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ABSTRACT We examine the temperature dependence of the piezoresistive coefficients of silicon carbide
(SiC) and gallium nitride (GaN) crystals, which are prospective materials for high-temperature applications
owing to their wide-bandgap properties. The temperature-dependent piezoresistive coefficients of these
materials were obtained by modeling experimental resistance changes using thermomechanical numerical
simulations. This work reports the piezoresistive coefficients of 4H-SiC and GaN at the high-temperature
environments, which are still not well researched. The results revealed that the temperature dependences
of piezoresistive coefficients were strongly related to the ionization energy, and a high ionization energy
stabilized the values of the piezoresistive coefficients at high temperatures. Our proposed temperature
modeling method helps in predicting the temperature dependence of the piezoresistive coefficient using
the value at the room temperature and the ionization energy of the material, which is useful for evaluating
the piezoresistive effect at different temperatures during device simulations.

INDEX TERMS Device simulation, ionization energy, piezoresistive effect, temperature dependence, wide
band-gap semiconductors.

I. INTRODUCTION
The piezoresistive effect of certain materials is observed
as a change in their relative resistivity under the applica-
tion of stress. This piezoresistive property is exploited in
stress/strain sensor applications because it affords high sensi-
tivity and varies suitably linearly against the applied stress. In
particular, semiconductor materials show significantly larger
piezoresistivity changes than those exhibited by metals; for
semiconductors, the gauge factor (GF), defined as the ratio of
the relative resistivity change to the applied strain, is several
tens of times larger than those of metals, reaching ∼100
for Si (silicon) material. Furthermore, we remark that the
piezoresistive coefficient, which is a unique physical con-
stant of a material that expresses the magnitude and sign of
the piezoresistive effect, has been found to decrease with an
increase in temperature [1].
Conventional Si materials are widely used in piezoresis-

tive applications; however, their applicability is limited under
extreme conditions such as high temperatures or chemically

corrosive environments. At the basic piezoresistor struc-
ture that forms over the doped-substrate, the temperature
robustness until 150 ◦C is ensured; means that the silicon-
only has the low temperature robustness and enhancing
it needs the combination of dielectric passivation such as
oxide [2]. Meanwhile, wide-bandgap materials such as sil-
icon carbide (SiC) and gallium nitride (GaN) are being
considered as candidate materials for piezoresistive appli-
cations [3]. In particular, SiC materials exhibit a significant
high-temperature robustness, withstanding temperatures of
over 600 ◦C. With regard to the application perspective, it
is particularly important to understand the physics of the
material under high temperatures; in this regard, some stud-
ies have focused on the temperature dependences of the
piezoresistive coefficients of SiC and GaN, with experi-
ments estimating the GF values in lieu of the piezoresistivity
performance [4], [5]. Meanwhile, with regard to numerical
simulations, the piezoresistive coefficient plays an important
role in the evaluation of the piezoresistive effect, and in a
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previous work, we proposed piezoresistive mobility modeling
using the longitudinal- and transverse-direction piezoresistive
coefficients [6]. Based on the above study, we note that to
evaluate the piezoresistive effect at high temperatures, the
input piezoresistive coefficients should be modified; thus,
the temperature dependence of these coefficients plays a
significant part in the evaluation.
Against this backdrop, in this study, we report on the

temperature dependences of the piezoresistive coefficients of
SiC and GaN crystals. The temperature dependences of the
piezoresistive coefficients were derived from the numerical
simulation that reproduced the experimental results reported
for SiC and GaN. Our piezoresistive coefficient modeling
includes the temperature term, which is determined based on
the GF values reported using our original device simulator
that evaluates the piezoresistive effect using the longitudinal
and transverse piezoresistive coefficients. In the study, we
applied a linear approximation of the piezoresistive coef-
ficient as a function of the temperature to evaluate the
temperature dependence of the piezoresistive coefficients of
SiC and GaN.

