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It is highly desirable to discover sensing mechanisms for developing self-powered and ultrasensitive pressure
sensing. Here, we report that the piezo-optoelectronic coupling in a n*-3C-SiC/p-Si heterojunction not only
enables energy harvesting but also features massive strain sensitivity. To demonstrate the proof of the concept, a
pressure sensing device is developed with active and reference electrodes arranged on SiC along strain-sensitive
[100] and strain-insensitive [110] orientations, respectively. Under the illumination of 637-nm laser at 2.0 mW,
experimental results show the great response of the photogenerated voltage to the change in both static and
dynamic pressures. Gauge factor is found to be —670.2 which is much larger than the highest gauge factor of n-
type 3C-SiC. The underlying physics behind is the strain modulation on the effective mass and energy level of
photogenerated charge carriers. This results in the change in carrier concentration detected by the electrodes
along the strain-sensitive and strain-insensitive orientations. These findings could contribute significantly to the
development of self-powered mechanical sensors using solid-state electronics.

1. Introduction structures have been investigated extensively for developing various
mechanical sensing devices, such as pressure sensors, accelerometers,
and strain gauges [14,15]. Thanks to its high sensitivity, good linearity,

simple fabrication, and electronic integration capability, piezoresistive

Energy-harvesting and self-powered electric and electronic devices
are considered as the most effective solutions for the global energy crisis

[1]. This concept has been applying to a wide range of sensing devices,
such as biosensors [2], wearable sensors [3], implantable sensors [4],
and so on. Depending on kinds of energy, respective sensing mechanisms
can be applied to convert into electrical power. For instance, mechanical
energy from turbine rotations or water tides can be collected by pie-
zoresistive, piezoelectric, electrostatics, or triboelectric effect [5-8].
Thermal energy can be harvested by techniques based on pyroelectric or
thermoelectric effect [9,10]. Furthermore, photovoltaic effect-based
solar cells are used worldwide for harvesting energy from light which
is the most abundant and sustainable energy source [11-13].
Strain-sensitive characteristics in semiconductive materials and
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effect is the most dominant mechanism for these applications [16,17].
Therefore, great attention has been paid to enhance the piezoresistive
effect after it was discovered by Smith in 1954 [18]. For example, gauge
factor was found to be oriented dependent, so the largest gauge factor
was obtained along [100] orientation for n-type and [111] orientation
for p-type silicon (Si) [19,20]. Material structure and doping concen-
tration are also critical to the strain sensitivity [21,22]. For instance,
higher gauge factor of about 20 ~ 30 at ambient temperature was ach-
ieved with single crystalline silicon carbide (SiC) compared to poly-
crystalline SiC [19,23]. The low density of defects in SiC thin films was
experimentally proved to enhance the strain sensitivity by more than
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20% [24]. Thanks to recent advances in nanofabrication techniques, the
piezoresistance effect in Si nanowires was reported to be about 38 times
larger than that in bulk Si [25,26]. This enhancement is substantial
however the stability and reliability of the piezoresistive effect and the
durability of the sensing devices at such nano scale need further con-
siderations [27].

Interested in self-powered and ultrasensitive sensing mechanisms,
this paper investigates for the first time the piezo-optoelectronic
coupling in heterojunctions for energy harvesting and pressure
sensing. Based on the strain modulation on the mobility and concen-
tration of photogenerated charge carriers, the generated voltage is used
to monitor the applied pressure. Regarding self-powered pressure sen-
sors, there are two other sensing principles: piezoelectric effect and
triboelectric effect. However, self-powered pressure sensors based on
these effects can only detect dynamic pressures [28,29]. Remarkably,
the self-powered piezo-optoelectronic pressure sensor developed in this
work can measure both static and dynamic pressures. A heterojunction
made of highly doped n-type cubic silicon carbide (3C-SiC) on low dop
p-type Si (n"-3C-SiC/p-Si) is used to fabricate sensing devices for
demonstration. Reasons for this material selection derive from the great
physical, electrical, and chemical properties of 3C-SiC [30,31]. With a
wide bandgap (~2.38 eV), 3C-SiC is also electrically stable at elevated
temperatures [32]. Combined by wide-bandgap 3C-SiC and
narrow-bandgap Si, the heterojunction exhibits great diode properties
and is able to harvest energy from a broad range of spectra [33]. The
anisotropic strain modulation in 3C-SiC is also advantageous to collect
the change in carrier mobility and consequently carrier concentration in
different orientations [34]. Finally, cost-effective 3C-SiC/Si wafers have
been grown with dimensions up to 300-mm diameter thanks to
advanced fabrication techniques [35,36]. Significantly, the photo-
generated voltage responses greatly to the change in the applied static
and dynamic pressures. Highly sensitive strain sensing with a gauge
factor of —670.2 demonstrates the outstanding of the
piezo-optoelectronic coupling for self-powered and ultrasensitive pres-
sure sensors.

