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ABSTRACT: The development of fifth-generation (SG) communications and the Internet of Things (IoT) has created a need for
high-performance sensing networks and sensors. Improving the sensitivity and reducing the energy consumption of these sensors can
improve the performance of the sensing network and conserve energy. This paper reports a large enhancement of the photovoltaic
effect in a 3C-SiC/Si heterostructure and the tunability of the photovoltage under the impact of a temperature gradient, which has
the potential to increase the sensitivity and reduce the energy consumption of microsensors. To start with, cubic silicon carbide (3C-
SiC) was grown on a silicon wafer, and a micro-3C-SiC/Si heterostructure device was then fabricated using standard
photolithography. The result revealed that the sensor could either capture light energy, transform it into electrical energy for self-
power purposes, or detect light with intensities of 1.6 and 4 mW/cm? Under the impact of the temperature gradient induced by
conduction heat transfer from a heater, the measured photovoltage was improved. This thermo-phototronic coupling enhanced the
photovoltage up to 51% at a temperature gradient of 8.73 K and light intensity of 4 mW/cm?. Additionally, the enhancement can be
tuned by controlling the direction of the temperature gradient and the temperature difference. These findings indicate the promise of
the temperature gradient in SiC/Si heterostructures for developing high-performance temperature sensors and self-powered
photodetectors.

KEYWORDS: thermo-phototronic, photodetector, temperature sensor, microsensors, temperature gradient, silicon carbide heterostructure

H INTRODUCTION together. For instance, both light and thermal energy can be
As the world moves toward the implementation of SG wireless emitted simultaneously from sources such as the sun, light
networks and the integration of IoT,"” technical devices bulbs, computer monitors, and even fires. Therefore,
available for these technologies have seen a significant developing sensors that can capture both light and thermal

expansion.” This shift has led to a marked increase in both
the quantity of.sensmg devices a.n.d their energy source?,s.4 ideal solution to take advantage of these abundant energy
Currently, batteries are the most utilized method for powering 14,15

these devices; however, this approach comes with several SOUrces.

disadvantages such as potential environmental pollution,

limited life span, and costly maintenance,” " and as an Received: May 10, 2023 s
alternative, self-powered sensors that are able to capture energy Accepted:  July 24, 2023 et
from the environment and do not rely on batteries may be a Published: August 2, 2023
more appropriate solution to address these challenges.”” "'

Light and thermal energy are the most readily available forms

of energy in the environment'”'’ and often can be found

energy simultaneously and use them to power themselves is an
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There are some previous reports on self-powered sensors
that can utilize light energy and thermal energy.lé_18 However,
new sensing technology development is still needed to attain
sensors that are more efficient, more readily available, and
more compact in size.”>' Thus, a compact self-powered
sensor that can capture light energy and function well in hot
environments would be the perfect answer to the mentioned
For self-powered sensing applications, SiC/Si
heterostructure-based photodetectors have recently gained a
lot of attention.””** There are some reports showing that using
the temperature gradient can substantially improve the
photovoltage of semiconductors,”**~*’ known as the thermo-
phototronic effect. However, there have been very limited
reports on the effect of the temperature gradient on the
photovoltaic effect of the SiC/Si heterostructure. Recent
studies have shown the huge potential of the SiC/Si
heterostructure for numerous sensing applications and devices
such as photodetector,23 strain sensor," temperature sensor,>”
position detector,”" and gas sensor.””> Due to the robustness of
the SiC coating layer, the SiC/Si heterostructure-based sensors
can work effectively in severe conditions.”””* Therefore, a
comprehensive understanding of the sensing mechanism that
governs the thermo-phototronic effect in the SiC/Si
heterostructure will push forward its big potential as a
microsensor for high-performance sensing systems as well as
niche applications such as high operating temperatures.