II. UNDERLYING PHYSICS
A. PIEZORESISTIVE MOBILITY MODELING
In our previous work, we modeled the piezoresistive effect
as the mobility change in our device simulations [6].
The conventional piezoresistive model, which is mainly
applicable to cubic crystal materials, is based on the piezore-
sistive coefficient tensor components π11, π12, and π44,
which reflect the mobility enhancement [7]. To evaluate
the piezoresistive effect, we determine the stressed mobility
μPiezol,t using the non-stressed mobility μ0, the longitudi-
nal and transverse piezoresistive coefficients, and stresses.
To increase the accuracy of estimation, we consider the
unique modification factor of the material, which exhibits
a piezoresistive-coefficient dependency [6]. Thus, we have

μPiezol,t = al,tπl,t + bl,t
1 + πl,tσl,t

μ0. (1)

Here, πl,t, σl,t, and al,t and bl,t denote the piezoresistive coef-
ficient, stress, and modification factors, respectively. This
model reduces the GF errors from the GF values of the
experimental results by employing the unique coefficients
of the materials through empirical fitting of the experimen-
tal results. The model is proposed for general application
to device simulations to evaluate the semiconductor device
performance under stressed conditions.

B. PIEZORESISTIVE EFFECT OF WIDE-BANDGAP
SEMICONDUCTORS
Wide-bandgap materials are considered promising candidates
to replace conventional Si materials because of their prospec-
tive material properties, which afford the desirable traits
of a high breakdown voltage, high operating temperature,
and high Baliga’s figure-of-merit [8]–[11]. In this regard,
several studies have been conducted on the piezoresistivity

TABLE 1. Physical phenomena considered in the simulation.

applications of wide-bandgap materials in general. The most
well-researched material is SiC, which shows a particularly
large high-temperature robustness, withstanding temperatures
of over 600 ◦C, and excellent material properties such as
high chemical stability and a large Young’s modulus [3].
Meanwhile, GaN is considered as another promising wide-
bandgap material. Although GaN exhibits a smaller Young’s
modulus and a lower application-temperature range relative
to the counterpart SiC values, its larger electron affinity of
N atoms induces polarization, which plays a significant role
in the piezoelectric effect [12]. Furthermore, it has been
reported that GaN materials can potentially exhibit GF val-
ues as large as ∼130 as a transient characteristic due to the
piezoelectric polarization effect [13]

C. PIEZORESISTIVE COEFFICIENT VARIATIONS DUE TO
EXTERNAL EFFECTS
The piezoresistive coefficient decreases as the temperature
increases, as reported by Richter et al. [14]. It has been
reported that a higher temperature and higher dopant concen-
tration reduce the piezoresistive coefficient [15]. The piezore-
sistance phenomenon is based on the band theory, and the
band-gap energy is affected by the temperature; the increased
temperature decreases the band-gap energy [16]. Moreover,
crystallographic misalignment is known to influence the
effective piezoresistive coefficient, and for Si materials, the
dopant type affects the misalignment. Parameters such as
π11 and π12 are sensitive to the degree of misalignment
for p-doped Si, whereas π44 is sensitive to misalignment
in the case of n-doped Si. A higher piezoresistive coef-
ficient is required for high-sensitivity sensor applications.
Furthermore, it must be noted that the material robustness
to the temperature differs among materials. For example, SiC
materials maintain high GF values even at extremely high
temperatures of approximately 600 ◦C [4], [19]. In contrast,
GaN exhibits a GF drop of nearly 50% at approximately
100 ◦C [5]; this makes SiC materials sui candidates for
high-temperature mechanical-sensing applications.

III. SIMULATION MODEL
Our simulations were modeled with 2D components, which
were composed of mechanical stress and electrical sim-
ulations. Figure 1 shows the schematic of the numerical
simulation modeling adopted in this study for SiC and GaN
materials. Table 1 lists the relevant physical phenomena for
the mechanical and electrical simulations considered in this
study. For temperature modeling, the band-gap temperature
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TABLE 2. Simulation modeling of 4H-SiC.

FIGURE 1. Schematic of mechanical and electrical simulation modeling
considered in this study.

model [16] is used that expressed as

Eg(T) = Eg0 − α
T2

β + T
. (2)

Here, Eg0 is the band-gap energy at the low-temperature, α

and β are the band-gap temperature parameters with the units
of eV, eV/K and K, respectively. For temperature modeling of
the fundamental semiconductor properties, we introduced the
temperature dependencies of density-of-state (DOS) NC,V as

NC,V = 2

(
2πme,hkT

h2

)1.5

. (3)

Then, the intrinsic carrier concentration as the temperature
function is expressed as

ni = ni,300K

exp
(
− qEg(T)

2kT

)

exp
(
− qEg(T0)

2kT0

)
(
T

T0

)1.5

. (4)

Here, the T0 corresponds to 300 K. The temperature
dependencies are concentrated on NC,V and ni. For wide-
bandgap semiconductors, incomplete ionization is important,
especially for SiC materials [17]. Meanwhile, the mechanical
stress simulation considers the associated thermal expansion
and stress. The strain by an external force was applied to the
cantilever region, where a piezoresistor with dimensions of
100 μm × 100 μm was positioned at the center. The width
was 1 μm along the z-direction under all conditions.