2. Piezo-optoelectronic pressure sensing mechanism and
sensing device

Based on beam bending method, the piezo-optoelectronic coupling
in heterojunctions was recently reported [37,38]. This sensing effect is
the combination of piezoresistive effect in semiconductors and opto-
electronic effect in p-n junctions. Specifically, the coupling is the strain
modulation on effective mass and energy band of photogenerated
electrons and holes, which results in the change in mobility and con-
centration of these charge carriers. Considering a pressure sensing
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diaphragm, Fig. 1a illustrates the modulation of photogenerated elec-
trons and holes under the applied bottom-up pressure. An
n"-3C-SiC/p-Si heterojunction is used in this work to demonstrate the
proof of the concept. First, a depletion region between the epitaxial
n"-3C-SiC layer and p-Si substrate is formed by the migration of majority
charge carriers in opposite directions. The immobile positive and
negative ions left behind create the depletion region or space charge
region with a built-in electric field toward the p-doped side. Second, if
photon energy is larger than the bandgaps of SiC and Si, the illumination
will generate a large number of electrons and holes. These photo-
generated charge carriers then split to the opposite sides of the space
charge region under thermionic emission or drift mechanism. Accord-
ingly, n™-3C-SiC accumulates photogenerated electrons whereas p-Si
amasses photoexcited holes. Third, the applied pressure causes the
deformation of the illuminated SiC/Si diaphragm. Considering the area
within the light penetration depth around the illumination spot, both
SiC and Si experience tensile stress. Therefore, the split of valence band
and conduction band of photogenerated carriers causes the mass shift or
the change in average effective mass, consequently the alteration in
mobility and concentration of these charge carriers. For example, the
induced tensile strain increases the electron mobility so reducing the
electron concentration in 3C-SiC. In summary, the piezo-optoelectronic
coupling-based pressure sensing mechanism detects the applied pressure
by monitoring the change in the carrier mobility and consequently the
carrier concentration.

To demonstrate the piezo-optoelectronic coupling-based pressure
sensing mechanism, a sensing device was designed and fabricated using
the SiC/Si heterojunction, Fig. 1b. A circular diaphragm was formed by
etching Si from the back side. Two electrodes were fabricated on top of
SiC, an active electrode (E,) along the strain-sensitive orientation [100]
and a reference electrode (E,) on the strain-insensitive direction [110].
Under the applied bottom-up pressure, the stress state on SiC changes
continuously from tensile at the center to compressive at the edge. For
n"-3C-SiC, electron mobility increases under tensile stress but decreases
under compressive stress. To effectively collect the change in electron
concentration, the active electrode was placed in the diaphragm area
with no radial stress/strain. In contrast, the reference electrode was
designed outside of the diaphragm and along the strain-insensitive
orientation [110], which means the carrier concentration is constant
in this area. Details of the sensing design can be found in Figure S1. By
monitoring the change in the electron concentration between these
electrodes, the applied pressure can be determined by the self-powered
piezo-optoelectronic pressure sensing mechanism.

Compared to conventional sensors powered by batteries or external
energy sources, the piezo-optoelectronic pressure sensor shows its sig-
nificant advantages. First, the elimination of electrical batteries with
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Fig. 1. (a) Pressure sensing mechanism based on the piezo-optoelectronic coupling in heterojunctions. (b) Sensing design with a circular diaphragm made of the 3C-
SiC/Si heterojunction. An active electrode (E,,) is placed along the strain-sensitive orientation [100] for collecting the change in electron concentration while a

reference electrode (E.¢) is on the strain-insensitive orientation [110].



C.T. Nguyen et al.

limited lifetime enables to reduce manufacturing cost, maintenance
cost, and toxic waste. Second, a huge amount of cables can be saved
since the developed pressure sensor does not require cables for power
connection. With suitable packaging designs, the light-harvesting and
self-powered piezo-optoelectronic pressure sensor is great for various
applications in smart cities, harsh environments, and so on.