In this study, we apply a new method of using a temperature
gradient to enhance the performance of photodetectors up to
51% using a n-SiC/p-Si heterostructure. Our study for the first
time presents an effective strategy to enhance the photovoltage
using the thermo-phototronic effect in the lateral direction of a
heterojunction device. We discover specific conditions for the
heterostructure that can couple the lateral temperature
gradient with the photoexcitation of charge carriers at the
heterojunction device to enhance the sensitivity. We also study
the sensing mechanism in the SiC/Si heterostructure to
understand the unusual response of the device under a lateral
temperature gradient. We first describe the fabrication of a
microsensor from a monolithic design structure of n-type 3C-
SiC grown on p-type Si that can sense light and use it as a
power supply. The sensor has zero power consumption due to
the generation of the photovoltage under the light intensities of
1.6 and 4 mW/cm’. To evaluate the sensor’s ability to convert
energy, we study photovoltage generation under the
illumination of controlled light from a red-light laser beam.
The energy level of the red light (frequency of 635 nm) is
approximately 1.95 eV, which exceeds the band gap of Si (1.12
eV) but falls short of the band gap of 3C-SiC (2.3 eV).*>*°
Therefore, red light can effectively penetrate the thin SiC layer
and generate electron—hole pairs (EHPs) in the Si layer upon
absorption. Besides, the microsensor also has the capability to
capture heat and use the temperature gradient to increase its
sensitivity. Additionally, we comprehensively evaluate the
thermo-phototronic effect in the 3C-SiC/Si heterostructure
using a red laser and a heater which generates a temperature
gradient by thermal conduction. Under the conditions of just
illumination and without any ambient temperature, the sensors
can capture light and convert it to electrical energy with
photovoltages of 1.01 and 1.44 mV under 1.6 and 4 mW/ cm?
laser beams, respectively. Under both illumination and heat
conditions, the voltage reached a maximum of 2.18 mV under
a temperature gradient of 8.73 K. The subsequent enhance-
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ssues.

ment ratio of photovoltage was 51% as a result of the coupling
between the temperature gradient and lateral illumination.

B RESULTS AND DISCUSSION

A 100 nm thick n-type 3C-SiC layer was developed on a p-type
Si wafer using a low-pressure chemical vapor deposition
process, as described in the Experimental Section. Figure la
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Figure 1. (a) AFM image of a S ym X S ym region of the 3C-SiC
film. (b) Fabrication process. (c¢) SEM image of the device. (d) I-V
characteristics of the device at dark condition and 1.6 mW/cm?
illumination.

shows the AFM image of the as-grown SiC layer. The AFM
picture of a S pim X $ um region indicates a surface roughness
of 1.48 nm for the SiC layer, which suggests that the SiC layer
has been grown evenly. Figure 1b shows the process flow for
the fabrication of a SiC/Si heterostructure device utilizing the
standard photolithography and etching processes. Figure lc
shows the SEM image of the fabricated sensors. The sensor
was designed with an I-shaped layer of SiC and two rectangular
Al electrodes. The dimensions of the SiC bridge are 1500 um
in length and 100 pum in width. To measure the lateral
photovoltaic effect, we have connected the electrodes solely on
the n-3C-SiC layer; each electrode has dimensions of 450 ym
in length and 200 pm in width. The gap between the
electrodes is sufficient to create a temperature gradient of up to
8.73 K. For practical applications, it is important to carefully
consider the dimensions of the devices for optimizing the
thermal distribution and maximizing the efficiency of photo-
voltaic generation. The compact design allows the microsensor
to be easily integrated into various applications, and the small
form factor enables it to be easily transported, making it
convenient to use in different environments. Figure 1d shows
the typical current—voltage (I-V) properties of the 3C-SiC/Si
structure under dark conditions and at a light intensity of 1.6
mW/cm?, which confirmed the Ohmic contact. The linear
pattern of the I—V characteristics shows that there is an Ohmic
contact between aluminum electrodes and the SiC/Si
heterostructure-based device at the tested conditions.

