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The orientation dependence of the piezoresistive effect of p-type single crystalline 3C-SiC thin film grown
on a (100)Si wafer was characterized. The longitudinal, transverse gauge factors in [100] orientation, and
longitudinal gauge factor in [110] orientation were found to be 5.8, -5.2 and 30.3, respectively. The funda-
mental piezoresistive coeffictients π11, π12 and π44 of p-type 3C-SiC were obtained to be 1.5×10−11 Pa−1,
-1.4×10−11 Pa−1 and 18.1×10−11 Pa−1, respectively. From these coefficients, the piezoresistive effect in any
crystallographic orientation in p-type single crystalline 3C-SiC can be estimated, which is very valuable in
designing micro-mechanical sensors.

Silicon carbide (SiC) is a promising material for MEMS
(Micro Electro Mechanical Systems) transducers used in
harsh environments, due to its high energy band gap,
chemical inertness and high stiffness1. Among many poly
types, the cubic crystal silicon carbide (3C-SiC) is con-
sidered to be the most suitable polytype for MEMS ap-
plications, since it can be grown directly on a Si substrate
and the electrical insulation between 3C-SiC layer and Si
substrate is achieved by the SiC/Si heterojunction2.

One of the most common methods for mechanical sens-
ing is based on the piezoresistive effect which has been
intensively studied in Si so far3–5. Research on the
piezoresistive effect of 3C-SiC recently attracted signif-
icant attention for applications used in high tempera-
ture environments6–10. Large piezoresistive effects in n-
type single crystalline 3C-SiC with the longitudinal gauge
factors (GF) as large as -31.8 in [100] orientation have
been reported9,10. Various piezoresistive pressure sensors
based on n-type 3C-SiC with the large range of operating
temperature up to 500 ◦C have been developed, demon-
strating the high potential of 3C-SiC material in MEMS
sensing devices11–13. Most previous studies presented the
piezoresistive effect in n-type 3C-SiC, with very limited
results being available for p-type 3C-SiC14. One consid-
erable reason for the limited work on p-type 3C-SiC is
due to the high growth temperature at around 1350 ◦C
which causes the redistribution of the dopant in Si and
the accumulation of the thermal mismatch between SiC
and Si18. In a previous study2, we have characterized the
piezoresistive effect in [110] orientation of p-type single
crystalline 3C-SiC thin film grown on a Si substrate by
LPCVD (Low Pressure Chemical Vapour Deposition) at
low temperature of 1000 ◦C with large GF of 30.3.

Understanding of the piezoresistive effect in arbitrary
crystallographic orientations plays an important role in
designing highly sensivite p-type single crystalline 3C-
SiC based mechanical sensors. Therefore, the aim of this
paper is to determine the fundamental piezoresistive co-
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FIG. 1. (a) The XRD graph of 3C-SiC grown on (100)Si;
(b)The rocking curve scan of 3C-SiC; (c) The TEM image of
3C-SiC; (d) The SAED image of 3C-SiC.

efficients, and to investigate the orientation dependence
of the piezoresistive effect in p-type single crystalline 3C-
SiC.

The p-type single crystalline 3C-SiC with the thickness
of 280 nm was epitaxially grown on p-type (100) Si, and
in-situ doped with aluminum by using LPCVD19. The
full-range 2θ − ω of the X-Ray Diffraction (XRD) mea-
surement indicated that single crystalline (100)3C-SiC
was grown on Si substrate (Fig. 1(a)). The full width at
half maximum (FWHM) of SiC(200) peak in the 2θ − ω
scan is 0.26 ◦. The FWHM of rocking curve scan of the
SiC(200) peak is 0.80 ◦ as shown in Fig. 1(b). The trans-
mission electron microscopy (TEM) image in Fig. 1(c)
shows that there are no boundaries in the single crys-
talline 3C-SiC and the only defects are staking faults.
The selected area electron diffraction (SAED) displayed
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FIG. 2. (a) Photograph of the SiC/Si beam; (b) Scanning
electron microscopy (SEM) image of a SiC resistor; (c) IV
curve of SiC resistor (small graph: zoom-in of the current
leakage through SiC/Si junction).