3. Device fabrication and experimental setup

Fabrication process of the SiC/Si pressure sensing chip consists of six
main steps, Figure S2. The starting wafer is a commercially available n™-
type 3C-SiC on p-type Si (100) substrate. The 3C-SiC thin film has a
thickness of 500 nm + 10% (Fig. 2a) and a doping concentration of
about 5x10'® cm ™3, The Si substrate is 380-pum-thick and doped with
boron at a low doping concentration of about 10** cm™3. This epitaxial
growth was carried out at 1000 °C with low-pressure chemical vapor
deposition using propene and silane precursors [39]. The selected area
electron diffraction (SAED) image shows the single crystalline 3C-SiC on
Si, Fig. 2b. The wafer was first cleaned to remove residual moisture,
dust, and fingerprint, step 1. The SiC surface was then sputtered with
500-nm-thick aluminum, step 2. After that, the top aluminum was
spin-coated with 1.5-um-thick AZ1512 photoresist, and then patterned
by exposure to ultraviolet light using maskless photolithography, step 3.
In step 4, aluminum electrodes were formed by wet etching and then all
remaining photoresist was removed. The back side was coated with
10-pm-thick AZ10xT photoresist, following by photolithography (step
5). In the final step, the back side was etched by reactive ion etching
(RIE) to create the diaphragm, then residual photoresist was removed.
Single sensing chips were separated from the whole wafer by using a
diamond pen. Fig. 2¢, d shows the top side and etching depth of the
fabricated sensing chip.

Fig. 2e illustrates the experimental setup for characterising the self-
powered 3C-SiC/Si pressure sensor under pressure. The sensing chip was
attached to a horizontal chip carrier which was assembled to a chamber
with pressure precisely manipulated by a pressure controller. After
bonding wires and soldering cables, four-point measurement was used
to connect the sensing chip to a readout unit (Keithley 2450). A fiber-

Si substrate
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2000 um
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coupled laser with a wavelength of 637 nm (LP637-SF70, Thorlabs)
was mounted on an XYZ translation stage to adjust the laser spot posi-
tion. Besides, the laser beam on the sensing chip was monitored by a
digital microscope (Dino-Lite). The effective beam diameter was tuned
to about 100 um by a beam profiler (BC100006N-VIS, Thorlabs). A
power sensor (S130C, Thorlabs) and a power meter (PM100D, Thorlabs)
were utilized to adjust the laser power. All the experiments were con-
ducted at ambient temperature in dark conditions.

4. Results and discussion

First, the optoelectronic effect in the 3C-SiC/Si heterojunction was
characterized, Fig. 3. Sweeping a bias voltage from —3 to 3 V between
the active and reference electrodes, the linear current-voltage curve
demonstrates the ohmic contact between SiC and Al, Fig. 3a. Signifi-
cantly, the trivial resistance of metal-semiconductor interface allows to
collect almost all photogenerated electrons under the fabricated elec-
trodes. Then, a laser with a wavelength of 637 nm was illuminated on
the SiC/Si heterojunction at the diaphragm center. When switching the
laser on and off periodically, the repeated change in the photogenerated
voltage represents the stable response of the 3C-SiC/Si heterojunction to
the light excitation, Fig. 3b. While the output voltage is about 0 mV
under dark condition, the illumination of 637-nm laser with a power of
2.0 mW results in the output voltage of 7.72 mV. Similarly, Fig. 3¢
shows the great reflection of the photogenerated current between the
fabricated electrodes to the repetitive alteration in illumination
condition.

The conversion of light illumination to electrical signal is elucidated
by the optoelectronic effect or lateral photovoltaic effect in semi-
conductive heterojunctions. The 637-nm-wavelength laser has a photon
energy of about 1.95 eV which is larger than Si bandgap (~1.12 eV).
Therefore, electron-hole pairs are released in Si with the photogenerated
electron concentration in Si at the excitation point computed as [33,40]:

nesi(0) = Ky (hv — Eg;)” (@)
where K; is the proportional coefficient, « is the exponential coefficient,

h is the Planck’s constant, v is the photon frequency, E, s; is the bandgap
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Fig. 2. (a) TEM image of the 3C-SiC/Si heterojunction. (b) SAED image of the 3C-SiC layer. (c) Top-side image of the pressure sensing chip. (d) SEM image shows the
etching depth on the back side of the pressure sensing chip. (e) Experimental setup for characterizing the sensing chip under applied pressure.
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Fig. 3. Characterization of the optoelectronic effect in the 3C-SiC/Si heterojunction. (a) Current-voltage characteristic under dark condition. (b) Photogenerated
voltage and (c) Photogenerated current under the excitation of 637-nm wavelength laser with 2.0-mW laser power.

of Si.

