
Received 10 April 2024; revised 7 May 2024; accepted 8 May 2024. Date of publication 13 May 2024;
date of current version 28 May 2024. The review of this article was arranged by Associate Editor

Xiaoqing Song.

Digital Object Identifier 10.1109/OJPEL.2024.3400291

Mechanical Stress Effects on 4H-Silicon
Carbide Power Diodes

TAKAYA SUGIURA (Member, IEEE), KAZUMA YAMASHITA , AND NOBUHIKO NAKANO (Member, IEEE)
Department of Electronics and Electrical Engineering, Keio University, Yokohama 223-8522, Japan

CORRESPONDING AUTHOR: TAKAYA SUGIURA (e-mail: takaya_sugiura@ieee.org)

This work was supported by VLSI Design and Education Center (VDEC), University of Tokyo, in collaboration with Synopsys, Inc.

ABSTRACT This study discusses the effect of stress on 4H-silicon carbide (4H-SiC) power diodes using
numerical simulations. Two power diodes were evaluated; namely, a 600 V PiN diode and 1.8 kV junction
barrier Schottky (JBS) diode. Stress changes the carrier mobilities in the material of the PiN diode of a
bipolar diode; that is, the mobility is enhanced by the piezoresistive effect, which minimizes the on-resistance
or leakage current. The simulation results demonstrate that compressive stress can have a positive effect on
the device operation, particularly in p+-substrate power diodes. Regarding the JBS diode, the GPa-order
tensile stress positively effects both forward and reverse characteristics. A cantilever structure is suitable for
JBS diodes, and press-pack packaging for PiN diodes can enhance the device characteristics.

INDEX TERMS 4H-silicon carbide, Junction barrier Schottky diode, mechanical stress, numerical analysis,
piezoresistance, PiN diode, power electronics.

I. INTRODUCTION
Wide-bandgap semiconductors are considered as power elec-
tronic materials that can potentially replace the conventionally
used silicon [1]. Silicon carbide (SiC) is considered a potential
candidate for bandgap semiconductors because it provides
excellent material properties with a high robustness against
voltage, temperature, and chemical corrosion as well as a high
Baliga’s figure of merit (BFOM) compared to silicon [2], [3].
Its diverse applications include railroads, electric vehicles,
and renewable energy [4], [5], [6].

Among the different power devices available, power diodes
are considered the simplest, which can be used to regularize
signals owing to their high-voltage robustness and high-speed
switching frequency. There are two types of power diodes: pn-
diode (PiN diodes) and Schottky barrier diodes (SBD). SBDs
feature high-speed switching but low-voltage robustness [7].
PiN diodes are suitable for large-power applications; however,
600 - 1,200 V breakdown voltage devices are required for
commercial applications.

For power diodes, a low on-resistance and small leakage
current are crucial factors that minimize power losses. How-
ever, it is difficult to balance both because higher mobility
enhances the conductivity of the material, resulting in a small

on-resistance and large leakage current. Therefore, the device
structure must be optimized to maximize the performance [8].
The device performance can also be improved by enhancing
the mobility by applying mechanical stress [9], [10], [11],
[12]. The change in mobility due to mechanical stress is
known as the piezoresistive effect and is generally used for
mechanical stress sensors. Furthermore, strained Si is an-
other approach used to enhance the device performance [13],
[14]. Although SiC reportedly induces a significantly smaller
mobility change than Si or Ge, it is considered effective in
improving the device performance. Research regarding the
effects of mechanical stress on 4H-SiC devices remains lim-
ited [15], [16], and comprehensive studies are necessary.

This study evaluated the effects of mechanical stress on
4H-SiC PiN power diodes and junction barrier Schottky (JBS)
diodes to enhance device performance; 600 V PiN diodes and
a 1.8 kV JBS diode were considered.

II. UNDERLYING PHYSICS
A. 4H-SILICON CARBIDE POWER DIODES
SiC materials can be potentially used as next-generation semi-
conductors in power-electronics applications. Among the SiC
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polytypes available, 4H-SiC is considered mainstream (high-
est BFOM) in the field [2], [3]. The device types are diverse
and include pn-diodes (PiN diodes), Schottky barrier diodes
(SBDs), thyristors, and transistors. SBDs feature high-speed
switching because they are unipolar with an n-type bulk such
that the majority carrier is an electron with a high mobil-
ity. However, a lower breakdown voltage and larger reverse
current are its drawbacks. In addition, SBDs require edge
termination to enhance the breakdown characteristics of the
contact edge and introduce a concentrated electric field, which
causes a hard breakdown [19]. Therefore, the main design
interests of SBDs focus on edge termination techniques. To
overcome these problems, advanced structures such as JBS
diodes (or trenched JBS diodes) have been developed [20] to
minimize the leakage current.