In our study, the stress simulation was performed with
COMSOL Multiphysics Ver. 5.5 [18], using the solid dynam-
ics and heat transfer modules with multiphysics analysis.
In the simulation, thermal expansion was considered, and
a mechanical strain was applied to the edge of the can-
tilever region. The temperature was varied according to
previously reported piezoresistive experiments. The strain of
the piezoresistor was calculated as the difference between
the final strain and the thermal expansion strain (no external
force). In addition, the resistance change of the piezoresistor
was calculated as the difference between the resistance under
the final strain condition and that under the thermal expan-
sion strain condition (no external force). In our study, the
electrical simulation was performed with the use of our orig-
inal device simulator, called SeMS [6], and was customized
for evaluating piezoresistor performance. Subsequently, in
the simulation, a voltage bias of 1 V → −1 V was applied
to obtain the I–V characteristics. The input piezoresistive
coefficient and the temperature were varied to obtain the
matching GF values reported in the experiments.

IV. SIMULATION RESULTS
A. MODELING OF MATERIALS
A.1. 4H-SIC (P-TYPE)
We examined the characteristics of p-type 4H-SiC with a
dopant concentration of 1 × 1018 cm−3 along the longitudi-
nal direction for temperatures up to 600 ◦C. Table 2 lists the
relevant modeling parameters used for 4H-SiC. The mechan-
ical parameters listed in Table 2 are those observed in the
(0001) plane.
First, we evaluated the accuracy of the simulation

modeling by comparing to the experimental result of p-type
4H-SiC at the room temperature (23 ◦C). Figure 2 shows
the strain–resistance change characteristic at 23 ◦C with the
input piezoresistive coefficient of 6.43 × 10−11 Pa−1 and
−5.12×10−11 Pa−1, which were reported as the longitudinal
and the transverse piezoresistive coefficient (π11 and π12) at
the room temperature for p-type 4H-SiC [20]. The GF value
obtained from the simulation output was 33.23 and −26.46,
which matched well with the experimental result [4], [21].

A.2. 6H-SIC (N-TYPE)
The relevant modeling parameters of n-type 6H-SiC are listed
in Table 3. The n-type 6H-SiC in (0001) plane with both the
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TABLE 3. Simulation modeling of 6H-SiC.

FIGURE 2. �/R/R versus strain of p-type 4H-SiC with the input
piezoresistive coefficient of 6.43 × 10−11 Pa−1 at 23 ◦C and comparison to
the experimental results [20].

TABLE 4. Simulation modeling of 3C-SiC.

longitudinal and the transverse direction of 3 × 1019 cm−3

are evaluated up to 250 ◦C [27].

A.3. 3C-SIC (N-TYPE)
The relevant modeling parameters of n-type 3C-SiC are listed
in Table 4. The n-type 3C-SiC in<100> direction with two
doping concentrations of 1 × 1018 and 1 × 1020 cm−3 were
evaluated up to 450 ◦C [32].

A.4. GAN (N-TYPE)
The relevant modeling parameters of n-type GaN are listed
in Table 5. In this study, an epitaxial GaN layer was used as

TABLE 5. Simulation modeling of GaN.

FIGURE 3. Piezoresistive coefficient value of materials as a function of
temperature.

the piezoresistor considering a previous study [5], and the
(0001) plane was considered. The mechanical parameters
corresponded to those in the (0001) plane. We evaluated the
piezoresistive characteristics of n-type GaN with a dopant
concentration of 1 × 1018 cm−3 along the longitudinal
direction up to a temperature of 125 ◦C.