The generated electron-hole pairs then split to opposite sides of the
depletion region, so holes stay in the Si substrate while electrons pass to
the SiC layer. The concentration of migrated electrons at the illumina-
tion point in 3C-SiC is calculated as [33,40]:

nesic(0) = nesi(0) {1 — p{/res) } @

where P; is the possibility of electron recombination, P is the laser
power, and 7 is the time-related coefficient.

After moving vertically to SiC, the injected electrons diffuse laterally
to reduce the concentration. Here, the concentration of nonequilibrium
electrons at the distance r from the excitation point is determined by the
diffusion equation [41]:

nesic(r) _ Ne sic (1)

D
dr? Tsic

(€))

kg T
npq?
T is the temperature, n is the density of electrons at equilibrium condi-
tion, p is the SiC resistivity, q is the elementary charge, zg;c is the lifetime
of nonequilibrium electrons in SiC.

The electron concentration at the distance r from the laser position is
finally expressed in relation with the concentration at the illumination
point as [41]:

where D =

is the diffusion coefficient, kg is the Boltzmann constant,

Nesic(r) = Nesic (O)eXP( - 2) ()]

where d = \/Drg;c is the diffusion length of electrons in SiC.

As the active and reference electrodes are arranged differently with
respect to the diaphragm center, meaning their distinct shapes and
disparate distances to the illumination spot. As a result, the electron
concentration under the active electrode differs from that under the
reference electrode, resulting the split of SiC Fermi energy into two
quasi-Fermi energy levels at these positions as [42]:

nne_&C (act)

Epsic(act) = Ecsic + ksl -
ne sic
Ne sic (7€,

Epsic(ref) = Ecsic + kBlnM ©
nc sic

where n. sic (act) and n sic (ref ) are the electron concentrations under the
active and reference electrodes; Ecgic is the conduction band of SiC;

ne sic is the intrinsic doping concentration of SiC.
Then, the electric potential measuring between two electrodes under
no pressure is computed as:
__ Essic(ref) — Epsic(act) kg

Vpholu.O ~ In
-q q

Ne SiC (act)
ne,SiC(ref)

)

Second, the self-powered piezo-optoelectronic pressure sensing chip
was characterized, Fig. 4. The 637-nm laser with a power of 2.0 mW was
kept illuminating at the diaphragm center as the previous optoelectronic
characterization. The output photogenerated voltage was recorded
under different pressure types, including static pressure (Fig. 4a), dy-
namic pressure (Fig. 4b, ¢), and combined static-dynamic pressure
(Fig. 4d, e). Remarkably, the photovoltage responds greatly to the
pressure change from —120 mbar to 1200 mbar. Particularly, the output
signal increases stably when the applied pressure is less than the at-
mospheric pressure, from 7.72 mV at 0 mbar to 7.99 mV at —120 mbar,
Fig. 4a. Due to the limitation of the used vacuum pump, the pressure of
down to —120 mbar is examined. Conversely, the photogenerated
voltage reduces under all other positive pressures, Fig. 4b, ¢, d, e. The
generated voltage reflects excellently to the cyclic alteration in dynamic
since-wave and triangle-wave pressures, Fig. 4b, c¢. The output signal
always returns to its initial values when dynamic pressure is removed or
reintroduced, demonstrating the great stability and repeatability. It is
also noted that the voltage increase under negative pressure (Fig. 4a) is
comparable to the voltage decrease under positive pressure (Fig. 4b).
Based on Fig. 4a, b, a resolution is determined as 3 mbar which is 0.25%
of the full scale. Measurement results are also good when combined
static-dynamic pressure in forms of square wave and ramp function are
applied, Fig. 4d, e. However, the corresponding voltage change is
reduced when high pressure is introduced. Consequently, Fig. 4f rep-
resents the photovoltage change with respect to the applied pressure.
Important characteristics of the sensors are summarized in Table 1.
Here, the sensitivity is calculated as the ratio between the relative
change in output photovoltage and the applied pressure. Considering the
relation between applied pressure and output photovoltage, the
nonlinearity is computed as the deviation of measurement results from
the least-squares regression line. Besides, the returning error is
computed approximately as the error in output photovoltage at zero
pressure in comparison with the full-scale output (FSO). To evaluate the
strain sensitivity, gauge factor (GF) is computed as the fractional change
in the photovoltage divided by the applied pressure:

Vphom,p ~ Yphoto,0 1

= X — (8)

Vpholu ,0 &y

_ AVpholo % l

Vpholu ,0 Er

GF
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Fig. 4. Characterization of the piezo-optoelectronic pressure sensor under the illumination of 637-nm laser at 2.0-mW power. (a) Under constant pressure. (b) Under
since-wave pressure. (c¢) Under triangle-wave pressure. (d) Under square-wave pressure. () Under ramp pressure. (e) Relation between the photogenerated voltage

and applied pressure.

