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dence of the piezoresistive effect
in p-type single crystalline 3C-SiC nanothin films†
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This paper reports, for the first time, the piezoresistive effect of p-type

single crystalline 3C-SiC nanothin films grown by LPCVD at low

temperature. Compared to thick SiC films, the gauge factors of the 80

nm and 130 nm films decreased remarkably. This result indicates that

the crystal defect at the SiC/Si interface has a significant influence on

the piezoresistive effect of ultra-thin film p-type 3C-SiC.
The piezoresistive effect of silicon (Si) has been widely applied
in various mechanical sensing devices including pressure
sensors, inertial sensors, and strain gauges, thanks to its large
gauge factor, miniaturization and electronics integration capa-
bility.1–3 However, the drawbacks of the low energy band gap
(1.12 eV) limited the Si material from operating under high
temperature conditions.4 Compared to Si, silicon carbide (SiC),
with its large energy band gap of 2.4–3.2 eV and excellent
mechanical properties, is one of the most promising materials
for applications in harsh environments.5,6 The piezoresistive
effect of SiC has been intensively studied in various poly-
types,7–12 particularly in the cubic crystal (3C-SiC) which has a
large gauge factor of about 30.13–16 The development of various
SiC based pressure sensors which have the capability of oper-
ating at 500 �C has demonstrated the high potential of the
piezoresistive SiC for MEMS (Micro Electromechanical System)
devices used at high temperatures.16–18

Recently, the effect of strain on nano-scale semiconductors is
of great interest, in consideration of the superior properties of
their low dimensional structures. The giant piezoresistance
found in Si nanowires19 and Si nanothin lms20 with a piezor-
esistive coefficient of �3350 � 10�11 Pa�1 and 440 � 10�11

Pa�1, respectively, has been a motivation for research into the
piezoresistive effect in nanoscale SiC. The piezoresistance of SiC
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nanowires with a diameter of 150 nm fabricated by the bottom
up process which possesses the piezoresistive coefficients
comparable with Si has been reported.7–9 To the best of our
knowledge, to date, there have been no reports on the charac-
terization of the piezoresistive effect in SiC nanothin lms with
the thickness below 150 nm fabricated by the top down process.
Compared to the bottom up method, the top down method
takes full advantage of the compatibility with the conventional
fabrication process as well as packaging for MEMS devices.
Therefore, research on the electromechanical properties of the
top down fabricated SiC nanothin lm and nanowire is
extremely important for the development of low dimensional
SiC based MEMS sensors in future.

In this paper, we characterize, for the rst time, the piezor-
esistive effect of p-type single crystalline 3C-SiC nanothin lms
grown by LPCVD (low pressure chemical vapor deposition).
Various 3C-SiC lms with thickness ranging from 80 nm to 1 mm
have been fabricated to investigate the thickness dependence of
the piezoresistive effect in p-type 3C-SiC.

The 3C-SiC was grown on a Si(100) substrate using a hot-wall
LPCVD reactor at 1000 �C.21 The alternating supply epitaxy (ASE)
approach was used to achieve single crystalline SiC lm depo-
sition with silane (SiH4) and propylene (C3H6) as precursors.
Trimethylaluminium [(CH3)3Al] was employed as a p-type
dopant for in situ doping. The thickness of the SiC lms was
controlled by varying the number of growth cycles and
measured by using a spectrophotometer Nanospec AFT 210.
Aer the epitaxial growth process, the SiC piezoresistor was
fabricated on a Si substrate by a conventional photolithography
process to form SiC/Si strips. Since the 3C-SiC lms have
different thicknesses, the SiC resistors reect different colors
when observed under an optical microscope, as shown in
Fig. 1(a)–(e). The concept of the SiC/Si beam is shown in
Fig. 1(f), by which the SiC resistor was patterned into a U-shaped
structure to characterize the piezoresistive effect. Additionally,
two aluminum contact pads were fabricated at each end of the
SiC resistor, so that the four-terminal resistance measurement
could be performed to eliminate the contact resistance.
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 From (a) to (e): photographs of SiC resistors on a Si substrate.
Different thicknesses reflect different colors. (f) The concept of the
SiC/Si beam designed for the bending experiment.