PiN diodes feature a higher breakdown voltage than that
of SBDs, making PiN diodes suitable for power electronic
applications, as high-speed switching is unnecessary. Edge
termination in PiN diodes is also necessary to achieve high-
voltage robustness, such as in the region of 4.5 kV or
higher [21], [22]. To obtain large power regulations, a vertical
device structure is widely used in SiC owing to its lower
material cost compared to gallium nitride (GaN), which is
more costly and features a lateral device structure on a silicon
substrate [31]. Furthermore, SiC exhibits a higher thermal
conductivity than Si and GaN; therefore, its performance is
advantageous in the field of power electronics because it ex-
hibits significant self-heating and thermal dissipation.

B. MOBILITY ENHANCEMENT
Mobility enhancement is caused by the stress applied to the
material, which is referred to as the piezoresistive effect and
is expressed as follows:

�R

R0
= πlσl + πtσt . (1)

where π and σ are the piezoresistive coefficient and ap-
plied stress in the longitudinal (parallel to the current flow)
and transverse (normal to the current flow) directions, re-
spectively. π is unique to the materials, and Si and Ge
exhibit significantly higher values (absolute values greater
than 100 × 10−11 Pa−1 in certain orientations) than 4H-
SiC [12]. However, 4H-SiC is sufficient for piezoresistive
effects [17], [18].

Our previous study [9] established a piezoresistive mobility
model based on the experimental results using the following
expression:

μPiezo = μ0

1 + πlσl + πtσt
. (2)

The aforementioned expression indicates that the mobility
increases when the sign of πσ is negative, and decreases when
the sign is positive.

Fig. 1 shows the carrier mobilities of 4H-SiC under lon-
gitudinal stress (μPiezo = μ0/(1 + πlσl ) from (2)) from 1 to

FIGURE 1. Calculated electron and hole mobilities (stabilized) of 4H-SiC
under stress from (2).

TABLE 1. Simulation Modeling in This Study

10 GPa (for both tensile and compressive stresses). The mobil-
ities start to change by more than 100 MPa of stress for both
the electrons and holes. As π11 of the holes is positive and
π11 of the electrons is negative, the tensile stress decreases
the hole mobility and increases the electron mobility. Un-
der compressive stress, reversed responses of increased hole
mobility and decreased electron mobility were observed. A
crucial factor is the high sensitivity of the hole mobility under
a compressive stress, which is 2.8 times larger at a stress of
10 GPa.

III. SIMULATION MODELING
The Sentaurus Technology Computer-Aided-Design (TCAD)
software provided by Synopsys, Inc. was used [26]. The
fundamental simulation modeling parameters used in this
study are listed in Table 1. For the piezoresistance model,
we used Kanda’s piezoresistance mobility model [30], which
utilizes the < 0001 > orientation and enables the substitution
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FIGURE 2. Illustration of 4H-SiC PiN diode modeling.

TABLE 2. Device Characteristics of PiN Diodes Modeled in This Study [24]

of hexagonal crystals. The parameters listed in Table 1 are
common for the PiN and JBS diodes; detailed structural and
additional modeling parameters are listed in the following
sections.

IV. PIN DIODES
For simulation modeling, experiments regarding the 4H-SiC
power diode breakdowns at different temperatures are de-
scribed in [24]. Furthermore, two diodes doped with different
substrates and having similar breakdown voltages of approxi-
mately 600 V were used in the modeling. The device structure
is illustrated in Fig. 2. The two diodes were non-punch-
through (NPT). The device characteristics are listed in Table 2.
The top and multiplication layers are the epi-layers; therefore,
thicknesses of 13–14 μm are ensured. For simpler modeling,
we adopted cylindrical device structures instead of mesa struc-
tures. A difference in the breakdown voltages was observed
owing to the concentrated electric field. Additionally, a two-
dimensional (2D)-grid with a cylindrical boundary condition
was introduced to simplify the modeling process.