B. PIEZORESISTIVE COEFFICIENT VERSUS TEMPERATURE
Figure 3 shows the piezoresistive coefficients as functions
of the temperature of materials. For all materials, the high
temperature decreased the coefficient; however, the response
to temperature differed. A major difference was observed
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FIGURE 4. Piezoresistive coefficient ratio of materials as a function of
temperature.

between the p-type and the n-type materials. In p-type 4H-
SiC, a relatively stabilized value was obtained until 400 ◦C
and the value decreased thereafter. On the contrary, the
n-type materials provided larger drops at the when the tem-
perature increased from the room temperature, and it then
stabilized at the higher temperature region. Figure 4 shows
the ratio of the piezoresistive coefficient for each temperature
to the value at the room temperature to clarify the trends.
In n-type 6H-SiC, only the π12 was difficult to observe
the inflection; however, the slight inflection seems to occur
between the temperature of 150 ◦C to 250 ◦C considering
the result of Toriyama’s calculation [27].

V. DISCUSSION
Upon comparing the piezoresistive temperature models of
SiC and GaN, we note that SiC exhibits a smaller sensitiv-
ity to temperature. In contrast, GaN exhibits a rapid change
in the GF against the temperature; an approximate increase
of 100 K corresponds to a decrease of >10 in terms of
the absolute GF value. However, for SiC, a GF decrease
by 10 corresponds to a temperature increase of approxi-
mately 600 K. This result indicates that SiC materials afford
high-temperature robustness and high sensitivity at high
temperatures, which makes them suitable for piezoresistive
sensing applications.
Richter et al. have reported that the piezoresistive coeffi-

cient varies linearly with a temperature ratio of ‘T0/T’ [14].
Richter et al. reported that the ratio of the piezoresis-
tive coefficient π44/π44(300K) = 300/T at the region of
0.8 < 300/T < 1 [14]; we apply this linear approxima-
tion to the results of materials. The linear approximation is
taken as

π

π0
= amat

(
T0

T

)
+ 1 − amat. (5)

FIGURE 5. Proposed piezoresistive temperature modeling with the
comparison to the fittings of the piezoresistive temperature dependencies.

TABLE 6. Linear approximation expressions of the temperature
dependence of materials shown in Fig. 5.

Here, for p-type Si, the aSi of the amat of p-type Si is 1.
Figure 5 shows the linear approximation of the piezore-

sistive coefficient ratio against the temperature ratio of T0/T
for materials. As mentioned in the previous section, all the
p-type 4H-SiC, n-type 6H-SiC, n-type 3C-SiCs and n-type
GaN showed variation in the piezoresistive coefficient at
high temperature. Therefore, the linear approximation was
applicable up to the middle temperature region (before the
variation) Linear approximation of each material is summa-
rized in Table 6. The coefficient of the linear approximation
amat is compared to the ionization energy of materials,
as listed in Table 7. It is evident that the coefficients
determined using the linear model are strongly related to
the ionization energies of the materials, and the recipro-
cal of the ratio of the ionization energy of the material
to the ionization energy of p-type Si is almost the same
as that determined using the linear model. Therefore, the
coefficients determined using the proposed linear model were
calculated using the ionization energies of the materials as
follows:

amat = ESi
Emat

aSi. (6)
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TABLE 7. Comparison of the coefficients of all materials used in the model.

The linear model is based on a room temperature of 300 K;
therefore, the linear model is finally expressed as

π

π0
= ESi
Emat

aSi

(
T0

T

)
+ 1 − ESi

Emat
aSi. (7)

It is noted that the proposed temperature modeling
assumes a higher temperature region than the room tem-
perature RT, as reported by Richter for the temperature
dependence of p-type Si [14]. Kanda reported the temper-
ature dependence of the piezoresistive coefficient in silicon
by using the piezoresistance factor P(N,T) that includes the
Fermi-integral as a function of the ionization energy [44].
This theory is strongly related with our proposing model
that expresses the temperature dependence by the ioniza-
tion energy. Herein, only the n-type 3C-SiC with doping
concentration of 1 × 1020 cm−3 showed large error from
the ionization energy. This was because of the degenera-
tion by the heavy-doping as mentioned in the experiment
and much more similar to metals than the semiconduc-
tors [32]. Therefore, we removed this from our discussion.
The relationship between the ionized dopants and the carrier
mobility has been discussed [46], and a high temperature
ionizes more carriers from the impurity level; therefore, the
contribution of the piezoresistive effect to the total resis-
tance minimizes because the resistance owing to non-stressed
mobility becomes small. The relationship between the ion-
ization level and the piezoresistive effect has been suggested
by Toriyama [27], [47], and our proposed model explains
the relationship between them. Also, Sagar et al. reported
the temperature dependence of the piezoresistive coefficient
of n-type ZnSe at the low-temperature region that showed
the relationship to the ionization energy [48]. The proposed
temperature model states that the temperature dependence of
the piezoresistive coefficient corresponds to the ionization
energy of the material. Therefore, the temperature depen-
dence of the piezoresistive coefficient can be estimated using
the ratio of the ionization energy to the energy of p-type Si.
Conversely, the ionization energy of a material can be deter-
mined by the temperature dependence of its piezoresistive
coefficient.
Finally, we investigated the temperature dependence of the