Fig. 2 (a) The setup of the bending experiment. (b) The relationship
between the relative resistance change of 3C-SiC resistors and applied
strain. The relative resistance changes of the 1 mm, 380 nm and 280 nm
films are almost the same, while it decreases considerably in the 130
nm and 80 nm thin films.
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The hot probe technique was carried out to characterize the
doping type and the carrier concentration of the 3C-SiC lms.
The positive voltage in the hot probe indicates that the SiC lms
were p-type semiconductors. Table 1 shows the results of the
hot probe measurement in which the carrier concentrations of
the grown p-type SiC lms were in the same range of approxi-
mately 1.4–10 � 1018 cm�3, indicating that all 3C-SiC lms are
normally doped semiconductors in which the dopant was
aluminum. As the SiC (carrier concentration N x 1018 cm�3)
was grown on a Si substrate (carrier concentration N x 1014

cm�3), the issue of current leakage through the SiC/Si junction
was investigated to ensure that the Si substrate did not
contribute to the measured gauge factor. In all 3C-SiC resistors,
the I–V curves show good linearity indicating the ohmic contact,
and the ratio of the current leakage to the current through the
SiC resistor was below 0.5% (ESI†).

In our previous study on the orientation dependence of the
piezoresistive effect in p-type 3C-SiC, we found that the pie-
zoresistive effect is dominated by the shear piezoresistive
coefficient p44, and the [110] orientation possesses the largest
gauge factor.14 Therefore, in this study, we focus on character-
izing the longitudinal gauge factor of the [110] direction of the
p-type single crystalline 3C-SiC lms. The piezoresistive effect of
3C-SiC was measured by the bending method in which one end
of the SiC/Si beamwas xed by ametal clamp, and the other end
was pushed by a load (Fig. 2(a)). The strain of the SiC resistor
was obtained from the Finite Element Method (FEM) and
conventional theoretical calculation. The simulation results
Table 1 Hot probe measurement on different thickness filmsa

Film thickness
(nm) Voc [mV] Isc [nA]

Carrier concentration
N [cm�3]

1000 9.8 �1940 1.4–6.2 � 1018

380 8.5 �1057 2.5–10 � 1018

280 9.6 �670 1.5–6.8 � 1018

130 9.4 �480 1.5–7.0 � 1018

80 9.9 �75 1.3–6.0 � 1018

a Voc: the open circuit voltage; Isc: the short circuit current.22

This journal is © The Royal Society of Chemistry 2014
(Comsol Multiphysics) show that the strain distribution in the
SiC resistor is relatively uniform. It is approximately the same as
the strain of the top surface of the Si substrate (ESI†). Fig. 2(b)
shows the linear relationship between the relative resistance
change of the p-type 3C-SiC and the applied tensile strain varied
from 0 ppm to approximately 1000 ppm. By using our calcula-
tion method,13,14 we obtained the longitudinal gauge factor in
the [110] orientation of the 80 nm, 130 nm, 280 nm, 380 nm and
1 mm lms to be 20.5, 26.1, 30.3, 30.4 and 31.1, respectively. It
can be seen that the gauge factor of the p-type single crystalline
3C-SiC is relatively consistent in SiC lms with the thickness
above 280 nm. Nevertheless, in the thinner lms with the
thickness of 80 nm and 130 nm, the gauge factor decreased
considerably (about 65.9% and 83.9% compared to the 1 mm
lm). It should be noticed that in the lm with thickness above
80 nm, the effect of quantum connement is negligible.19

Additionally, since the SiC was epitaxially grown on a Si
substrate which has a different lattice size of 20% and a thermal
expansion mismatch of 25%, the crystal defect at the SiC/Si
interface is a serious concern in the epitaxial SiC. The crystal
defects were reported to have a signicant inuence on the
electrical/mechanical properties of the single crystalline SiC.15,23