Before the evaluation, we verified the simulation model
by reproducing the reverse-biased breakdown phenomenon.
Fig. 3 shows the reverse-biased breakdown simulations of
the 4H-SiC power diodes. An experiment was conducted
to determine the impact ionization coefficients of 4H-SiC
based on the avalanche breakdown phenomenon of the pho-
todiodes. The contact structures were in the form of rings.
The breakdown characteristics obtained for both the p+- and
n+-substrates sufficiently matched, with similar breakdown
voltages of 600 V, even for the cylindrical structures. The Ron

value for each diode was 12.4 m�-cm2 and 6.7 m�-cm2 for
the p+ and n+ substrates, respectively. The effects of both

FIGURE 3. Reversed J–V characteristics of PiN diodes for modeling
verification.

FIGURE 4. Reversed J–V characteristics of PiN diodes under the tensile
stress.

the tensile and compressive stresses under DC conditions are
discussed.

Tensile stress suppresses the hole mobility and enhances
the electron mobility via the longitudinal piezoresistive coef-
ficients. Fig. 4 shows the reversed J–V characteristics under
tensile stresses of up to 10 GPa. Smaller leakage currents,
especially of the n+-substrate, can be observed. Although the
n+-substrate is affected by the increased electron mobility, its
leakage current is suppressed, which is likely owing to the top
p+-doping layer. The breakdown voltages were unaffected by
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FIGURE 5. Forward J–V characteristics of PiN diodes under the tensile
stress.

the increase in mobility. However, regarding the forward J–V
characteristics shown in Fig. 5, both power diodes exhibited
significantly increased on-resistances, particularly for the p+-
substrate.

Fig. 6 shows the electric field distributions of the p+-
substrate diodes under unstressed and 10 GPa-stressed con-
ditions at a forward-biased voltage of 10 V. The higher
on-resistance can be attributed to the weak electric field that
appears in the top region of the diodes under high-stress
conditions. Because the electric field strength corresponds to
the carrier transport volume, a weak electric field increases
the on-resistance. Changes in the carrier mobilities in both
the p- and n-regions in different orientations (an increase in
electrons and a decrease in holes) caused the electric field
to change. As the electron has a significantly larger mobility
than that of the hole, the mobility change resulted in de-
creased carrier volumes. The electrons escaped rapidly from
the device; however, the holes were significantly slower than
the electrons, thus supplying holes requires time. Regard-
less of the type of substrate doping used, tensile stress has
a negative effect on the forward-biased conditions. There-
fore, the increased majority-carrier mobility gaps between the
n-(increased) and p-regions (decreased) result in this phe-
nomenon. The increased majority-carrier mobility gaps at the
junction inhibit the carrier transport, resulting in an increase
in the on-resistance.

Compressive stress enhances the hole mobility and sup-
presses electron mobility via the longitudinal piezoresistive
coefficients. Fig. 7 shows the reverse J–V characteristics un-
der compressive stresses of up to 10 GPa. In contrast to
the tensile stress conditions, the leakage currents exhibited

FIGURE 6. Electric field distributions of unstressed and 10 GPa-stressed
conditions at a 10 V forward bias.

FIGURE 7. Reverse J–V characteristics of PiN diodes under the
compressive stress.

negligible changes owing to the stresses, and the breakdown
voltages were the same. Fig. 8 shows the forward-biased J–V
characteristics under the same conditions. In particular, an
enhanced on-resistance was confirmed for the p+-substrate,
which is better for power diodes. The n+ substrate demon-
strated a smaller benefit; however, a higher current was
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FIGURE 8. Forward J–V characteristics of PiN diodes under a compressive
stress.

FIGURE 9. Effect of the epi-layer thickness on the p+-substrate of a PiN
diode at the forward J–V characteristics.

obtained at a smaller bias voltage, which is better for switch-
ing. The reverse phenomenon from the tensile stress condition
enhanced the carrier transport at the junction of both sub-
strates. Fig. 9 shows the evaluation of the effect of the
epi-layer thickness on the p+-substrate during the forward-
biased operation. The results indicate that the thickness had
no impact on the device operation; the same on-current en-
hancement was observed regardless of the thickness.

