in Figure 4(a), the values of the bipolar turn-
on voltage (Viym) for a conventional MPS diode and the CPS-
MPS diode are 7.33 V and 4.69 V, respectively. Since the CPS-
MPS diode has an anode layout with a CPS, i.e., the CPS-MPS
diode has a larger P+ area than a traditional MPS diode, the
P-N junction of the CPS-MPS diode can be turned on under
a smaller voltage. When the 4H-SiC CPS-MPS diode is in
the bipolar mode, the number of holes injected into the N-
drift region from the P+ region increases significantly, the mi-
nority carrier concentration in the drift region far exceeds the

[22]

doping concentration itself'“! and the conductance modula-

tion effect occurs, which considerably reduces the resistance

in the drift region. The CPS ensures that the bipolar conduc-
tive plasma spreads quickly over the entire P-N junction sur-
face and avoids the formation of hotspots.

From Fig. 4(a), it can be seen that when a traditional MPS
diode is switched from unipolar to bipolar operation mode
the transition is not smooth, and a ‘spike’ phenomenon oc-
curs, that is, the back flow and negative resistance of a tra-
ditional MPS diode have a clear impact on its forward I-V
characteristics. This phenomenon is often called ‘snapback’.
When multiple devices work in parallel, this behavior causes
the circuit to oscillate, and the circuit can even burn in se-
vere cases; therefore, the occurrence of this phenomenon must
be suppressed.!?3] However, it can be seen from Fig. 4(a) that
when the unipolar mode changes to the bipolar mode, the CPS-
MPS diode can transition more smoothly, without the occur-
rence of the snapback phenomenon. This is because the P+
region of the CPS-MPS diode is continuous, and the conduc-
tion voltage of its P-N junction is almost the same as the snap-
back voltage; therefore, the occurrence of the snapback phe-
nomenon is suppressed.

=——MPS
= CPS-MPS
60001 200T=x1ps

— CPS-MPS
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Fig. 4. (a) Simulated forward /-V characteristics of a MPS diode and
the CPS-MPS diode. The forward /-V characteristics in the low current
regime are shown in the inset. (b) Simulated reverse -V characteristics
of a MPS diode and the CPS-MPS diode.

Figure 5 shows the 3D current distribution of the device
after bipolar conduction. It can be seen from Fig. 5(a) that

098505-3



Chin. Phys. B 32, 098505 (2023)

when the device is turned on in the bipolar operating mode,
the bipolar current of a MPS diode can only spread in the ver-
tical direction, and the current is concentrated (13 kA-cm~2)
under the P+ region. However, since the P4 regions of the
CPS-MPS diode are connected to each other, the bipolar cur-
rent of the CPS-MPS diode can spread in both vertical and
horizontal directions, which lessens the current accumulation.
The current density in the P+ region is reduced to 8 kA-cm 2.
Therefore, during the surge process, the energy of the CPS-
MPS diode can be dissipated more uniformly,?*! thereby re-
ducing the temperature of the device surface and improving
device reliability.

J (A/cm?) J (A/cm?)
12931 11354
9698 g 8515
6465 5676
3232 2838
0 0

(a) (b)

Fig. 5. The 3D current distribution of the device after bipolar conduction:
(a) MPS diode and (b) CPS-MPS diode.

Figure 4(b) shows the simulation results for the reverse /-
V characteristics of a traditional MPS diode and the CPS-MPS
diode. The breakdown voltages of the traditional MPS diode
and the CPS-MPS diode are 1962 V and 1775 V, respectively.
In order to make the voltage drop of the CPS-MPS diode and
the conventional MPS diode similar at the rated current, we set
the thickness of the epitaxial layer of the CPS-MPS diode to be
2 wm smaller than that of the conventional MPS diode. These
results then show that the breakdown voltage of the CPS-MPS
diode is slightly smaller than that of the traditional MPS diode.

3.2. Surge current characteristics

The simulation circuit of the device surge is shown in
Fig. 3. During the simulation process, a half-sine pulsed cur-
rent signal with a pulse width of 10 ms is directly applied to
the anode of the device. The peak current amplitude starts
from 10 A-mm~2, and increases each time until the device
fails. Figures 6 and 7 show the simulation results for the surge
process for a traditional MPS diode and the CPS-MPS diode,
respectively.

