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ABSTRACT: Understanding the sensing mechanism and the structure—property relationship of self-
powered, ultrasensitive photodetectors and temperature sensors is essential for their development. In
this study, we report the thermo-phototronic effect observed in double semiconductor
heterostructures capable of light harvesting and ultrasensitive temperature sensing. To demonstrate
the advances of using the double heterostructure, we conducted a comparative study with a single
heterostructure of highly doped n-3C-SiC/p-Si to understand the light harvesting capability and
sensing performance. Our results show that the double n-3C-SiC/p-Si heterostructure outperformed
the single counterpart in both photovoltage generation and sensitivity, confirming that the structural
design significantly impacts the sensing performance of the devices. Under 7.5 mW/cm? illumination,
the measured voltage in the double structure changed by 21 mV under a 0.2 K temperature gradient,
corresponding to an ultrahigh sensitivity of 110 mV/K. This sensitivity is more than 300 times higher ™
than that of 0.3 mV/K observed in the single heterostructure. The underlying physics is attributed to P e e
the structural design of the double n-3C-SiC/p-Si heterostructure that controls charge carrier

diffusion from the illuminated electrode to the other, resulting in a high photovoltage. These findings demonstrate that using the
double n-3C-SiC/p-Si heterostructures can significantly enhance the sensitivity compared with using the single heterostructures,
thereby contributing significantly to the development of self-powered photodetectors and temperature sensors.
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B INTRODUCTION as a promising approach for improving the sensitivity of self-
powered sensors.” ' These SiC/Si heterostructures offer wide
bandgap, strong chemical resistance, and compatibility with
silicon-based electronics, making them well-suited for use in
harsh environmental conditions.'”'” Besides, the production of
SiC/Si heterostructures also has a big advantage compared to
other heterostructures thanks to the low-cost Si wafers.

There were some reports show that highly doped semi-
conductors have higher conductivity, higher photoresponse, and
faster response time compared to the low-doped ones in
optoelectronic applications.'®'? Some reports indicate that
highly doped single n-3C-SiC/p-Si heterostructures can
generate highly responsive signals due to the combined effects
of thermal and photovoltaic interactions.””*" The single 3C-
SiC/Si heterostructures are typical and have been intensively
studied in some reports.”>~>* However, the electrical properties
of double heterostructures are significantly larger than those of

Self-powered sensors represent a significant advancement in
sensing technology, offering the potential to operate autono-
mously without reliance on external power sources.' The use of
self-powered sensors is crucial in fields where continuous
monitoring is essential, such as environmental monitoring,
industrial automation, and healthcare.”™* The key to the
functionality of self-powered sensors lies in their ability to
harness ambient energy from the surrounding environment,
thereby enabling sustainable and continuous operation. Among
the various forms of ambient energy, light and thermal energy
emerge as particularly abundant sources, often found together.’
Therefore, a sensor that can harness both light and thermal
energy simultaneously holds great potential to take advantage of
the available energy sources.

In recent years, significant progress has been made in the
development of sensors capable of capturing both light and
thermal energy, enabling efficient energy conversion and power
generation.’” '’ Several works have demonstrated self-powered Received:  July 23, 2024
devices using a single heterostructure.''~'* For example, the Revised:  August 30, 2024
InP/ZnO nanorod heterostructure,'’ n-ZnO/p-CuO hetero- Accepted:  September 3, 2024
structure,'* and P3HT/ZnO nanowire array heterostructure ' Published: September 12, 2024
could harvest energy from light to function autonomously as
photodetectors. The use of SiC/Si heterostructures has emerged
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single heterostructures, demonstrating the potential of double
heterostructures.””*® The thermo-phototronic effect, which
involves the manipulation of temperature gradients to enhance
photovoltaic effects, holds significant potential for further
improving the performance of self-powered sensors.”"”>” Despite
these advancements, there remain challenges to be addressed to
seamlessly integrate both the light harvesting capability and
sensing function in a single structure device with high
performance.

In this study, we demonstrate the outstanding thermo-
phototronic effect in a double semiconductor heterostructure
for a self-powered and ultrasensitive sensor. To demonstrate this
effect, we fabricate a double heterostructure from a highly doped
n-SiC nanofilm grown on a p-Si wafer. By gaining a deeper
understanding of the underlying mechanisms and exploring
novel device architectures, we aim to explore the potentials of
this effect in the highly doped n-SiC/p-Si heterostructures and
highlight the crucial impact of structure design on the
performance of the devices. Through experimentation and
analysis, we have uncovered notable differences between two
distinct sensor configurations: double n-3C-SiC/p-Si hetero-
structures as structure A and single n-3C-SiC/p-Si hetero-
structures as structure B. The single heterostructure is a
traditional design used in lateral photovoltaic devices.”*™*" As
a conventional design, single heterostructures have been
employed in various types of heterostructure devices, including
previous works on SiC/Si photodetectors and sensors.”>***"*
The heterojunction in these devices enhances charge carrier
separation, resulting in significant open-circuit voltages as
demonstrated in previous studies.”””° To further enhance the
lateral photovoltage, we introduced a new design by properly
etching the SiC layer, termed structure A, for photodetecting
and temperature sensing and benchmarked it against structure
B.