piezoresistive coefficient on the linearity, and the temperature

FIGURE 6. Critical temperature model against the impurity ionization
energy.

was considered to be the critical temperature Tcrit. Figure 6
shows the relationship between the impurity ionization
energy and the T0/Tcrit. The two parameters analyzed by
the model are as follows

T0

Tcrit
= 1.65E−0.25

imp . (8)

When the temperature ratio of T0/T beyonds the interface,
the temperature dependence of the piezoresistive coefficient
out from the linearity, and drops for p-type or stabilizes for n-
type materials, respectively. Upon combining (5) and (6), the
piezoresistive coefficient can be predicted when the value at
the room temperature and the ionization energy of the mate-
rial are known, until the Tcrit which follows to the linearity.
The more high-temperature region can make it unavailable
of the proposing models of expr. (5) and (6), however from
Fig. 5 it is predicted that after the inflections the π/π0
dependencies against T0/T follow to the linear transitions.
The extremely high-temperature region phenomena should
be investigated in the future works.
The previous work suggests that the temperature depen-

dence of the piezoresistive coefficient comes from the change
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in the effective mass [49], and it is obvious that the ionization
of the dopants are determined by the effective mass, as

Eact = 13.6m∗

ε2
r m0

. (9)

Here εr, m0 and m∗ are the dielectric constant, the electron
mass and the effective mass in the semiconductor, respec-
tively. From the temperature dependencies of the effective
masses as [50]

me,h
m0

=
(

NC,V300K

2.5094 × 1019

) 2
3 =

⎛
⎜⎜⎝
NC,V

(
T
T0

)− 3
2

2.5094 × 1019

⎞
⎟⎟⎠

2
3

, (10)

finally the temperature dependency of the piezoresistive
coefficient can be expressed as

π = ε2
r

43.3

13.6

(
NC,V

2.5094 × 1019

)− 2
3
(

1 − T

T0

)
π0. (11)

The equation (11) expresses the piezoresistance tempera-
ture model by the fundamental band-structure parameter of
the DOS. As the incomplete ionization includes the DOS
(in other words the effective masses) [17], the proposing
piezoresistance-temperature model connects the piezoresis-
tance and incomplete ionization phenomenon. The proposed
piezoresistive temperature model is useful to determine the
ionization energy from the temperature dependence of the
coefficient and vice versa. Also, for device simulation usage
it is effective for inclusion of the piezoresistive effect with
the temperature change.

VI. CONCLUSION
In this study, we used numerical simulations to perform
temperature modeling of the piezoresistive coefficients of
SiC and GaN materials. We first determined that the
piezoresistive coefficients of SiC and GaN varied with
temperature and higher temperatures afforded lower piezore-
sistive coefficients. From the response to the temperature, we
found that the temperature dependence follows the ioniza-
tion energy of the materials. The linear model is expressed
using the ratio of the ionization energy to the ionization
energy of p-type Si, which enables the estimation of the
temperature dependence of the piezoresistive coefficient from
the ionization energy; conversely, the ionization energy of a
material can be determined from the temperature dependence
of its piezoresistive coefficient. The proposed temperature
dependence model can be applied to the region which it
is also determined by the ionization energy. Consequently,
our proposed model is useful in predicting the temperature
dependence of the piezoresistive coefficient from the value
obtained at the room temperature. Our model also helps in
determining the ionization energy of the material. The imple-
mentation of the proposed model to device simulators will
be useful for perspective materials.
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