Figure 2a shows the measured photovoltage response of the
SiC/Si heterostructure under illumination from a red laser
beam with intensities of 1.6 and 4 mW/cm”. The experiment
was conducted by illuminating the electrodes with a laser beam
of different intensities and applying different temperature
gradients. Without light and temperature gradient, the voltage

https://doi.org/10.1021/acsami.3c06699
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Figure 2. Sensitivity enhancement of a photodetector by a lateral thermal gradient: illuminating the electrode L and heating the electrode R. (a)
Real-time-generated voltage under illumination and temperature gradient. (b) Dependence of an open-circuit voltage by AT. (c) Improvement of
voltage by AT. (d) Real-time-generated current. The red lines represent 4 mW/cm?, and the blue lines represent 1.6 mW/cm?.
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Figure 3. Mechanism of sensitivity enhancement of the photodetector by a lateral thermal gradient. (a) Illuminating the electrode L: creation of
EHPs when a material is excited by photons, the formation of an uneven distribution of electrons in a 3C-SiC layer, and the band structure of 3C-
SiC under nonuniform light. (b) Illuminating the electrode L and heating the electrode R: creation of EHPs through both photonic and thermal
stimulation, the distribution of electrons in 3C-SiC, and the band structure of 3C-SiC.

was nearly zero, and upon exposure to light with the intensities
of 1.6 and 4 mW/cm?, it quickly rose to approximately 1.01
and 1.44 mV, respectively. By turning the laser source on and
off three times, with 10 s interval between each cycle, the
lateral photovoltage generated displayed excellent repeatability,
as demonstrated in Figure 2a. This repeatability suggests that
the effect is reproducible and consistent, making it a reliable
source of energy generation.

The process of converting light energy to electrical power is
facilitated by the photovoltaic effect in the 3C-SiC layer. Figure

38932

3a illustrates the conversion mechanism from the photon
energy from a laser beam to electrical power, as demonstrated
by the voltage generated between the electrodes L and R. The
laser beam is focused on the electrode L of the sensor. Upon
illumination, numerous photons are introduced and captured
in the heterojunction area and Si layer near the heterojunction.
Due to its relatively thin thickness and wide energy band gap,
the 3C-SiC layer is permeable to the red wavelength. Owing to
its high energy of approximately 1.95 eV, the red laser can
generate free electrons and free holes in the Si layer, resulting

https://doi.org/10.1021/acsami.3c06699
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in the formation of EHPs in the Si layer. Within the
heterojunction area, the movement of charge carriers is
influenced by the internal electric field. In a n-3C-SiC/p-Si
heterostructure, the electric field is oriented from the 3C-SiC
layer toward the Si substrate (Figure 3a). As a result, electrons
are directed into the n-3C-SiC layer when holes are directed
into the p-Si layer, resulting in a higher electron concentration
in the illuminated area compared to the dark area. The Fermi
levels in n-3C-SiC at the electrode L and electrode R can be
given by:"’

N,
Epor = Ec — kg Tln —% "
D@L 1
N,
Epor = Ec — kg T-In cer .
D@R

where Ec is the conduction band energy of 3C-SiC, kg is the
Boltzmann constant, T is the absolute temperature, N¢gp and
Ncar, are the effective density of states in the conduction band
at the electrode L and R, respectively, and Npg;, and Npgp are
the electron concentrations at the electrodes L and R,
respectively.

Since Npgy, is higher than Npgg, Eggy is higher than Epgp,
and the Fermi level in the »-SiC layer is bent from the
electrode R to electrode L.

When only illuminating the device, the temperature gradient
across it was not observed. Therefore, any impact of the
pyroelectric effect remains unclear in this study. However, we
observed an improvement in photovoltage when the external
heater was turned on. Figure 2b shows the dependence of
photovoltage on the temperature gradient. As the temperature
gradient increased from 0 to 8.73 K, the photovoltage
increased gradually. The highest photovoltage values peaked
at around 1.5 and 2.18 mV for light intensities of 1.6 and 4
mW/cm?, respectively. It is worth mentioning that the results
obtained by repeatedly switching on and off the laser power
source within the context of the varying temperature gradients
were consistently reliable. When the temperature difference
between the two electrodes increased to 12.44 K, with the left
electrode at 439.66 K and the right electrode at 427.22 K, the
photovoltage decreased to approximately 1.31 and 1.98 mV,
respectively.