The results show that the structures can harness both light and
thermal energy to power itself. Notably, structure A consistently
outperformed structure B in terms of voltage variation across
changing temperature gradients and light intensities. The
voltage change in structure A can reach up to 110 mV/K in
response to a temperature gradient, which is very large
compared to 0.3 mV/K observed with structure B, 0.8 mV/K
with an N-type SnSe:Br single crystal,** 0.75 mV/K with Nb-
doped SrTiO3,34 and 1.5 mV/K with the InP/ZnO nanorod
heterostructure.'' The stability of structure A at all temperature
gradients also outperformed that of structure B. Furthermore,
we observed that increasing the light intensity enhanced the
sensitivity of structure A. Consequently, the outstanding sensing
properties of the double n-3C-SiC/p-Si heterostructures hold
great potential for applications such as temperature sensors or
photodetectors, functioning either as a photodetector or as a
temperature sensor with a photonic gate.

B RESULTS AND DISCUSSION

Mechanisms and Structure Designs. The thermo-
phototronic effect in SiC/Si heterostructures is a combination
of the thermal and photovoltaic effects, demonstrating the
impact of temperature gradient on the photovoltage of devices.
When the heterostructures are nonuniformly illuminated, an
electron gradient and a lateral photovoltage between the two
electrodes are created. Applying a temperature gradient
generates more charge carriers between the two electrodes,
thus modulating the voltage between them. The thermo-
phototronic effect in two structures fabricated from highly
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doped n-3C-SiC/p-Si heterostructures is illustrated in Figures
la and 1b. Figure 1a shows that the SiC film connecting the two
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Figure 1. Schematic view and mechanism of the thermo-phototronic
effect in (a) structure A (double heterostructures) and (b) structure B
(single heterostructure).

electrodes in structure A is removed, while the SiC layer in
structure B is not etched, as illustrated in Figure 1b. The unique
design of structure A with a double heterostructure significantly
improves the electron gradient and photovoltage owing to its
ability to prevent the diffusion of charge carriers between the
two electrodes.

Figure 2a shows the fabrication process of the devices through
photolithography and etching techniques (refer to the
Experimental Section for more details). Figure 2b shows an
SEM image of the fabricated devices. The gap between the
electrodes is approximately 1 mm in both structures A and B.
Our study has shown that increasing the electrode spacin_g can
enhance the photovoltage in 3C-SiC/Si heterostructures.”” The
optical images of the devices are shown in Figure S1. Figure 2¢
shows the I-V characteristics of structures A and B in dark
conditions. The I—V characteristic of structure B is linear,
indicating an Ohmic contact between SiC and the aluminum
electrode. As the voltage in structure A increases, the current is
almost zero, confirming its ability to prevent the movement of
charge carriers between the two electrodes.

Figure 3a demonstrates the repeatability of the photovoltage
of the two structures when they are exposed to laser
illumination. The wavelength of the red laser is 635 nm, with
light intensities of 3 mW/cm? The laser source was alternately
turned ON and OFF for 20 s intervals each time. Upon light
illumination, the photovoltages exhibited an immediate
increase, performing consistent stability. In terms of photo-
detection sensitivity, structure A has a sensitivity of 46 mV-cm?/
mW, which is 46 times larger than the 1 mV-cm?/mW of
structure B. The responsiveness and repeatability observed in
these signals suggest that light illumination holds promising
potential as a stable energy source for self-powered sensors.