in Fig. 1(d) confirms that the grown 3C-SiC is single
crystalline. The Hall-effect measurement was performed
to characterize the electrical properties of the grown SiC
film. The resistivity of the SiC film was measured to be
0.14 Ωcm and the hole mobility of the single crystalline
3C-SiC film was found to be 9 cm2/Vs which is a reason-
able value for the doping level of 5× 1018 cm−3, indicat-
ing the good crystal quality. SiC piezoresistor on Si sub-
strate was patterned by a conventional photolithography
process and then diced into a strip 60 mm×9 mm×0.625
mm (Fig. 2(a)). SEM photograph of a SiC resistor is
shown in Fig. 2(b). The carrier concentration of the
p-type single crystalline SiC in this research was 5×1018

cm−3, while the carrier concentration of the Si substrate
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FIG. 3. Schematic diagram showing the bending experiment
for measuring the gauge factors: (a) side view; (b) top view
of cantilever.

was 5× 1014 cm−3. The issue of current leakage through
SiC and Si junction was investigated to make sure that Si
would not affect the measured gauge factor of SiC. The
current leakage through SiC/Si heterojunction at the ap-
plied voltage of 0.5 V was found to be about 0.05% of
the current flowing through SiC resistor as shown in Fig.
2(c). This result indicates that Si substrate will not con-
tribute to the measurement of the GF of the SiC thin
film.

The GF is measured by the bending beam method, and
the four point measurement was employed to determine
the resistance change of the p-type 3C-SiC (Fig. 3). GFs
of the SiC resistors were obtained from the relative re-
sistance change and the strain: GF = (∆R/R)/εSiC. In
order to calculate the strain εSiC of the SiC layer, bend-
ing model of a bilayered beam was taken into account
as the SiC was epitaxially grown on Si substrate. The
lateral strain of SiC resistance is20:

εSiC(x) = − F

wD1
(L1 + L2 − x)tn (1)

where F is the applied force; tn is the distance from neu-
tral axis to the SiC layer; and paremeters w, L1, L2 are
dimensions as described in Fig. 3a. The bending modu-
lus per unit width D1 is deduced from21:

D1 =
E2

1t
4
1 + E2

2t
4
2 + 2E1E2t1t2(2t22 + 2t21 + 3t1t2)

12(E1t1 + E2t2)
(2)

where E1 is the Young’s modulus of SiC (330 GPa)22, and
E2 is the Young’s modulus of Si (130 GPa in [100] orienta-
tion and 169 GPa in [110] orientation). As the thickness
of SiC in our design is only 0.05% of the Si layer, the
strain calculated from Eq. 1 is approximately the same
as that of the upper surface of the Si substrate2. Finite
Element Method (FEM) was carried out, using COM-
SOL multiphysics to estimate the strain of the beam.
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FIG. 4. Relationship between relative resistance change of
SiC resistors alligned in different orientations and applied
strains.
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TABLE I. List of GF of single crystalline SiC in this work
and the literature. (* indicated the result in this study)

Polytype
Growing

Type
Carriers Thickness

GF
process concentration of SiC [µm]

3C-SiC* LPCVD p 5 × 1018 0.28 30.3

3C-SiC10 APCVD n ∼ 1018 10 -31.8

3C-SiC9 HMCVD n ∼ 1018 2 -27

3C-SiC13 APCVD n unintentional 0.5 -18.8

3C-SiC7 LPCVD n 0.4 ∼ 2 × 1017 2.3 -24.8

0.2 3

4H-SiC15 - n 1.5 × 1019 1 20.8

6H-SiC16 - n 3.8 × 1018 2 -29.4

6H-SiC17 - p 2 × 1019 2 27

The simulation result was in agreement with the theoret-
ically calculated value discussed above. Accordingly, the
strains of the SiC resistors were in the ranges of 0∼820
ppm and 0∼1100 ppm for resistors aligned in [110] ori-
entation and [100] orientation, respectively. From the
possible errors of the SiC/Si beam dimensions and the
misalignment of SiC resistor on Si beam occurred dur-
ing fabrication process23, we estimated the error of the
strain obtained from the simulation is about 5%. Fig-
ure 4 shows the relationship between relative resistance
change and applied strain, which reveals that SiC resis-
tor in [110] direction is more sensitive than that aligned
in [100] orientation. The longitudinal GFs in [100] and
[110] orientation have a positive value of +5.0 and +30.3,
respectively, while the transverse GF in [100] orientation
has a negative value of -4.6.