Figure 2c illustrates the enhancement of photovoltage when
the device was exposed to varying temperature gradients, as
compared to a baseline condition without a temperature
gradient. Under an illumination intensity of 1.6 mW/ cmz, an
increase in temperature gradient from 0 to 1.16, 8.73, and
12.44 X resulted in a corresponding increase in the generated
photovoltage of approximately 11, 48, and 29%, respectively.
When the device was illuminated at an intensity of 4 mW/cm?,
the data also revealed an increase in the photovoltage of 10, 51,
and 37% at the previously mentioned temperature gradients
1.16, 8.73, and 12.44 K, respectively. The photovoltage
enhancement of up to 51% indicates the potential of using
the SiC/Si heterostructure for an ultrasensitive photodetector.
The 51% increase in voltage using a temperature gradient for
n-SiC/p-Si is comparable to the 21.9% reported for P3HT/
ZnO, 31.8% reported for Na-doped SnS, 75% reported for
BiFeO3, and 76% reported for the InP/ZnO heterostructure,
as shown in Table §1.>%*%3%%

When a lateral temperature gradient is applied to the 3C-
SiC/Si heterostructure by activating the heater beneath the

electrode R, the thermal gradient can induce the diffusion of
both electrons and holes within the SiC semiconductor. Figure
3b illustrates the production of EHPs using photonic and
thermal stimulation, the band structure of 3C-SiC, and the
distribution of electrons in 3C-SiC. As the majority carriers in
n-SiC are electrons and the minority carriers are holes, the
electrons will exhibit a tendency to migrate from the hotter
region to the cooler region, while the holes will tend to shift in
the opposite direction. The application of the temperature
gradient causes the Fermi level at the electrode L to be
elevated due to the increased diffusion of electrons toward it,
while the Fermi level at the electrode R is lowered as a result of
the diffusion of electrons away from the hot region (Figure
3b). The simultaneous application of heating the region under
the electrode R and illuminating the top of the electrode L
results in an exceptional electron concentration gradient across
the n-SiC layer, yielding a higher voltage output compared to
either heating or illuminating alone.

The voltage difference between two electrodes (which have
the temperature gradient between them) is described as
follows:

AV =S8 X AT (3)

where S is the Seebeck coefficient of the #-SiC layer, and AT is
the temperature difference between the two electrodes.’”

Consequently, the progressive increase in the temperature
gradient from 1.16 to 8.73 K led to a corresponding rise in the
voltage difference between the electrode L and electrode R.
When the temperature gradient reached 12.44 K in this study,
the voltage between the electrodes started to decrease. This is
due to the experimental setup where only electrode R was
heated, and electrode L was cooled by the surrounding room
temperature. To reach a temperature gradient of 12.44 K,
electrode R was heated to approximately 440 K, which
increases the probability of exciting electrons to the
conduction band from the valence band of Si, resulting in a
substantial production of electrons around electrode R thanks
to the built-in potential E, at the heterojunction. The quantity
of electrons produced from heating electrode R to 440 K
exceeded the number of electrons that were pushed toward
electrode L by the temperature gradient. When the temper-
ature is high enough to promote the electrons to the
conduction band of Si, the Si layer becomes more conductive,
and this reduces the charge gradient between the two
electrodes, lowering the recorded photovoltage. As a result,
the accumulated electrons around the electrode R weakened
the electron gradient between the two electrodes created by
illuminating electrode L. More details of the temperatures at
each electrode and the temperature difference between them
can be found in Table S2.