Figure 6(a) shows the simulated /-V curves of a tradi-
tional MPS diode at different current densities, and figure 6(b)
shows the internal temperature change of the MPS diode dur-
ing the surge process. When the current density applied to the
anode of the MPS diode is 69 A-mm 2, the MPS diode reaches
its highest temperature (7" = 931 K) at a time of t = 5.7 ms;
this temperature exceeds the melting temperature of Al, re-
sulting in device failure. Similarly, figures 7(a) and 7(b) show

70
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Fig. 6. (a) The I-V trajectories of a MPS diode during the surge current
simulation. (b) The internal temperature change of the MPS diode during
the surge.
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Fig. 7. (a) The I-V trajectories of the CPS-MPS diode during the surge
current simulation. (b) The internal temperature change of the CPS-MPS
diode during the surge.
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the simulated /-V curves and internal temperature change, re-
spectively, of the CPS-MPS diode at different current densi-
ties. The current density at which the CPS-MPS diode fails
is 83 A-mm~2, and the voltage drop at this current density
also reaches a maximum, which is 6.4 V. As can be seen
from the figure, the on-state voltage drop of the CPS-MPS
diode is lower than that of the MPS diode during the surge
process, which means that the on-state resistance of the CPS-
MPS diode is relatively low. The low on-resistance generates
a small quantity of heat when the current is flowing, so the
CPS-MPS diode has a relatively low device junction tempera-
ture during the surge process.

From Figs. 6(a) and 7(a) it can be observed that, unlike
a traditional MPS diode, the occurrence of the snapback phe-
nomenon during the surge process is suppressed in the CPS-
MPS diode. This is due to the fact that the P+ regions of the
CPS-MPS diode are connected to each other, and the conduc-
tion voltage of the P-N junction is lower. This enables the
CPS-MPS diode to enter the bipolar mode earlier than a tra-
ditional MPS diode and reduces the voltage drop in the drift
region, thereby suppressing the occurrence of the snapback
phenomenon.

Figure 8(a) shows the variation in the maximum junction
temperature of a conventional MPS diode and the CPS-MPS
diode with the magnitude of the surge current during the surge
process. It has been reported that device failure can occur
when the lattice temperature of the device is greater than the
melting point of Al (933 K), at which point the surge current is
defined as the surge capacity. It can be seen from Fig. 8(a) that
the surge capacity of the traditional MPS diode is 69 A-mm~2
while that of the CPS-MPS diode is 83 A-mm 2, an increase
of 20.29%. Figure 8(b) shows the surge energy at different
surge currents. The maximum surge energies of the traditional
MPS diode and the CPS-MPS diode are 2.59 J and 2.98 J, re-
spectively, an increase of 15.06%. This result shows that the
proposed CPS-MPS diode has a stronger anti-surge capability
than a traditional MPS diode.

The CPS of the CPS-MPS diode ensures the rapid dif-
fusion of the bipolar conduction plasma over the entire P-N
junction surface during the surge process. This enables the es-
tablishment of a uniform current distribution and a more uni-
form temperature distribution, which avoids the formation of
hotspots and the premature thermal runaway of the device. As
shown in Fig. 5(b), in the surge process of the CPS-MPS diode,
once the bipolar conduction is activated at only one point
of the P-N junction, the conductive plasma diffuses rapidly
across the entire P-N junction, thereby providing a uniform
bipolar current that can prevent heat accumulation. Since the
CPS-MPS diode has a larger P+ area than a traditional MPS
diode, during bipolar conduction the CPS-MPS diode injects

more holes into the drift region, resulting in a stronger conduc-
tance modulation effect and leading to a lower resistance of the
drift region. Therefore, under the same surge current impact,
the junction temperature of the CPS-MPS diode is consider-
ably lower than that of a traditional MPS diode.
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Fig. 8. Summary of (a) temperature and (b) surge energy at different
surge currents for a MPS diode and a CPS-MPS diode.

3.3. Analysis of the surge process

From Figs. 6(a) and 7(a), it can be seen that during the
surge process the voltage hysteresis appears in the /-V curves
of the devices’ current rise and fall. Furthermore, as the surge
current increases, the hysteresis becomes more pronounced.
As can be seen in Fig. 9, the device junction temperature in-
creases with the applied surge current; furthermore, the curves
exhibit a clear hysteresis. Specifically, the device junction
temperature obtained with decreasing current is always higher
than that obtained with increasing current. The reason for
this phenomenon is that when the temperature increases, the
mobility decreases rapidly, leading to an increase in the on-
resistance of the device, which in turn generates a larger quan-
tity of Joule heat and a higher junction temperature. Therefore,
the on-resistance of the device upon decreasing the surge cur-
rent is greater than the on-resistance upon increasing the surge
current, resulting in a greater voltage with decreasing surge

current, which in turn gives rise to a hysteresis phenomenon.
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Fig. 9. Curve of current density and temperature during surge.

80 - 1000

.d
900 o
_ 704 Z 800
™ o '
g 15 700 :
g 604 E 600 !
~ 4] o '
< 2 500 1
Z 504 £ i
g & 400 !
£ 1 = f
740 30014 \T=5.4 ms
= ] 0 2 4 6 8 10
e N Time (s)
o 30
g 4
= 204
=
O

10

Voltage (V)

Fig. 10. The /-V trajectories of the CPS-MPS diode when the surge cur-
rent is 83 A-mm~2. The internal temperature change of the CPS-MPS
diode is shown as the inset.

