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ABSTRACT: Giant piezoresistive effect enables the development
of ultrasensitive sensing devices to address the increasing demands
from hi-tech applications such as space exploration and self-driving
cars. The discovery of the giant piezoresistive effect by
optoelectronic coupling leads to a new strategy for enhancing the
sensitivity of mechanical sensors, particularly with light from light-
emitting diodes (LEDs). This paper reports on the piezoresistive
effect in a 3C-SiC/Si heterostructure with a bonded LED that can
reach a gauge factor (GF) as high as 18 000. This value represents
an approximately 1000 times improvement compared to the
configuration without a bonded LED. This GF is one of the highest
GFs reported to date for the piezoresistive effect in semi-
conductors. The generation of carrier concentration gradient in the top thin 3C-SiC film under illumination from the LED
coupling with the tuning current contributes to the modulation of the piezoresistive effect in a 3C-SiC/Si heterojunction. In
addition, the feasibility of using different types of LEDs as the tools for modulating the piezoresistive effect is investigated by
evaluating lateral photovoltage and photocurrent under LED’s illumination. The generated lateral photovoltage and photocurrent are
as high as 14 mV and 47.2 μA, respectively. Recent technologies for direct bonding of micro-LEDs on a Si-based device and the
discovery reported here may have a significant impact on mechanical sensors.
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■ INTRODUCTION

The piezoresistive effect is one of the dominant effects utilized
in micro/nanoelectronic sensors besides thermal resistive
effect,1−6 piezoelectric effect,7 and photovoltaic effect.8 The
piezoresistive effect is a main sensing effect in micro/
nanoelectromechanical systems (MEMS/NEMS). The piezor-
esistive effect, the change of resistivity under applied stress/
strain, has been extensively utilized in inertia,9−11 pressure,12

tactile,13 and bio-sensing sensors.14 Hi-tech applications such
as space exploration and self-driving cars increasingly demand
for ultrasensitive sensing devices. In recent years, research on
enhancement of the piezoresistive effect has been pursuing in
two key directions. The first direction focuses on investigating
the piezoresistive effect on new materials using methodologies
that have been successfully applied on typical materials such as
silicon (Si) and silicon carbide (SiC). The second direction
follows approaches for modulating the piezoresistive effect
such as structure miniaturization15 or coupling methods,16

which achieved successes on giant piezoresistive effect in
materials such as in Si nanowires.

A giant piezoresistive effect could enable a step change in
sensitivity of mechanical sensors. The giant piezoresistive effect
in semiconductors was first reported by He and Yang15 as they
observed a substantial piezoresistive effect in Si nanowires (the
longitudinal piezoresistive coefficient of −3550 × 1011 Pa−1)
compared with bulk Si (the longitudinal piezoresistive
coefficients of −94 × 1011 Pa−1). This discovery was followed
by a number of investigations on the piezoresistive effect in
nanowires and other nanostructures as well as materials. Three
consensus explanations for the origins of the observed giant
piezoresistive effect in Si nanowires are the occurrence of a
surface quantization effect in the first few silicon monolayers;17

stress-induced changes in the surface states, which become
more dominant in nanowire structures corresponding to the

Received: March 31, 2021
Accepted: June 29, 2021
Published: July 8, 2021

Research Articlewww.acsami.org

© 2021 American Chemical Society
35046

https://doi.org/10.1021/acsami.1c05985
ACS Appl. Mater. Interfaces 2021, 13, 35046−35053

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanh+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toan+Dinh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Van+Thanh+Dau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abu+Riduan+Md+Foisal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Guzman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hung+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuan+Anh+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuan+Anh+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuan-Khoa+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hoang-Phuong+Phan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nam-Trung+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dzung+Viet+Dao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c05985&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05985?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05985?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05985?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05985?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05985?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
https://pubs.acs.org/toc/aamick/13/29?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c05985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


increase in surface area/volume ratio;18 and charge trapping
and detrapping leading to the mistaken claims of an apparent
giant piezoresistive effect.19 Although there have been claims
on the giant piezoresistive effect of Si nanowires, the instability
and controversial debates have hindered translating these ideas
into practical applications.19,20 Another approach to boost
piezoresistance to a giant effect is coupling piezoresistance with
other physical effects. Neuzil et al.,21 for instance, used a field-
induced external electrical bias to modulate the piezoresistive
effect in silicon nanowires reaching a maximum gauge factor
(GF) of 5000.
More recently, the discovery of the giant piezoresistive effect