Table 1

Characteristics of the self-powered piezo-optoelectronic pres-

sure sensor.

Parameter Value
Diaphragm diameter 2000 um
Diaphragm thickness 30 pm
Pressure full-scale (FS) 1200 mbar
Supply laser power 2.0 mW
Offset voltage 7.72 mV
Full-scale output (FSO) 2.05 mV
Sensitivity 1.71 mV/bar
Resolution 0.25% FS
Maximum nonlinearity 4.5% FSO
Returning error 0.56% FSO

where AV is the change in the photovoltage, Vpu.0p is the photo-
voltage under applied pressure, and ¢, is the maximum strain on the

diaphragm.

The radial strain appearing in the diaphragm center is computed for

all cases of applied pressure, ranging from —120 mbar to 1200 mbar.
For example, the radial strain in the diaphragm center is 1.22 x 10~*
under the introduction of 300-mbar pressure from the back side,
Figure S3. The gauge factor is finally found to be —670.2 which is much
larger than the highest GF of 3C-SiC ( —31.8 for n-type 3C-SiC, 30.3 for
p-type 3C-SiC) [19,20].

Third, the piezo-optoelectronic pressure sensing chip was tested at

different laser powers from 0.1 mW to 2.0 mW, Fig. 5. Under no pres-
sure, the photogenerated voltage increases significantly from 0.81 mV at
0.1 mW to 6.45 mV at 1.0 mW, Fig. 5a. The photovoltage tends to be
saturated when increasing the laser power further. Fig. 5b presents the
photovoltage change when the applied pressure is ramped up from 0 to
300 mbar. The photogenerated voltage under no pressure is considered
as a reference for calculating the photovoltage change. The change can
be observed clearly when the laser power is larger than 1.0 mW. Besides,
unwanted noise is small at 2.0 mW as the laser condition at this power is
more stable. Finally, the relation between the photovoltage change and
applied pressure is shown in Fig. 5¢. The relation is nonlinear at high
pressure which is common with other pressure sensors. The obtained
GFs are —323.8, —512.1, and —-578.5 at 0.1, 1.0, and 1.5 mW,
respectively.

Fig. 6 explains the obtained experimental results using the physical
mechanism of the self-powered piezo-optoelectronic pressure sensor.
Applying pressure from the back side induces radial and tangential
tensile strains in SiC around the illumination spot, Fig. 6d and Figure S3.
The effect of the tangential stress on the generated photovoltage can be
ignored since the active electrode is arranged tangentially on the dia-
phragm. Moreover, it is noted that the photogenerated electrons at the
illumination spot or diaphragm center diffuse toward the active elec-
trode along the orientation [100]. Therefore, the induced radial stress
along this direction is critical to the electron concentration under the
active electrode. Fig. 6a illustrates the split of conduction bands and
consequently the repopulation of photogenerated electrons along the
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Fig. 5. Characterization of the piezo-optoelectronic pressure sensor under the illumination of 637-nm laser at different powers. (a) Photogenerated voltage under no
pressure. (b) Photovoltage change when pressure is ramped up from 0 to 300 mbar. (c) Relation between the photovoltage change and applied pressure.

interested orientation [100] and no-strain direction [001]. The upper
right inset represents six equivalent ellipsoid energy valleys in the
conduction bands of n-3C-SiC under no pressure. These energy ellipses
coincide with six corresponding <100> directions in k-space. The
effective mass of electrons in a single energy ellipse is anisotropic or
depends on orientations. The smaller energy curvature of these ellipses
means the larger effective mass [34]. In other words, electrons are
heavier along the rotational axis but lighter along the perpendicular
direction (my > m,). In this case, the introduced radial tension causes
the upward movement of the conduction band (+AE) along the orien-
tation [100] and the downward movement of the conduction band ( —
AE) along the orientation [001]. It should be noted that charge carriers
tend to repopulate from the higher energy valley [100] to the lower
energy valley [001]. In summary, the applied pressure causes the
modulation of conduction bands and the mass shift of charge carriers,
resulting in less electrons in the ellipsoid valley [100] whilst more
electrons in the ellipsoid valley [001] in SiC close to the diaphragm
center.

