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ABSTRACT 

Here we report for the first time an ultra-sensitive 
opto-piezoresistive effect in cubic silicon carbide (3C-
SiC) nanofilms grown on silicon (Si). The sensitivity of 
the sensor was significantly enhanced by coupling the 
photovoltaic effect and controlling distribution of 
hole/electron in semiconductors. By applying this method, 
the gauge factor (GF) of strain sensors can be improved at 
least three orders of magnitude compared to conventional 
MEMS sensor. A GF of approximately 58,000 was 
observed, which is the highest GF reported for 
semiconductor piezoresistive sensors to date. 
Consequently, our findings can be deployed to develop 
ultra-sensitive mechanical sensors and MEMS/NEMS 
sensing applications.  
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INTRODUCTION 

Several physical sensing concepts have been 
employed to develop microsensors and flexible electronic 
devices, including piezoresistance and thermoresistance 
[1-3]. Among them, the piezoresistive effect in 
semiconductors have been widely utilised in sensor 
applications, such as pressure, force, tactile and strain 
sensors, accelerometers, and microphones owing to its 
simplicity in design and fabrication [4-8]. However, the 
sensitivity of piezoresistive-based sensor is limited by the 
nature of the sensor materials. 

It is of high interest to discover a novel sensing 
approach to boost the sensitivity of piezoresistance 
sensors. Conventional methods have been investigated, 
including arrangement of piezoresistors in optimal crystal 
orientations [9], optimization of carrier concentrations, or 
selection of materials with high piezoresistive 
coefficients. While Si is considered as the most suitable 
material for mechanical sensor applications with high 
piezoresistive coefficients and the development of 
fabrication technology based on Si, SiC is emerging as 
one of the best materials for harsh environment 
utilisations [10]. However, the gauge factor is typically 
smaller than 200 [11].  

Additionally, miniaturing piezoresitors to nanoscale 
also has been conducted owing to the advance of 
nanofabrication techniques [12-14] . A gauge factor of up 
to 1547 was achieved for the silicon nanowires [12]. 
However, this approach is still controversial [10, 15-17]. 

Modulation of charge carriers to achieve a high GF has 
emerged as a promising approach for significant 
improvement of sensitivity of mechanical sensors. For 
instance, by using an external bias voltage to modulate an 
electric generated field, Neuzil et al. [18] have 
successfully demonstrated a giant piezoresistive effect in 
Si nanowire with a GF of up to 5,000. 

Herein we propose an ultra-sensitive opto-
piezoresistive sensors with 3C-SiC/Si heterojunction 
structure. The sensor is a 3C-SiC/Si heterojunction 
cantilever in which the sensing element (piezoresistor) is 
formed by patterning aluminum on the top of 3C-SiC thin 
film. While the piezoresistive effect is used to detect 
change of resistance corresponding with the change of 
load, the coupling of photovoltaic effect and controlling 
external electric field is utilized to tune the performance 
of the piezoresistive effect, resulting in modulating the 
sensitivity of the sensor. The sensing element is 
illuminated by a non-uniform visible light and the tuning 
current optimally is controlled by a source meter. By 
using this method, the GF of the strain sensor can be 
achieved as high as 58,000 which is the highest GF 
reported to date.  

 

 
Figure 1: Operating principle of the opto-piezoresistive 
strain sensor. The sensor is a 3C-SiC/Si heterojunction 
cantilever in which two aluminum electrodes are formed 
on the top of 3C-SiC thin film through a patterning 
process. While the piezoresistive effect is used to detect 
change of resistance versus change of load, illuminating 
non-uniform visible light on the sensing element coupled 



with controlling accurately supplied current are utilised 
to modulate the sensitivity of the sensor. 

 
Figure 2: Device fabrication process. 3C-SiC thin film 
was grown on (100) p-type single crystalline Si Substrate. 
The 3C-SiC/Si wafer, then, was diced to create a 
cantilever structure. Finally, two aluminum electrodes 
were patterned on the top of the 3C-SiC thin film.  

 
METHODS 
Principle of operation 

As depicted in Figure 1, the strain sensor is a 
cantilever structured by two material layers to create a 
3C-SiC/Si heterojunction. One end of the cantilever is 
firmly clamped, while the other free end receives external 
force resulting in strain in the cantilever. In this prototype, 
the sensing element near the clamped end of cantilever is 
illuminated by a non-uniform visible light. A source meter 
is used to supply the optimal current and simultaneously 
collect voltage data. 

 
Table 1: Sample parameters 

Parameters Top layer Substrate 
Materials p+ - 3C-SiC p-Si 
Thickness 380 nm 0.63 mm 
Doped concentrations 5·1018 cm-3 5·1014 cm-3 

 

 
Figure 3: Experimental setup. One end of the cantilever 
was firmly clamped, and different loads were exerted on 
the free end to induce strain in the cantilever. The light 
beam position was precisely adjusted in three directions. 
A KEITHLEY 2450 Source Meter was used to control the 
supply current and measure voltage at the same time. 
 
Device fabrication  

Single crystalline heavily doped 3C-SiC with a 

thickness of 380 nm was grown on a p-type Si (100) 
substrate by a low pressure chemical deposition (LPCVD) 
method at a temperature of 1,000oC (Figure 2). Then, 
aluminum was deposited on the surface of the 3C-SiC thin 
film. Finally, the two aluminum electrodes were patterned 
through a lithography process, followed by an annealing 
process at 800oC to create Ohmic contact between 
aluminum and 3C-SiC thin film.  