through optoelectronic coupling in a semiconductor hetero-
structure,22,23 which enhanced the piezoresistive effect in 3C-
SiC/Si heterojunction by 3 orders of magnitudes, has opened
up a new era for the development of ultrasensitive
piezoresistive sensors. In those works, an external visible
light source illuminates nonuniformly the sensing element and
generates a lateral photovoltage in the top material layer of a
SiC/Si heterostructure. Coupling with a tuning current, this
phenomenon enhances the piezoresistive effect. One of the key
contributing parameters of the tunable giant piezoresistive
effect was a gradient of carrier concentration within the sensing
element under illumination. This concentration gradient was
substantial to create a large lateral photovoltage and/or
photocurrent. The bottleneck of using an external light source
can be solved with an integrated light source. As technologies
for transferring nano- and micro-LED (light emission diode) to
silicon-based chips have been recently successfully devel-
oped,24 ultrasmall LEDs can be used as the suitable light
source for optoelectronics coupling.
In the present work, we report a method to enhance a giant

piezoresistive effect by bonded ultrasmall (pico-, nano-, and
micro-) red LEDs as shown in Figure 1. As proof of principle,
we demonstrated the feasibility of using commercial ultrasmall
red LEDs, which can be easily expanded to mass production
using the recently introduced technologies for bonded micro-
LED on Si-based sensors at the wafer level. First, we
investigated the lateral photovoltage of the 3C-SiC/Si
heterostructure sensors under the illumination of the bonded

LEDs to demonstrate the feasibility of the concept.
Illumination from the LEDs generates a lateral photovoltage
as high as 14 mV corresponding to a short-circuit photocurrent
of ≈47.2 μA. The generations of the lateral photovoltage were
also noted to be high with different LED types. The giant
piezoresistive effect was demonstrated and observed under the
illumination of a pico-red LED with the gauge factor (GF) as
high as 18 000, an approximately 1000 times enhancement
compared with configuration without LED.

■ FABRICATION
We characterized the giant piezoresistive effect in 3C-SiC/Si
heterostructure with a bonded red LED using a bending
method. Therefore, the fabrication process consists of two
main stages: fabricating 3C-SiC/Si cantilever and integrating
ultrasmall LED on the as-fabricated cantilever. The geometry
of the cantilever is shown in Figure S1. The length, width, and
thickness of the cantilever are 32, 5, and 0.63 mm, respectively.
The distance from the sensing element to the free end of the
cantilever is 25 mm. The geometry of electrodes is 2.5 mm ×
0.8 mm in length × width, and the distance between the two
electrodes is 0.5 mm. The light emitted from the ultrasmall
LED was red, which corresponded to the light wavelength of
approximately 637 nm.

Cantilever Fabrication Process. Figure 2 illustrates the
fabrication process of the cantilevers. The first step is epitaxial
growth of the 3C-SiC film on a prepared single-crystal 6-inch
Si wafer using low-pressure CVD technique. In this step, silane
and propylene were used as precursors for silicon and carbon
atom supplement while trimethyl-aluminum was simultane-
ously utilized to supply aluminum acceptor atoms. All growing
process was conducted at a temperature of approximately 1000
°C. As the mismatch between Si and 3C-SiC crystals creates
residual stress in 3C-SiC and Si junction, 3C-SiC was
simultaneously grown on both sides of the Si wafer. The 3C-
SiC film thickness was approximately 300 nm with the
roughness across the wafer lower than 3 nm, measured by a
Nanometrics NanoSpec instrument. The doping concentration
in the 3C-SiC film was 5 × 1018 cm−3, determined by the hot
probe technique. The electrodes for the bonded LED need to
be insulated from the 3C-SiC active film to prevent electric
current leaking from the LED supply voltage source into the
sensing component. Thus, a 200 nm thick SiO2 layer was
deposited on top 3C-SiC film using the low-temperature
oxidation technique (LTO). This SiO2 layer was patterned via
a photolithography process combined with wet etching using a
BHF etchant (a mixture of ammonium fluoride (NH4F) and
hydrofluoric acid (HF)) at room temperature for around 2
min. The final step is depositing and patterning aluminum (Al)
to form Al electrodes on top of 3C-SiC and SiO2 layers,
followed by dicing to form the cantilever.