Table I shows the comparison between the GF of p-
type 3C-SiC presented in this work with the GFs of other
polytypes reported in the literature. The GF of n-type
3C-SiC varies with the growth conditions, the thickness
of the SiC and the doping level. The results found in this
study is quite impressive as the GF of p-type single crys-
talline 3C-SiC thin film (280 nm) is comparable with pre-
vious research in n-type 3C-SiC with larger thicknesses.

The GFs measured above were used to calculate the
fundamental piezoresistive coefficients. The change of
the resistivity of SiC is24:

∆ρ/ρ = GF × ε = πlσl + πtσt + πsσs (3)

where σl, σt, σs are longitudinal, transverse and shear
stresses, respectively, and πl, πt, πs are longitudinal,
transverse and shear piezoresistive coefficients, respec-
tively. Let θ be the angle between longitudinal axis of the
SiC resistor and [100] orietation in (100) plane. πl, πt, πs
are deduced from the fundamental piezoresistive coeffi-
cients as24:

πl = π11 − 1
2 (π11 − π12 − π44) sin2 2θ

πt = π12 + 1
2 (π11 − π12 − π44) sin2 2θ

πs = − 1
2 (π11 − π12 − π44) sin 4θ

(4)

From Eq. 3 and Eq. 4, and the GFs measured in [100]

(θ = 0◦) and [110] (θ = 45◦) orientations, the fundamen-
tal piezoresistive coefficient in the principal coordinate
π11, π12 and π44 were found to be 1.5 × 10−11 Pa−1,
−1.4×10−11 Pa−1, 18.1×10−11 Pa−1, respectively. This
result indicates that the piezoresistive effect in p-type
single crystalline 3C-SiC has the same characteristic as
p-type single crystalline Si, i.e. the shear piezoresistive
coefficient (π44) is much larger than normal piezoresis-
tive coefficients (π11 and π12). As 3C-SiC has the cubic
crystal structure like Si, the model of effect of strain
and symmetry in cubic semiconductor proposed by Bir
and Pikus25 can be used to explain the piezoresistive
effect in single crystalline 3C-SiC. The piezoresistive
coefficients π11, π12 are corresponding to the uniaxial
stresses applied in [100] direction in which the band
warping is negligible, and the dominant mechanism
of the piezoresistance is the change of scattering rate
which is relatively small. The piezoresistive coefficients
π44 on the other hand, is corresponding to the uniaxial
stress in [110] orientation, where the energy surface
is significantly warped, leading to the change of the
effective mass and hole occupation in the heavy hole
and light hole bands. Therefore, the uniaxial stress in
[110] orientation is considered to bring more significant
piezoresistive effect than the uniaxial stress in [100]
orientation.

Based on the fundamental piezoresistive coefficients,
the piezoresistive effect in an arbitrary crystallographic
orientation can be estimated, which plays an impor-
tant role in designing the sensitivity of p-type single
crystalline 3C-SiC based mechanical sensors. The
longitudinal, transverse and shear piezoresistive coeffi-
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cients of an arbitrary orientation in (100)SiC plane is
graphically presented in Fig. 5. It can be seen that
in [110] orientation, the transverse and longitudinal
coefficients reach maximum values.

In conclusion, the fundamental piezoresistive coeffi-
cients of p-type single crystalline 3C-SiC were obtained.
The gauge factor of p-type 3C-SiC resistor is signifi-
cantly dominated by the shear piezoresistive coefficient
π44. Compared to p-type single crystalline silicon24

(π44 = 115 × 10−11 Pa−1 at the doping concentration
of 5 × 1018 cm−3), the shear piezoresistive coefficient of
p-type single crystalline SiC is relatively small. However
with the advantages of 3C-SiC such as wide bandgap,
high melting point, high Q factor and excellent chemical
inertness, the piezoresistive effect in p-type single
crystalline 3C-SiC is a potential candidate for harsh
environment and high frequency applications. From
graphical study on the dependence of the piezoresistive
coefficients on orientation, we suggest that when design-
ing p-type 3C-SiC based mechanical sensors in the (100)
plane, the [110] orientation should be selected to achieve
maximum sensitivity.
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