The lateral illumination theory in a heterostructure explains
how the photovoltage is created, as illustrated in Figures 3¢ and
3d. The heterojunction plays a key function in generating the
voltage. The voltage response is reversible and stable both in
darkness and under red laser illumination. With a laser beam
wavelength of approximately 635 nm (equivalent to 1.95 eV),
photons can pass through the SiC film (which has a bandgap of
2.3 V) and be captured in the Si layer (with a bandgap of 1.12
eV), thereby generating electron—hole pairs (EHPs) in the Si
substrate. The built-in electric field E, within the hetero-
structure, created by the p-Si and n-SiC layers, drives the
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Figure 2. (a) Fabrication process. (b) SEM image of the devices. (c) I-V characteristic of structures A and B in the dark conditions.

electrons toward the SiC layer, while the holes remain in the Si
substrate.”” Consequently, the heterojunction enhances the
electron concentration difference between the two electrodes,
thus i 1ncreasmg the voltage. The photovoltage in structure A can
be evaluated as®

EF@LA B
q

E@R, _ kT

q

€
V= -+

(1)

where V is the photovoltage, Ex@L, is the Fermi level of SiC at
the electrode L, Ez@R, is the Fermi level of SiC at the electrode
Ry, q is the elementary charge, kg is the Boltzmann constant, T is
the temperature, and e; and ey are the electron densities at the
electrodes L, and R, respectively.

Some former studies investigated the thermo-phototronic
effect in single materials. In terms of the mechanism, there are
notable differences between our study and former studies that
come from the differences in the structure and the sensing
effects. While our study investigates the lateral photovoltaic
effect in a 3C-SiC/Si heterostructure, previous studies focused
on the vertical photovoltaic effect in single materials such as
BiFeO; or an N-type SnSe single crystal. The heterostructure
can generate a larger voltage because of the heterojunction.
Additionally, the lateral photovoltaic effect requires processing
only one side of the materials, whereas the vertical photovoltaic
effect in the referenced study requires processing both sides. In
terms of device performance, our study showed that the SiC
heterostructure has boosted the photovoltage to achieve up to
138 mV at 3 mW/cm? corresponding to 46 mV-cm®/mW,
which is significantly higher compared to 2—8 mV-cm?/mW in
BiFeO, or 1.5-3 mV-cm*/mW in the N-type SnSe:Br single
crystal.>*? Therefore, our study has a significant advantage in
terms of sensitivity and materials fabrication.

As the laser intensity escalates from 3 to 7.5 mW/cm? more
photons are absorbed in the Si layer, resulting in additional
EHPs generation. As a result, more electrons are propelled
toward the SiC layer by the built-in electric field. This increment
in the electron density within the illuminated region of the SiC
layer intensifies the electron concentration at the electrode L,

eR
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thereby boosting the photovoltage measurement as shown in
Figure 3b. When increasing the light intensity, more EHPs are
created but not exactly in proportion to the light intensity.
Additionally, the charge carriers pushed to the SiC layer by the
built-in electric field might not be exactly proportional either.
Therefore, the ratio of increasing voltage is not exactly
proportional to the ratio of increasing light intensity as shown
in former studies.”””” The corresponding results for structure B
are shown in Figure S2.

The photovoltage under the same light intensity of structure A
is much higher than in structure B. While the SiC layer
connecting the two electrodes in structure B was not removed,
this allows diffusion of charge carriers from the electrode Ly to
the electrode Rg. The diffusion in charge carriers in the structure
B can be expressed by Fick’slaw: I', = =D, X A, /dx, where I, is
electron flow, D, is the diffusivity coefficient, and A,/dx is the
gradient of electrons.””*>*° The diffusion of electrons across the
SiC layer decreases the difference in charge carriers and Fermi
level gap between the electrodes Ly and Ry of structure B as
shown in Figures 3d and 3f. While the SiC bridge connecting the
two electrodes in structure A was removed, there is no diffusion
along the SiC layer from the electrode L, to the electrode R, as
shown in Figures 3c and 3e. Therefore, the photovoltage of
structure A is significantly higher than that of structure B under
the same illumination intensity.

Figure 4a shows the voltage response of structures A and B
under laser illumination with intensity of 3 mW/cm?® The
temperature gradient was stabilized for 30 s at 0 K, followed by
incremental increases and stabilization at 0.2, 0.4, 0.7, 1, and 1.4
K for an additional 30 s at every temperature. These temperature
gradients were calculated by subtracting the temperature of the
hotter electrode from the temperature of the colder electrode
(see Table S1 for more details). The graphs in Figure 4a show
that the voltage in structure A steadily drops as the temperature
gradient increases, while the change in voltage of structure B is
negligible compared to structure A. The photovoltages drop by
22,43, 62.5, 80, and 95 mV for temperature gradients of 0.2, 0.4,
0.7, 1, and 1.4 K, respectively. By creating the temperature
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Figure 3. (a) Voltage response of structures A and B under 3 mW/cm? illumination. (b) Voltage response of structure A under 3 and 7.5 mW/cm?
illumination. (c) Experimental setup and physical interactions in structure A. (d) Experimental setup and physical interactions in structure B. (e) Band
structure of structure A under illumination. (f) Band structure of structure B under illumination.