Bonding of Ultrasmall LED on the As-Fabricated
Cantilever. Adhesive bonding is generally cost-effective and
more convenient than other bonding methods.25 We used
adhesive bonding to integrate commercial red LEDs on the as-
fabricated cantilevers. We conducted bonding with three types
of commercial LEDs (micro-, nano-, and pico-LEDs) supplied
by Lighthouse LEDs with LED’s parameters shown in Table
S1. A transparent adhesive was used for bonding LEDs to
eliminate the light blockage.
The generation of lateral photovoltage and photocurrent

results from the nonuniform illumination. Hence, the LED was
bonded asymmetrically relative to the two electrodes of the

Figure 1. Working principle for enhancing the piezoresistive effect
using a bonded LED coupling with tuning current.
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sensing element, to create the nonuniform illumination, as
shown in Figure 1. In other words, the LEDs have deviated
toward the first electrode from the clamping end. Figure S2
shows the LED bonding procedure. First, the adhesive was
transferred from an adhesive sink into the cantilever’s bonding
position using a needle positioned by a three-direction stage.
The amount of the transferred adhesive was accurately
controlled by adjusting the submerged depth of the needle
with a defined tip into the adhesive sink. Next, the LED held
by a robotic hand was placed on the transferred adhesive on

the cantilever and was firmly hold for around 8 h during the
curing process. The position of the LED was observed under a
microscope with a camera connected to a computer. Figure S3
depicts an example of successful bonding a pico-LED on 3C-
SiC/Si device.

■ EXPERIMENTAL SETUP
Figure S4a shows the experimental setup to evaluate the lateral
photovoltaic effect of the cantilever with the bonded LED and the
enhancement of the piezoresistive effect by optoelectronic coupling.
The whole device was placed in a dark box to eliminate the impact of

Figure 2. Fabrication process of 3C-SiC/Si cantilever with bonded LEDs. The 3C-SiC epitaxially grown on both sides of a (100) Si substrate in the
first step, which used silane and propylene as precursor materials. A layer of SiO2 was deposited and patterned on the top of the active 3C-SiC layer
in the next steps using the low-temperature oxidation technique (LTO) following conventional photolithography. Aluminum electrodes were then
formed through subsequent sputter deposition and photolithography. Finally, the cantilever was diced and the LED was bonded on the as-
fabricated cantilever using adhesive bonding technique.

Figure 3. Lateral photovoltaic effect of the 3C-SiC/Si heterojunction structure under illumination from the bonded LEDs. (a) I−V characterization
under different conditions (dark condition and light illumination from the bonded LED with different voltages powering the bonded pico-red
LED). The repeatability of (b) lateral photovoltage and (c) photocurrent under different voltages powering the bonded pico-LED. (d) Generation
of lateral photovoltage versus LED supply voltage with different types of red LEDs.
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surrounding noise. The LED was powered by a triple-output power
supply (Agilent E3631A). The lateral photovoltage and photocurrent
were monitored by a semiconductor analyzer (Keysight B1500A).
The generations of lateral photovoltage and photocurrent were
investigated under three types of ultrasmall red LEDs (pico-, nano-,
and micro-LEDs).
For piezoresistive effect characterization, the cantilever with a

bonded pico-red LED was firmly clamped at one end close to the
sensing element, as shown in Figure S4b. The strains were induced in
the sensing element by bending the cantilever using different loads
applied on the cantilever’s other free end. We controlled the tuning
electric current and simultaneously measured the voltage between the
two electrodes using a Keysight B1500A semiconductor analyzer. All
piezoresistive effect characterization experiments were conducted
under dark condition as shown in Figure S4b. In addition, the
relationship between light intensity and the LED supply voltage was
investigated using a Thorlabs PM400 optical power meter for
measuring light intensity at different LED voltages.