Figure 10 shows the /-V curve and temperature change
of the CPS-MPS diode when the surge current is 83 A-mm™2.
The whole surge process is divided into five stages for the
analysis. In stage I, the device behaves like a Schottky diode,
working in unipolar mode, and the temperature is always in-
creasing. The carrier mobility decreases as the temperature in-
creases, so the on-resistance of the device gradually increases
and the forward voltage drop continues to increase. > In stage
II, the CPS-MPS diode enters the bipolar working mode and
a large number of holes in the P+ region are injected into the
drift region, resulting in a conductance modulation effect, so
the on-state voltage drop of the device is rapidly reduced. Fig-
ures 11(a) and 11(b) show the 3D current density distribution
of the CPS-MPS diode at points ¢ and a indicated in Fig. 10,
respectively. It can be seen that after the conductance modu-
lation, the current is uniformly distributed in the P+ region,
and the P+ region conducts a large current. In addition, it is
proved again that during the surge process of the CPS-MPS
diode, as long as the P-N junction is turned on, the current

spreads to the entire P+ region, preventing current accumula-

tion. From Fig. 11(b), it can be concluded that at a low cur-
rent the P-N junction of the CPS-MPS diode is not turned on,
the conductance modulation effect does not occur and the cur-
rent flows predominantly through the Schottky contact. Fig-
ure 11(c) shows the distribution of the internal hole concentra-
tion of the CPS-MPS diode at point c¢. From this figure, it can
be clearly seen that the hole concentration in the drift region
after conductance modulation is significantly higher than that
before conductance modulation (Fig. 11(d)).
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Fig. 11. (a) The current distribution of the CPS-MPS diode at point ¢

in Fig. 10. (b) The current distribution of the CPS-MPS diode at point

a in Fig. 10. The hole concentration distribution of cross section A-A:

(c) after conductance modulation and (d) before conductance modulation.
In stage III, the surge current reaches its maximum value
and then begins to decrease. The surge current reaches its
maximum value at 5 ms, but the temperature is at its high-
est at 5.4 ms, and the temperature exhibits a lag. This lag
is caused by the fact that the heat dissipated by the device is
less than it generates. Additionally, at this stage, the holes
in the P+ region have been completely injected into the drift
region and the minority carrier concentration in the drift re-
gion reaches a maximum; the on-state voltage drop increases
rapidly as the current increases. In stage IV, the surge current
begins to decrease, and the conductance modulation effect in
the drift region becomes less pronounced. At point e, the de-
vice changes from the bipolar to the unipolar operation mode.
In stage V, the CPS-MPS diode works in unipolar mode again.
Since the temperature of the device when the surge current de-
creases is higher than that when the surge current increases,
the carrier mobility decreases and the on-resistance increases

with decreasing surge current, resulting in voltage hysteresis.

3.4. Turn-off characteristics

Figure 12 shows the reverse recovery characteristic
curves of a conventional MPS diode and the CPS-MPS diode.
The reverse recovery current of the CPS-MPS diode is larger
than that of the traditional MPS diode. This is because the P™
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area of the CPS-MPS diode is larger and more minority car-
riers need to be extracted during reverse recovery. However,
the reverse recovery time of the two diodes is almost the same;
thus, CPS-MPS diodes are also suitable for high-frequency op-
erating conditions.
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—504

—100+

—150+

Structure |7}, (ps)|Lm(A)[Q. (1C)

Current density (A/cm?)

MPS 0.23 190 2.9
CPS-MPS| 0.24 221 3.1

—200+

—250 T
0.05 0.15 0.25

Time (us)

Fig. 12. Reverse recovery characteristics of a MPS diode and a CPS-MPS
diode.

4. Conclusion

This work proposes a novel anode layout to improve the
surge capability of traditional MPS diodes and investigates the
entire surge process of the proposed device. Unlike the tra-
ditional structure, the structure proposed in this study has a
CPS, which makes the current and temperature distributions of
the device more uniform during the surge process and avoids
the premature failure of the device caused by heat accumula-
tion. Furthermore, the proposed layout structure suppresses
the occurrence of the snapback phenomenon when the device
switches from unipolar to bipolar operation. Through Silvaco
TCAD simulations, the surge capacity of the structure pro-
posed in this work was found to increase by 20.29% compared
with that of a traditional MPS diode, and the surge energy in-
creased by 15.06%. In addition, the bipolar conduction volt-
age of the CPS-MPS diode was found to be 4.45 V, which is
64.72% lower than that of a traditional MPS diode; this en-
ables the device to enter the bipolar mode earlier in the surge
process and improves the reliability of the device.
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