 

 
Figure 4: The repeatability of the photo current. The light 
intensity and the light position are adjusted so that the 
generated voltage and photo current were approximately 
9 mV and 29.75 µA, respectively. 
 

 
Figure 5: Repeatability of relative change of output 
voltage at different loads. Two loads of 50 g and 150 g 
were applied and released periodically. The supply 
current was kept at optimal value of 29.75 µA, and the 
voltage between two electrodes was measured under light 
and dark conditions. Fractional change of resistance 
under the light condition is much higher than that under 
the dark condition.  

 
Device parameters and Experiment 

As depicted in Table 1, the carrier concentrations in 
3C-SiC thin film and Si substrate are respectively 5 x 1018 
cm-3 and 5 x 1014 cm-3 which were measured by the hot 
probe and Hall effect techniques. As shown in Figure 3, to 
investigate the performance of the strain sensor, one end 
of the cantilever was firmly clamped, and the other end 
was the position where the load was applied. The sensing 
element was illuminated by a non-uniform visible light, 
and the tuning current was precisely controlled using a 
source meter. The light beam was accurately positioned in 



three dimensions so that the generated voltage and the 
photo current were approximately 9 mV and 29.8 µA. 
Figure 4 shows the repeatability of the photocurrent after 
adjusting the light position and the light intensity when 
the light was periodically turned ON and OFF. While the 
photocurrent was about 29.75 µA under light condition, 
the figure was about 0 µA under dark condition. The 
optimal current used to tune the sensitivity of the sensor 
was around the magnitude of the photocurrent (I = 29.75 
µA). Two different loads of 50 g and 150 g were used to 
induce strain in the sensor.      

 
RESULTS AND DISCUSSION 

Figure 5 shows the repeatability of relative change of 
resistance when two different loads of 50 g and 150 g 
were applied and released periodically under light and 
dark conditions. It is seen that under the light condition 
the relative change of resistance is about 14 and 38 
corresponding with loads of 50 g and 100 g, while these 
values are approximately 0.005 and 0.0138, respectively, 
under the dark condition. By simultaneously controlling 
light illumination and electric field in the 3C-SiC layer, 
the relative change of the resistance under light 
illumination is at least three orders of magnitude higher 
than that in dark condition.  

 

 
Figure 6. The sensitivity of the strain sensor. By coupling 
photovoltaic effect and tuning current, the GF of the opto-
piezoresistive strain sensor was modulated to as high as 
58,000 which is the highest GF reported to date. 
Moreover, the linearity of the sensor is excellent. 

 
The GF, a parameter used to evaluate the sensitivity 

of a strain sensor, is defined as relative change of the 
resistance by the applied strain GF = (ΔR/R) · (1/ε). By 
coupling the photovoltaic effect with controlling the 
supply current, the GF of the opto-piezoresistive sensor 
can achieve as high as approximately 58,000 (Figure 6), 
which is the highest GF ever reported to date. This value 
is much higher than the GF of currently commercialized 
strain sensors. It also is seen in Figure 6 that the resistance 
changed linearly with increasing strain which is desirable 
for strain sensing applications. 

Figure 7 (a) shows the band diagram of the 3C-SiC/Si 
heterojunction, evidencing the generation of electron-hole 
pairs and charge transportation in 3C-SiC/Si under light 

illumination. Photons with different wavelengths injected 
to the sensing element areas are absorbed primarily in the 
depletion region of heterojunction and in Si substrate, 
resulting in the generation of electron hole pairs (EHPs) in 
these regions. Generated holes are then injected into the 
3C-SiC thin film thanks to the internal field in depletion 
region and tunneling mechanism while generated 
electrons move in the reverse direction.  Consequently, 
the holes and electrons are redistributed in 3C-SiC and Si 
layers. Under non-uniform light intensity, an electric field 
is formed between the two electrodes which is measured 
as photovoltage. By supplying an optimally controlled 
electric current, the voltage between the two electrodes 
can approach zero under a free-strain condition.  

Figure 7 (b) depicts the shift of valance bands of 
heavy holes (HH) and light holes (LH) under tensile stress 
to explain the repopulation and mobility change (and 
therefore, resistivity change) of the charge carriers in C3-
SiC and Si [19]. When load is applied to the sensor, 
energy bands of HH and LH in 3C-SiC are shifted. 
Consequently, concentrations of HH and LH change, 
resulting in the change of hole mobility which increases 
resistance. So, the significant enhancement of the strain 
sensing performance is attributed to the photoexcitation of 
charge carriers, as well as the strain-modulated mobility 
change of charge carriers in SiC. 

 

 
Figure 7. (a) Band energy and (b) E-k characteristic in 

3C-Si thin film. 
 

CONCLUSIONS 
We successfully demonstrated an ultra-sensitive opto-

piezoresistive strain sensor with a giant GF of 58,000. 
This is the highest GF reported to date and much higher 
than that of commercial strain sensors. The sensitivity of 



the sensor was enhanced by combining the effect of non-
uniform light illumination and the effect of externally 
controlled electric field. The EHPs are generated and 
redistributed under light illumination resulting in a lateral 
photovoltage. An electric field created by tuning current 
then compensates the photovoltage under free-strain 
condition. The strain results in the shift of the energy band 
of HHs and LHs, hence increases the resistance.    
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