■ RESULTS AND DISCUSSION

The lateral photovoltaic effect must be substantial under
illumination to magnify the piezoresistive effect in hetero-
junction by optoelectronic coupling.22 The lateral photovoltaic
effect is characterized by the magnitude of lateral photovoltage
and photocurrent generated under illumination. Therefore, we
first investigated the lateral photovoltaic effect of the 3C-SiC/
Si heterostructure sensing devices under the bonded LEDs’
illumination. The lateral photovoltaic effect of the 3C-SiC/Si
heterojunction sensing device was investigated under illumi-
nation from three types of commercial packaged LEDs
(micro-, nano-, and pico-LEDs). The commercial pico-LEDs
are as small as 0.5 mm × 1 mm × 0.5 mm in width × length ×
height, respectively (Table S1), which can further reduce the
size using a light-emitting component only, enabling the
implementation of ultrasmall sensing devices. The red LEDs
(micro-, nano-, and pico-LEDs) were accurately bonded at the
same position on the device to eliminate influences of its
position on the lateral photovoltaic effect.
Figure 3 presents the performance of the lateral photovoltaic

effect in the 3C-SiC/Si device under the illumination of
ultrasmall LEDs. The linear current−voltage (I−V) character-
istics under the dark condition and different pico-LED voltages
from 2 to 7 V (Figure 3a) indicate an Ohmic contact formed
between the 3C-SiC layer and aluminum electrodes. In
addition, while the I−V curve goes through the origin of the
coordinate system under dark condition, I−V curves move
further from the origin point corresponding with the increase
in the LED’s supply voltage as obviously seen in the inset of
Figure 3a. The curves are relatively parallel with each other and
cut the y-axis at around 0.5, 1.2, 2.58, 3.1, 4.45, 5.02, 6.25, 6.91,
7.9, and 9.48 mV corresponding to I−V curves under the LED
supply voltages of 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, and 7 V. The
generations of lateral photovoltage and photocurrent under
illumination from the pico-LED are shown in Figure 3b,c,
respectively. Figure 3b confirms the repeatability of the lateral
photovoltage generated between the two electrodes when the
pico-LED with different supply voltages was periodically
switched OFF and ON. The lateral photovoltage sponta-
neously responds to switching the LED with responding time
less than 1 ms. The lateral photovoltage was approximately
zero when the LED was turned OFF, and it increased to
around 0.5, 2.58, 4.45, 6.25, and 7.9 mV with the LED supply
voltages of 2, 3, 4, 5, and 6 V, respectively. Interestingly, the
generation of the lateral photovoltage is considerably high

(2.58 mV) for the optoelectronic coupling purpose22 as the
LED supply voltage is higher than 3 V.
Similarly, when the external circuit was shorted, photo-

current was found within the 3C-SiC layer crossing the sensing
element. The generated photocurrent was approximately 1.1,
6.77, 12.92, 19.06, and 25.69 μA corresponding to the LED
supply voltages of 2, 3, 4, 5, and 6 V. Optimal value of tuning
current depends on the illumination condition, which was
observed close to the magnitude of the photocurrent.
Therefore, the photocurrent in sub-10 microamps range
enables us to control the tuning current reaching optimal
value to maximize the modification of the piezoresistive effect
under LED illumination. The generation of the photovoltage
and the photocurrent on the top material layer of 3C-SiC/Si
heterostructure can be explained basing on the lateral
photovoltaic effect. While details of the lateral photovoltaic
effect can be found somewhere else,9,26−28 the generation of
lateral photovoltage and photocurrent under illumination from
LEDs can be explained under the mechanism shown in Figure
1. When the bonded LED was ON to illuminate the device,
numerous photons went through the transparent 3C-SiC thin
layer and were adsorbed within the junction region or Si layer.
Electrons adsorbing enough photon energy, which was larger
than the band gap energy of Si (around 1.1 eV), jumped to
conduction bands and left holes in valence bands, known as the
mechanism of generation of electron−hole pairs (EHPs).
While most electrons and holes photogenerated in the junction
region were drifted to the Si and SiC layers, respectively, due
to built-in voltage across the junction region, a large number of
holes photogenerated in the Si substrate tunneled to the 3C-
SiC thin film. Therefore, a number of holes were injected into
the 3C-SiC layer around the illumination spot, which then
defused within the 3C-SiC film away from the illumination
spot. As distances from the bonded LED to the two electrodes
are different, a gradient of hole concentration was formed
across the two electrodes (Figure 1), represented by a potential
gradient and measured by a voltage, called lateral photovoltage.
When the external circuit was shorted, an electric current flew
through the circuit, which is called photocurrent.
We observed the generations of lateral photovoltage with