In our previous work, the crystalline quality of the 3C-SiC lms
with different thicknesses was characterized by measuring the
FWHM (full width at half maximum) of the rocking curve scan.21

The continuous reduction of the FWHM conrmed that the
crystal quality is improved with an increase in lm thickness.
Additionally, the mobility factor obtained from the hot probe
measurement showed that the carrier mobility of the 80 nm lm
J. Mater. Chem. C, 2014, 2, 7176–7179 | 7177
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(approximately �7.5 cm2 V�1 s�1) was smaller than that of the
280 nm lm (approximately �15 cm2 V�1 s�1). This result
indicated that the crystal defect reduced the conductivity of the
epitaxy 3C-SiC thin lms due to defect scattering. Therefore, the
crystal defect should be taken into account to explain the
reduction of the gauge factor in the 3C-SiC thin lms.

The quality of the SiC lms was investigated by the TEM
(Transmission Electron Microscopy) image, which shows that
the crystal defect appeared in the single crystalline 3C-SiC
(Fig. 3(a)). A high density of defects was observed at the SiC/Si
interface (dominantly the stacking faults in the [111] orienta-
tion), particularly at the bottom 60 nm from the SiC/Si interface.
It is also clear in the TEM image that the quality of the lms
improved with increasing the distance from the interface,
which is in solid agreement with other work.15,21 To simplify our
model, we assume that:

(i) The SiC lm consists of two layers: the low density defect
layer at the top, and the high density defect layer at the bottom
(Fig. 3(a)). As the 3C-SiC lms in this study were grown by the
same LPCVD process, the high defect density layer in these
lms is expected to have the same thickness. The total
conductance of the SiC lms (Gt) is

Gt ¼ Gld + Ghd (1)

where Gld and Ghd are the conductance of the low density defect
layer and high density defect layer, respectively.

(ii) The ratio of the conductance of the high density defect
layer to the total conductance of the SiC lm is a monotonically
decreasing function of the lms thickness (f(t) decreases when t
increases, ESI†).
Fig. 3 TEM image of a 3C-SiC film and the comparison between
estimated values and the experimental results of the gauge factor.

7178 | J. Mater. Chem. C, 2014, 2, 7176–7179
Ghd/Gt ¼ f(tSiC) (2)

where tSiC is the thickness of SiC lms.
When a strain is applied on the SiC lm, the conductance of

the high density defect layer and low density defect layer
changes to Ghd + DGhd and Gld + DGld, respectively. The gauge
factor of SiC is dened as

GF ¼ DR

R
� 1

3
z � DGt

Gt

� 1

3
(3)

Thus, the measured gauge factor is (ESI†)

GF ¼ � DGld þ DGhd

Gt

� 1

3
¼ Ghd

Gt

GFhd þ
�
1� Ghd

Gt

�
GFld

¼ f ðtSiCÞGFhd þ ð1� f ðtSiCÞÞGFld

(4)

where GFld and GFhd are the gauge factors of the low density
defect layer and high density defect layer, respectively. For a
thick SiC lm, the ratio of Ghd/Gt is sufficiently small (see eqn
(2)). Therefore, the measured gauge factor can be approximately
equal to the gauge factor of the low density defect layer GFld.
Using eqn (4), we estimated the thickness dependence of the
piezoresistive effect in p-type 3C-SiC, as shown in Fig. 3(b). The
experiment results matched well with the calculation based on
the proposed model.

In summary, the piezoresistive effect of p-type single crys-
talline 3C-SiC ultra-thin lms grown on a p-type Si (100)
substrate by the LPCVD process has been characterized. A giant
piezoresistive effect was not observed in nanothin lms with a
thickness of 80 nm or thicker. The consistency of the gauge
factor of the SiC layer with a thickness above 280 nm, and the
large drop of the gauge factor in the 80 nm and 130 nm lms
imply that the crystal defect has a signicant inuence on the
piezoresistive effect of the p-type single crystalline 3C-SiC
nanothin lm with thickness below 150 nm, while this inu-
ence is negligible in sufficiently thick lms.
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