TABLE 3. Stress Effects on the Performance of PiN Diodes

TABLE 4. Simulation Modeling of the Junction-Barrier Schottky Diode in
This Study [20]

Table 3 summarizes the effects of stress on the perfor-
mance. A positive effect on the on-resistance was observed for
the p+-substrate when a compressive stress was applied. The
aforementioned discussion indicates that compressive stress
benefits the diode operation. The magnitude of the stress at
10 GPa was large; however, it is expected to be sufficient
within the yield stress [32]. This significantly enhanced mo-
bility contributed to an increased ION , as shown in Fig. 8.

In this study, the effects of mechanical stress on bipolar SiC
devices were evaluated based on reports regarding unipolar
SiC MOSFET devices [33], [15]. The p+-substrate 4H-SiC
power diodes were recently developed [34]; therefore, their
applications are expected. In addition, when a large tensile
stress is applied, the device performance is weakened, partic-
ularly for p+-substrate devices.

V. JUNCTION BARRIER SCHOTTKY DIODES
This section discusses the JBS diode characteristics. An ex-
ample of a 4H-SiC JBS diode designed using numerical
simulations is based on [20]. The modeling parameters used
for the study of the JBS diode are listed in Table 4. The
4H-SiC/nickel (virtual) interface was set as a Schottky con-
tact with a nickel work function of 5.2 eV [36]. This model
enables the Schottky interface of n-drift/nickel only, and the p
+-implantation/nickel interface is ohmic. Fig. 10 shows the
simulation model of the JBS diode used in this study; a)
simulation grid, b) forward J–V characteristic, and c) reverse
J–V characteristics. The graph shows that the device features a
breakdown voltage of 1.8 kV, which sufficiently matches with
the reference. The on-resistance of the simulation resulted
in 6.94 m�-cm2 with a Vth of 0.9 V. Here, the difference
from the literature regarding the simulated one in the on-
resistance is likely owing to the different mobility models:
the Arora mobility model for 4H-SiC in the present study and
the Caughey–Thomas model, which was originally developed
for silicon [38] in [20]. The differences between our model
and the experiments presented in [20] are owing to the device
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FIGURE 10. Simulation modeling of the JBS diode: (a) Simulation grid,
(b) forward J–V characteristic, and (c) reverse J–V characteristic.

structure; our model only treats the JBS interface; however,
the realistic device was significantly larger in size and in-
cluded a field-limiting ring (FLR) [37]. These differences are
critical for the breakdown voltage because the FLR effect is
neglected; a similar difference was also observed in [20]. For
the forward operation, our model sufficiently reproduced the
J–V characteristics when the junction spacing was 0.6 μm.

Mechanical stresses of 1 MPa, 1 GPa, and 10 GPa un-
der tensile and compressive conditions were considered for
the following. Here, a tensile stress of 10 GPa complicates
the convergence problem, resulting in unintentional device
operations; therefore, the result of this condition was re-
moved. Fig. 11 illustrates the forward J–V characteristics
under mechanical stress. The compressive stress enhanced the
on-characteristics, to which the GPa-order mechanical stress
contributed. This effect increases when a voltage of higher
than 15 V is applied, and will be useful for designing low-loss
power devices. This compressive stress also works as the
negative for reverse operations, as shown in Fig. 12. When
a compressive stress of 10 GPa was applied, the breakdown
voltage decreased from being higher than 1,800 V to nearly
1.600 V, resulting in a decrease of more than 200 V. A higher
breakdown voltage was maintained; this phenomenon was
negligible when the devices were used at a mid-range voltage.
For a tensile strength of 10 GPa, although the data are not
included in the graph, the characteristics of 1 MPa and 1 GPa
demonstrated slightly increased breakdown voltages; there-
fore, this stress is expected to provide a significantly higher
breakdown voltage.

Fig. 13 shows the GPa-order tensile stress effects on both
the forward (graph a).) and reverse (graph b).) J–V char-
acteristics. Regarding the forward characteristics, enhanced

FIGURE 11. Forward J–V characteristics of JBS diode under mechanical
stress.

on-characteristics were observed when the mechanical stress
exceeded 5 GPa. As shown in Fig. 1, a GPa tensile stress
results in an enhanced electron mobility, resulting in an
improved performance. For the reverse characteristics, the
tensile stress also increased the breakdown voltage (al-
though the improvements were small). Here, improved on-
characteristics were also observed in the compressive stress,
as shown in Fig. 11, because the JBS diode includes both
the n-regions (n−-drift and n+-substrate) and p-region (p+-
implantation). Therefore, the compressive stress improved the
p-region, and both tensile and compressive stresses were ben-
eficial for the JBS diode.
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FIGURE 12. Reverse J–V characteristics of JBS diode under mechanical
stress.