three types of commercial LEDs of different sizes (insets of
Figure 3d) versus a wide range of LED supply voltage. With all
three LED types, the lateral photovoltage rapidly increases with
increasing LED voltage from around 1.7 V to approximately 5
V, and the increase rate decreased as the LED voltage was
higher. The lateral photovoltage was relatively saturated as the
LED voltage was higher than 14 V. The lateral photovoltage
generated under pico-LED is the highest compared with that
under micro-LED and nano-LED, while the lateral photo-
voltage under micro-LED is slightly higher than that under
nano-LED. The increase of lateral photovoltage versus LED
voltage and the differences in photovoltages developed under
the three LED types agree well with changes of light intensity
with the LED voltage. As shown in Figure S5, the light
intensity from pico-LED is significantly higher than those of
micro- and nano-LEDs in the whole measurement range, while
the light intensity from nano-LED is slightly lower than that
from micro-LED. The saturation in lateral photovoltage might
result from the dominant Auger process at higher light
intensities, which reduces the photocarrier lifetime.26,29

Interestingly, as shown in Figure 3d, the generated lateral
photovoltages are substantially large for the purpose of
applying optoelectronic coupling with all types of LEDs.
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We subsequently investigated the enhancement of the
piezoresistive effect with the bonded LED coupling with
tuning current using a bending method, as shown in Figure S4.
The pico-LED was supplied a voltage of 6.1 V to generate light
with the intensity of approximately 165 μW, while three
different loads of 50, 100, and 150 g were applied to the free
end of the cantilever to induce strains of approximately 225,
450, and 675 ppm, respectively (the strain calculation is shown
in Supporting Information Section 7). In this experiment, a
tuning current of 25.72 μA, which was close to the
photocurrent value, was supplied to the device. Figure 4a
shows the relationship of the fractional changes in the
resistance, ΔR/R0 = (R − R0)/R0 = (V − V0)/V0 = ΔV/V0,
with the applied strain when the pico-LED was ON and the
loads were periodically applied and released from the free end
of the cantilever. Under the load of 150 g, the average of
fractional change in resistance was approximately 12.5, while
these respective changes were approximately 7.5 and 3.5 with

loads of 100 and 50 g, respectively. Compared to the
configuration without LED, as shown in Figure 4b, the
fractional changes in resistance were approximately 0.0047,
0.0093, and 0.014 for loads of 50, 100, and 150 g, respectively.
We also noted the linear response between the fractional
change in resistance and the applied strain, as shown in Figure
4a,b.
Gauge factor (GF) is a crucial parameter for evaluating the

piezoresistive effect, which is calculated as the ratio between
the fractional resistance change (ΔR/R0) and the applied strain
(ε)

R
R

R R
R

GF
1 1

0

0

0ε ε
= Δ × =

−
×

(1)

With the configuration without a LED, the GF was around
20.5 (Figure 4b), which is similar to the results previously
reported on the piezoresistive effect of p-type 3C-SiC.20

Figure 4. Giant piezoresistive effect enormously modulated by bonded pico-LED. (a) Relationship between the factional change in resistance with
the applied strain of the configuration with LED. (b) Relationship between the factional change in resistance with the applied strain of the
configuration without LED.

Figure 5. Modulation of the piezoresistive effect by the bonded LED coupling with tuning current. (a) Generation of a gradient of hole
concentration in p+-3C-SiC layer (top) and the energy band diagram of p+-3C-SiC between the two electrodes under the LED illumination
(bottom). (b) Redistribution of holes in p+-3C-SiC thanks to the electrical field formed by supplying a tuning current (top), and the energy band
diagram of p+-3C-SiC between the two electrodes under the LED illumination and tuning current (bottom). (c) Change in the number of heavy
hole and light hole under mechanical strain (top), and the energy band diagram of p+-3C-SiC between the two electrodes under the LED
illumination, tuning current, and mechanical strain (bottom).
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Interestingly, the GF increased to approximately 18 000 as the
LED was ON, as shown in Figure 4a, which is approximately
1000 times of enhancement (from 20.5 to 18 000). In addition,
the piezoresistive effect with GF of 18 000 is one of the highest
GFs having ever been reported for semiconductors. Table S3
compares the piezoresistive effect in semiconductor of this
work and the literature. The highest reported GFs for bulk Si,30