Figure 2d presents a real-time response of the photocurrent
under varying illuminating conditions and temperature
gradients. When the device was in darkness and without any
temperature gradient, the photocurrent generated was
negligible. However, when illuminated with light intensities
of 1.6 and 4 mW/cm?, the recorded currents were —0.65 and
— 1 pA, respectively. Furthermore, when the light intensity was
held constant at 1.6 mW/cm?® and the temperature gradient
rose from 0 to 12.44 K, the photocurrent decreased gradually
from nearly 0 to —1.09 pA. Additionally, when the light
intensity was held at 4 mW/cm? and the temperature gradient
was increased to 12.44 K, the measured current gradually
decreased to —1.6 pA. This illustrates that as the light intensity

https://doi.org/10.1021/acsami.3c06699
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Figure 4. Desensitization by compensating light gradient and temperature gradient: illuminating and heating the electrode R. (a) Real-time-
generated voltage under illumination and temperature gradient. (b) Dependence of voltage by temperature differences between the two electrodes.
(c) Process of photonic excitation leads to the generation of EHPs and the resultant uneven distribution of electrons in a 3C-SiC layer, as well as
the alteration of the band structure of 3C-SiC under nonuniform light conditions. (d) Mechanism of generation of EHPs through a combination of
photonic and thermal stimulation and the effect on the distribution of electrons and the energy band structure in 3C-SiC. The red lines represent 4

mW/cm? and the blue lines represent 1.6 mW/ cm?.

increases, the current value also increases, owing to the
presence of additional free electrons in the conduction band of
the SiC layer. Similarly, increasing the temperature gradient
across the device results in an increase in recorded currents,
and this trend holds true across various light intensities. When
a temperature gradient is applied to a semiconductor material,
it generates an electric field and enhances the photocurrent
generated by the photovoltaic effect. Furthermore, since the
temperature gradients were produced by nonuniformly heating
the electrodes, the rise in temperature can excite the electrons,
leading to an increase in the electron concentration in the n-
SiC layer and contributing to an increase in photocurrent.
To validate our hypothesis on the tunability of the
photovoltage under the impact of the direction of a thermal
gradient, we performed an additional experiment that involved
the application of a laser beam to the electrode R and a heater
under the electrode R. The photovoltage was recorded while
the light intensity was varied, and the temperature gradient was
introduced. The data from the validation test are presented in
Figure 4a,b. In the absence of light, the photovoltage was
nearly zero. When illuminated with light intensities of 1.6 and
4 mW/cm?, the photovoltage was measured to be —1.05 and
—1.5 mV, respectively. The results were consistent and
repeatable over three cycles of turning on and off the laser
source. Upon the introduction of a temperature gradient by
heating electrode R, the measured voltage started to decrease.
The photovoltage value decreased from 1.05 to 0.79 mV when
the temperature gradient rose from 0 to 12.44 K for the 1.6
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mW/cm? light intensity. A similar trend was observed for the 4
mW/cm? light intensity, with the photovoltage values of 1.49
and 1.17 mV for the temperature gradients of 0 to 12.44 K,
respectively. This decline in photovoltage was observed for
both light intensities and can be explained by the combination
of the photovoltaic effect and the Seebeck effect.

The band structure of SiC is illustrated in Figure 4c,d. When
the laser beam illuminates the surrounding area of electrode R,
the photons pass through the thin SiC layer that has a large
band gap and are absorbed by the Si layer, creating EHPs. The
built-in electric field pushes the electrons toward the SiC layer,
creating a high concentration of electrons at electrode R. The
voltage recorded when illuminating electrode R is negative
compared to the voltage measured when illuminating electrode
L.