gradient by heating the electrode R,, the temperature in the
device also increases (see Table S1 for more details of the
temperature between electrodes and respective temperature
gradient). Increasing the temperature along the device has been
proven to generate more EHPs in the Si layer;'” the generated
electrons are then driven to the n-SiC layer by the electric field
E,. The newly supplied electrons decrease the electron gradient
and Fermi level difference between the electrodes L, and R, of
structure A, as shown in Figures 4c and 4d, which decreases the
photovoltage when the temperature is increased. These results
have also been confirmed under heating and cooling conditions,
where the voltage increases during heating and decreases during
cooling, as shown in Figure S3 and former studies.'

The maximum change observed for structure Bis 0.16 mV ata
1.4 K temperature gradient, and this change exhibits instability
at each temperature level, as illustrated in Figure S4.
Consequently, regarding both stability and resolution across
different temperature gradients, structure A shows significant
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superiority over structure B for temperature sensing applica-
tions.

To further understand the thermo-phototronic behavior of
structure A, Figure 4b compares the voltage response of
structure A under two laser intensities: 3 and 7.5 mW/cm? It is
observed that the drop in voltage for 7.5 mW/cm? is higher than
for 3 mW/cm?. Since higher light intensity leads to a higher
voltage in structure A, as shown in Figure 3b, the electron
gradient between the electrodes L, and R, of structure A under
7.5 mW/cm? illumination is larger than under 3 mW/ cm?
illumination.

When heating the electrode R, to increase the temperature
gradient, the thermally generated electrons decrease the gradient
of electrode and Fermi levels between the electrodes L, and R,
as shown in Figures 4c and 4d. Because the electron gradient for
7.5 mW/cm? illumination is higher than that for 3 mW/ cm?, the
drop in voltage for 7.5 mW/cm? is also higher. See Figure SS for
more details.

https://doi.org/10.1021/acsaelm.4c01287
ACS Appl. Electron. Mater. 2024, 6, 6957—6964


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01287/suppl_file/el4c01287_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01287/suppl_file/el4c01287_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01287/suppl_file/el4c01287_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01287/suppl_file/el4c01287_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01287?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01287?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01287?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01287?fig=fig3&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c01287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

a) b)
AT=0K AT=0K 2
- 0r & - 0r —7.5 mW/cm
> R Structure B > 2
E a0} oo T a0l 02K — 3mW/em
go ’: 0.05 go
% -40 E‘nm % -40
> O 0 100 200 300 >
= 60 | 0.7K Time (s) = -60
@ @
2 2
= -80 - —— Structure A = -80 -
Q Structure B AT=14K Q
-100 -100
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s Time (s
c) (s) d) (s)
. Energy of SiC
1000 E. (X))
v Lt ]
AEH LT
Eol E.@R,
Structure A
Structure A E
v >

Figure 4. (a) Impact of the temperature gradient on the photovoltage of the two structures A and B when illuminating the left electrode and heating the
right electrode. (b) Impact of the temperature gradient on the photovoltage when heating electrode R, and illuminating electrode L, of structure A
under different light intensities. (c) Experimental setup of structure A under illumination and temperature gradient. (d) Band structure of structure A
under illumination and temperature gradient.
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Figure 5. (a) Impact of the temperature gradient on the photovoltage of the two structures A and B when illuminating and heating the right electrode.
(b) Impact of the temperature gradient on the photovoltage when heating electrode R, and illuminating electrode R, of the structure A under different
light intensities. (c) Experimental setup of structure A under illumination and temperature gradient. (d) Band structure of structure A under
illumination and temperature gradient.

To further explore the impact of increasing the temperature

gradient through heating on structures A and B, we adjusted the

illumination position to the right electrode while simultaneously

heating it, as depicted in Figure S.

Figure Sa shows the voltage responses of structures A and B

under a 635 nm laser beam under 3 mW/cm? illumination.

structure A demonstrates a substantially larger voltage variation

compared to structure B when the temperature gradient
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between the measured electrodes gradually increased from 0 to
1.4 K, thus affirming the advantage of structure A over structure
B regardless of the illuminating position. For details, the
maximum sensitivity of structure A is 79 mV/K, outperforming
the 0.3 mV/K of structure B. The maximum change in voltage
for structure A is 76 mV, much higher than the 0.22 mV for
structure B. The change in voltage of structure A is very large
compared to the 0.3 mV/K observed with structure B, 0.8 mV/K
with N-type SnSe:Br single crystal,** 0.75 mV/K with Nb-doped
S$rTiO;,>* and 1.5 mV/K with InP/ZnO nanorod hetero-
structure'' (see Table S2 for more details). These findings also
evidenced that escalating the temperature gradient raises the
temperature throughout structure A, consequently leading to an
increase in thermally generated electrons at the two electrodes of
structure A. The newly generated electrons contribute to a
reduction in the electron gradient and the Fermi level difference
between the two electrodes, as illustrated in Figures Sc and Sd.
Additionally, the voltage decreases when illuminating and
heating electrode R, simultaneously, further indicating that
the measured voltage is influenced by the temperature across
structure A.