Compared with the PiN diodes, the main difference of the
JBS diode is the breakdown voltage response. The breakdown
voltage of the JBS diode varied when a large stress was ap-
plied; however, the PiN diode demonstrated no changes with
the stress. This may be owing to the device structure; namely,
the PiN diode of the bipolar device and JBS diode of the
unipolar device. The main reason for the decreased break-
down voltage is the increased mobility, and the unipolar struc-
ture directly reflects its effect on the device performance. For
the bipolar structures of the PiN diodes, the reverse responses
of n-SiC and p-SiC eliminate the variation in the breakdown
voltage, as the mechanical stress increases the mobility of SiC
on one side and decreases it on the other. For forward opera-
tions, both the tensile and compressive stresses were effective
in improving the device operation, which is an advantage over
the PiN diode. To enhance the device performance, GPa-order
mechanical stress is necessary; this large tensile stress results
in both improved forward and reverse operations.

Table 5 summarizes the performance of the JBS diode un-
der various stress conditions. However, as the tensile stress
worked better for both the forward and reverse operations, as
shown in Fig. 11, a smaller stress of less than GPa featured a
slightly increased on-resistance (although it was nearly negli-
gible). The MPa- and GPa-order tensile stresses apparently
make the p- (effect of decreased μh) and n- (effect of im-
proved μe) regions dominant, respectively. Regardless, a GPa-
level stress is necessary to change the device characteristics.

FIGURE 13. (a) Forward and (b) reverse J–V characteristics of the JBS
diode under a GPa-order tensile mechanical stress.

TABLE 5. Stress Effects on the Performance of the JBS Diode

VI. SUMMARY
The results demonstrated that a large mechanical stress at
the GPa scale is mandatory to change the device character-
istics. For the JBS diode, the GPa-scale tensile stress was
advantageous for both the forward and reverse characteristics.
Therefore, applying an aggressive level of stress is better,
such as by utilizing cantilever structures that are used for
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piezoresistive sensors [12]. In addition, compressive stress
only improved forward operations, particularly in the low-
voltage region, and certain situations may be more suitable
for applying a compressive stress rather than a tensile stress.
For PiN diodes, a certain amount of compressive stress desir-
ably increased the on-current; therefore, utilizing mechanical
stress will improve the performance. When low-loss power
devices are designed, tensile stress is good for the JBS diode,
whereas the compressive stress is good for the PiN diodes.
Because GPa-scale stress is large and difficult to obtain
from natural mechanical properties, the intended stress can
be obtained by press-pack packaging for compressive stress
applications [39]. This technique is widely used in power
electronics to achieve a pressure contact while avoiding wire
bonding and soldering. The findings of this study contribute to
the application of this technique. Press-pack packaging is gen-
erally used for high-voltage power devices [40]. Our results
demonstrated that the entire voltage range for PiN diodes and
higher than mid-range (>15 V) for the JBS diode provides the
mechanical stress.

VII. CONCLUSION
The effects of stress on 4H-SiC power diodes were evalu-
ated. For the PiN bipolar diodes, tensile stress has an adverse
effect on the on-resistances owing to the increased majority-
carrier mobility gaps between the p- and n-regions, which
inhibit carrier transport, whereas compressive stress benefits
device operations by the opposite effect, particularly at the
p+-substrate. The breakdown voltages were found to be inde-
pendent of the mechanical stress. For the JBS unipolar diode,
both the on-resistance and breakdown voltage varied with
the mechanical stress. Applying a tensile stress at the GPa
scale demonstrated the potential to improve both the forward
and reverse characteristics; therefore, installing the device on
the cantilever structure will sufficiently improve the perfor-
mance. Compressive stress enhanced the on-characteristics;
however, it decreased the breakdown voltages. To design low-
loss power devices, a large tensile stress is good for JBS
diodes, and compressive stress is suitable for PiN diodes.
Therefore, the cantilever for the JBS diode and press-pack
packaging technique for PiN diodes can be used to obtain the
required stress.
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