When the heater under the electrode R was turned on and a
temperature gradient was created across the sensor, the hot
temperature diffused the electrons toward the electrode L. This
diffusion resulted in a decrease in the electron concentration
gradient compared to that when illuminating alone. The Fermi
level at the electrode L was lowered while the Fermi level at
the electrode R was lifted, and this shift in the Fermi levels had
an impact on the generated voltage. The voltage generated by
the temperature gradient counteracted the photovoltage, and
as a result, the measured voltage when applying illumination
and a hot temperature at the same electrode was found to be
lower than that when applying illumination alone. Further-
more, when the temperature gradient between the two
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electrodes increased, the generated voltage decreased. When
increasing AT between the two electrodes to 12.44 K by
heating the electrode R to 440 K, the high temperature excites
the electrons from the valence band to the conduction band of
Si and also enhances the electrical conductivity of the SiC
layer. The elevated temperature induced an increase in the
number of free electrons in the Si layer, and these electrons are
subsequently driven toward SiC, which results in a decrease in
the electron gradient between the two electrodes and a
decrease in the recorded voltage.

B CONCLUSIONS

In conclusion, this study has successfully demonstrated the use
of lateral temperature gradients in 3C-SiC/Si heterostructures
for enhancing the photovoltaic effect. We successfully utilized a
conventional photolithography and etching process to fabricate
the heterostructure-based microsensors, with their photo-
voltaic behavior significantly improved by using the temper-
ature gradient. The photovoltage was improved up to 51%
when the temperature gradient between two electrodes is 8.73
K. These findings could be used in the development of
ultrasensitive self-powered microsensors. Our study also
provides valuable insights into the relationship between
temperature gradients, Fermi levels, and the generated
photovoltage in self-powered sensors. Temperature gradients
can have a significant impact on the performance of these
sensors and should be considered in the design and
implementation of self-powered sensing systems. It is worth
noting that this effect is not limited to the specific experiment
we performed, but it could be observed in any scenario where
the temperature gradient and light are applied to the same
heterostructure. This can be a useful information for future
research and development in the field of thermophotovoltaics.
This study highlights the necessity for further research in this
sector to optimize the use of temperature gradients and other
energy sources for maximum energy efficiency and reliable
performance.

B EXPERIMENTAL SECTION

We have successfully fabricated a n-SiC/p-Si heterostructure-based
device to examine the impact of temperature gradient on the
photovoltaic effect. Starting from a commercially available p-type
silicon wafer, a 100 nm SiC film was deposited using a low-pressure
chemical vapor deposition (LPCVD) process in a hot chamber at a
temperature of 1000 °C. The doping concentration of the n-SiC layer
and p-Si layer is about 10" and § X 10" cm™, respectively (step 1).
Following this, an Al layer was sputtered on the SiC/Si wafer by a
metal-sputtering machine (step 2), and the wafer was then coated
with a photoresist (step 3). A photolithography process was employed
to etch Al and create the suitable shapes of electrodes (step 4), and
another photolithography process and a photoresist were utilized to
etch SiC to create the desired structures of the SiC layer (step S). The
wafer was finally diced to achieve the desired shape of the device for
testing (step 6).

An atomic force microscope (model: MFP3D-BIO) was employed
to measure the surface topography of the 3C-SiC film on Si. The
efficacy of the growth can be determined by the root-mean-square of
surface roughness. To see the structure of the sensors that were made
utilizing the photolithography method, a SEM image was taken. After
that, the sensor was examined to determine whether the sensor has
Ohmic contact and is suitable for electrical characterization.

The device was mounted on a hot plate of the Linkam HFS600E-
PB4 device to establish a temperature gradient across the device, as
shown in Figure S1. The Linkam HEFS600E-PB4 device could
precisely regulate the temperature within 0.1°C. During the

experiment, a red laser beam with a wavelength of 635 nm was
applied to the top of the sensor. The interplay of light illumination
and temperature gradient could be studied by adjusting the position
of the focused laser beam to illuminate either electrode R in the
heated region or electrode L in the unheated region. Figure S2a
demonstrates the application of a hot plate to heat the electrode R
and a laser beam to illuminate the electrode L. Figure S2b illustrates
the simultaneous application of both the laser beam and hot
temperature to the electrode R. The open-circuit voltage between
the two electrodes was measured when changing the illuminating
condition, illuminating position, and the value of temperature
gradient.
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