3C-SiC,31 4H-SiC,32 and 6H-SiC33 are 143, 31.8, 31.5, and
29.3, respectively. The GF of Si was significantly increased in Si
nanowire (6567)15 and Si nanowire with electrical bias
(5000).21 In contrast, using bonded LEDs coupling tuning
current, the GF in 3C-SiC/Si heterojunction is significantly
higher. In addition, our sensor exhibited a wide detectable
range with the smallest detectable strain as small as 4.4 ppm.
As such, the bottleneck of using an external light source in the
enhancement of the piezoresistive effect was addressed using
an integrated light source. Because the feasibility of using
bonded LEDs was successfully demonstrated in this research,
and as-developed techniques and equipment (e.g., equipment
developed by EV group) for bonding μ-LED chips (size range,
1−10 μm) on Si-based devices on the scale of wafer to wafer
have been introduced, ultrasmall and ultrasensitive light-
integrated mechanical sensors can be developed. These
ultrasmall and ultrasensitive sensors can be used for
applications which require ultrasensitivity with mechanical
stimuli such as in self-driving vehicles, aerospace, and atom-
force measurement equipment.
The significant enhancement of the piezoresistive effect due

to the bonded LED was contributed by three key factors as
shown in Figure 5. First, the illumination from the bonded
LED, which was asymmetrical to the two electrodes (1 and 2)
created a gradient of hole concentration on the 3C-SiC thin
film. This nonuniform illumination resulted in a difference in
the Fermi energy level across the sensing element, as shown in
Figure 5a. The Fermi energy level difference between the two
electrodes was proportional to the measured lateral photo-
voltage, depicted by eq 2

eV E Eph F,3C SiC@1 F,3C SiC@2= −− − (2)

where e is the electron charge; EF,3C‑SiC@1 and EF,3C‑SiC@2 are
the Fermi energy levels at electrodes 1 and 2, respectively; and
Vph is the lateral photovoltage.
Second, the electric field, which was created by the tuning

current, redistributed the majority carriers on the 3C-SiC thin
film and rebalanced the Fermi energy level across the sensing
element. The electric field (Etuning) depends on the tuning
current (Ituning) and the conductivity of the material (σ) by eq
3

E I x
1

dtuning
1

2

tuning∫ σ
= ·

(3)

where x is the distance from the electrode 1. When the tuning
current was optimized, majority carriers were uniformly
redistributed and the Fermi energy level was relatively
balanced across the sensing element, as shown in Figure 5b,
(EF,3C‑SiC@1 ≈ EF,3C‑SiC@2). Therefore, the measured voltage
across the sensing element under free-strain condition (V0)
was ultrasmall.
Third, the mechanical strains deviated subvalance bands. For

example, under tensile strain, the energy sub-bands of heavy
hole shifted up to lower hole energy levels and the energy sub-
bands of light hole moved down to higher energy levels, as
shown in Figure 5c. Since the charge carriers tend to occupy a

lower energy band, the deviation of subvalance bands resulted
in the redistribution of holes in valance bands and changes the
number of heavy and light holes. Therefore, under tensile
strain, the number of heavy hole increases while the number of
light hole decreases, as shown in Figure 5c, which changed the
average hole mobility. As a result, the resistivity changed
corresponding to the applied mechanical strains. Because the
Fermi energy level was almost balanced under free-strain state,
the relative resistivity change due to the applied mechanical
strains became extremely large, which is indicated by the large
relative change of voltage, (V − V0)/V0.

■ CONCLUSIONS
We successfully demonstrated the feasibility of enhancing the
piezoresistive effect in 3C-SiC/Si heterojunction with bonded
LEDs. The generated lateral photovoltage and photocurrent
were as high as 14 mV and 47.2 μA, respectively. An extremely
high GF of 18 000 in 3C-SiC/Si heterostructure with a
powered bonded LED was observed, as the bonded LED was
powered with a voltage of 6.1 V coupling with a tuning current
of 25.72 μA. The achieved GF is 1000 times higher than that
without an LED. This value is one of the highest GFs in
semiconductors reported to date. This successful demonstra-
tion can realize the actual applications of the giant
piezoresistive effect in heterojunction by optoelectronic
coupling as technologies for bonding micro-LEDs on Si-
based devices have been recently introduced for mass
production.
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