Figure 5b demonstrates trends similar to those in Figure 4b
when the light intensity is increased from 3 to 7.5 mW/cm? The
voltages gradually decrease with increasing temperature gradient
due to heating one electrode for both light intensities. Moreover,
the voltage drop is higher under 7.5 mW/ cm? illumination
compared to 3 mW/ cm?. This is attributed to the higher
electron gradient for 7.5 mW/cm? illumination, resulting in a
greater impact from thermally generated electrons on the
voltage drop. See Figure S6 for more details.

The double highly doped n-3C-SiC/p-Si heterostructure is
also more independent of the illumination position compared
with the single highly doped n-3C-SiC/p-Si heterostructure. In
this study, the change in voltage of structure A is quite similar
when changing the illumination position. For the single highly
doped n-3C-SiC/p-Si heterostructure like structure B, our
previous study showed that the single heterostructure is more
dependent on the illumination position. Specifically, when one
electrode was illuminated and the other was heated, the voltage
increased. Conversely, when illuminating and heating the same
electrode, the voltage decreased.”

B CONCLUSION

In conclusion, we have demonstrated the thermo-phototronic
effect in both single and double semiconductor heterostructures
using highly doped n-SiC deposited on p-Si. Our investigation
highlights the significant impact of structural design on the
performance of self-powered sensors that harvest light for
ultrasensitive temperature sensing. Through experimentation
and analysis, we have revealed that the double heterostructure
consistently outperformed the single heterostructure in change
of voltage across changing temperature gradients and light
intensities. The change in voltage of the double n-3C-SiC/Si
heterostructure can be up to 110 mV/K, which is more than 300
times larger than that of the single n-3C-SiC/Si heterostructure.
The stability of the double heterostructure at each temperature
gradient was also much higher compared with the single
heterostructure. Additionally, increasing the light intensity also
increased the sensitivity of the double heterostructure. There-
fore, the double n-3C-SiC/Si heterostructure holds great
potential for temperature sensing and photodetection. These
findings have the potential to open new avenues for innovation
in sensing technology, confirming the importance of structure

design on the working performance of self-powered temperature
sensors and visible light photodetectors toward commercializa-
tion.

B EXPERIMENTAL SECTION

The SiC/Si heterostructure was fabricated by a photolithography
process with the following steps: Start with a commercial p-Si wafer that
is 675 pm thick and 150 mm in diameter. A 98 nm highly doped n-SiC
layer was grown from the p-Si wafer; the doping concentration in the n-
SiC layer is about 10" cm™ (1). The SiC/Si heterostructure was
sputtered with a layer of aluminum using a Surrey NanoSystems
Gamma 1000C confocal magnetron sputterer (2). Then the
heterostructure was covered by a photoresist layer (3). The Al was
then etched to create suitable shapes of electrodes for testing (4). The
SiC layer was etched to create desired structures (S). Finally, the wafer
was diced into smaller devices for testing (6). Since the thickness of the
SiC layer is hundreds of times smaller compared to the Si substrate, the
specific heat capacity and thermal resistance of the SiC/Si
heterostructures are similar to those of Si.*”

The structure of the SiC layer and electrodes was observed by using a
scanning electron microscope (SEM). Then the I-V curve of the device
was tested to determine whether the device is ready for characterization.
To generate a photovoltage in the n-3C-SiC/p-Si heterostructures, we
focused a laser beam with a 635 nm wavelength on top of the one
electrode. The laser beam power levels are approximately 1 and 2.5
mW, while the illumination area was fixed at 0.33 cm? resulting in light
intensities of 3 and 7.5 mW/cm?, respectively. To raise the temperature
gradient in the device, a Linkam HFS600E-PB4 hot plate was placed
under the end that has one electrode, while the end with the other
electrode was cooled by ambient temperature, creating a temperature
gradient across the tested structures. The Linkam HFS600E-PB4 device
can adjust the temperature with a precision of 0.1 °C. The electrical
characterization was conducted by using a Keithley 2450 source meter.
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