Fig. 6b presents the energy band diagram of 3C-SiC/Si hetero-
junction, the generation of electrons and holes under the light illumi-
nation, and the strain modulation on the conduction band and electron
mass along the interested orientation [100]. When the heterojunction is
excited by a suitable-wavelength laser, electron-hole pairs are gener-
ated, then separated to SiC and Si sides. As the electrodes are fabricated
on SiC, only generated electrons affect the output photovoltage. Thus,
the effect of applied strain on the effective mass and valence band of
photogenerated holes in Si is ignored. As analyzed in Fig. 6a, the applied
pressure creates less electrons in [100] energy valley and more electrons
in the perpendicular valley. Since electron effective mass is heavier
along the rotational axis, the induced tensile stress results in less heavy
electrons (my) but more light electrons (m, ) along the orientation [100].
Therefore, the average effective mass of photo-excited electrons is
reduced, or the average electron mobility is increased under pressure.

Fig. 6¢, d illustrates the concentration of photogenerated electrons in
SiC under two cases of without and with applied pressure. Generated
electrons in SiC diffuse evenly from the illumination spot under the no
pressure condition. Under the applied pressure from the back side, the
radial strain state changes continuously from tensile in the diaphragm
center to compressive in the edge. As the reference electrode is arranged
along the strain-insensitive orientation [110], the electron concentra-
tion under this electrode is almost constant. Along the strain-sensitive
direction [100], the tensile strain increases the electron mobility in
the area between the illumination spot and active electrode.

Consequently, the smaller electron concentration under the active
electrode means the smaller electron gradient between the active and
reference electrodes when pressure is applied. This hypothesis is
consistent with the decrease in the output voltage when increasing the
applied pressure in all experiments. Considering the out-of-plane di-
rection [001] from Si to SiC, the generation of electron-hole pairs under
illumination and the energy band diagram of SiC/Si heterojunction
under radial tensile strain are presented in Figure S4. Electron-hole pairs
are created in Si only since the photon energy of 637-nm laser is less than
the bandgap of 3C-SiC (1.95 eV < 2.38 eV). The induced tensile strain
causes the split of Si conduction band and the repopulation of light and
heavy generated electrons. Therefore, there are more heavy electrons
with lower potential energy or smaller barrier height (¢yz < ¢o).
Consequently, there are less electrons migrating from Si to SiC, which
also contributes to the reduction in the photogenerated voltage under
the applied pressure.

5. Conclusions

This paper investigates the piezo-optoelectronic coupling in hetero-
junctions for self-powered and ultrasensitive pressure sensing applica-
tions. A sensing device made of SiC/Si heterojunction is designed and
fabricated to demonstrate the proof of the concept. The sensing chip
features a circular SiC/Si diaphragm with active and reference elec-
trodes along strain-sensitive [100] and strain-insensitive [110] orien-
tations. The 637-nm laser with a power of 2.0 mW is kept illuminating at
the diaphragm center, the photovoltage between two electrodes is
recorded to monitor the applied pressure. Remarkably, the output
voltage responses greatly to the change in both static and dynamic
pressures. The larger pressure is applied, the lower output voltage is
observed with a high resolution of 0.25% of the full scale. Gauge factor is
found to be —670.2 which is much larger than the highest gauge factor
of n-type 3C-SiC. The excellent performance is derived from the piezo-
optoelectronic coupling in heterojunctions, which is detected by the
electrodes along the strain-sensitive and strain-insensitive orientations.
These results are remarkable toward the development of self-powered
and ultrasensitive mechanical sensors. The piezo-optoelectronic
coupling depends on various parameters, such as the doping concen-
tration and thickness of SiC and Si, and the arrangement of electrodes on
SiC. Studying the effect of these parameters for enhancing the strain
sensitivity will be our future works.
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Fig. 6. Physical mechanism of the self-powered piezo-optoelectronic pressure sensor. (a) Conduction band split and mass shift of photogenerated electrons under
radial tensile strain. (b) Energy band diagram of SiC/Si heterojunction along the orientation [100] under radial tensile strain. (c) Electron concentration under no

pressure. (d) Electron concentration under applied pressure.
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