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ABSTRACT: The lateral photovoltaic effect (LPE) of an n-type cubic silicon carbide (n-
3C-SiC) on an n-type silicon (n-Si) heterostructure in a thermo-magnetic environment is
examined for the first time in this study for use in position-sensitive detectors (PSDs).
Under 2 mW of 637 nm laser irradiation and at room temperature (T = 298 K), the n-3C-
SiC/n-Si device with an electrode spacing of 300 μm demonstrated an excellent position
sensitivity of 442 mV/mm. The study shows that the thermal and magnetic fields have
significantly affected the sensitivity of the PSD device. In addition, this research presents the
photogeneration and transportation of electron−hole pairs in the heterostructure under the
influence of heat and magnetic field in three directions of the Cartesian coordinate system.
The underpinning physic mechanism of charge carrier movement in the heterojunctions as
well as the generation and separation of electron−hole pairs in a self-power mode is
employed to explain physical phenomena in the paper. The findings will have a significant
impact on the development of PSDs that not only function under challenging conditions but also demonstrate the potential of
magnetic and thermal sensors. This opens up a promising signal for thermal and magnetic sensors with a self-power mode that draws
power from natural light (sunlight).

1. INTRODUCTION
As the globe faces the difficulties of energy depletion,
environmental degradation, and unprecedented climate
change, the creation of green energy utilizing natural light
has emerged as a hot research topic in science and technology.
The conversion of natural light energy into other types of
energy requires strong support from the semiconductor and
microelectronics industries. In the modern era of IoT
technology, electronic and sensing devices play a vital role in
artificial intelligence,1−5 smart industries and robotics,6−10 and
medical applications11−15; thus, enhanced sensing effects have
attracted the interest of scientists and researchers. Self-powered
optoelectronic devices are emerging as one of the important
applications of the micro/nano technology industry, with
excellent applications including photodetectors,16−20 energy
harvesters,21−24 position sensitive detectors,25−28 and solar
cells.29−32

The position-sensitive detector (PSD) is one of the most
important types of noncontact position sensors, and it has
many practical applications in angle measurement, high-speed
trajectory tracking, and vibration frequency measurement. The
lateral photovoltaic effect (LPE) has been extensively applied
to developing PSDs and relies on the linear relationship
between the lateral photovoltage and laser spot position
between two electrodes. Ma et al.33 investigated the
optoelectronic behaviors and self-powered operation of a

PSD using the Ag2Se/p-Si heterostructure based on LPE. The
sensitivity of this structure was 2.8 mV/mm under 1064 nm
NIR illumination without any applied bias voltage. The
coupled photovoltaic−pyroelectric effect improved the tran-
sient lateral photovoltage (LPV) response with a maximum
enhancement of 1797% under NIR illumination through
variation of the chopper frequency. Another heterostructure
based on the combination of Ag nanoparticle-embedded silk
protein (Ag/silk protein/Si) was reported by Cao et al.34 The
maximum sensitivity was 308.3 mV/mm, which was consid-
ered a high sensitivity value in organic materials. Cong et al.35

studied the characteristics of a PSD fabricated using vertically
oriented layered MoS2/Si nanosheets. The device achieved
excellent lateral photovoltaic performance in a wide range of
wavelengths ranging from visible to near-infrared light.
Ultrahigh position sensitivity over a wide spectrum ranging
from 350 to 1100 nm was measured up to 401.1 mV/mm. In
addition, an ultrafast response of 16 ns under highly stable
conditions and excellent reproducibility were obtained. The
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experiments indicated that the intralayer time was 5 ns and the
interlayer transport time was 11 ns in V-MoS2. Wang et al.36

reported a sensitivity of 32.5 mV/mm in a Fe3O4/Si Schottky
junction PSD with a fast response relaxation time in the order
of microseconds. The defect-promoted photothermoelectric
effect in a densely aligned ZnO nanorod array for self-powered
position detection was investigated by Du et al.37 In this study,
a defect-rich ZnO device with high electrical conductivity and
a large Seebeck coefficient was found to improve the
photothermoelectric energy conversion and position sensitivity
significantly. Position sensitivity was 0.19 mV/mm, and the
temperature-gradient-induced electric field compensated for
suppression in the photothermoelectric process. A hetero-
structure using hybrid organic/inorganic PSDs based on
poly(3,4-ethylenedioxythio-phene) polystyrenesulfonate/n-Si
was implemented by Javadi et al.38 The sensitivity was
recorded over 100 mV/mm with an excellent nonlinearity of
below 3%, whereas the response correlation coefficient was
over 0.995 with a response time of less than 4 ms under
inhomogeneous IR illumination. Many other heterostructures
are used to develop photodetectors and PSDs, such as
graphene/SiO2/Si,

39 Si/In2Se3,
40 different nanostructured

ZnO,41 Ni/p-Si,42 ZnO/Si,43 SnSe/SiO2/Si,
44 hybrid perov-

skite (organic−inorganic halide perovskite),45,46 glass/Mo/

CIGS/CdS/ZnO/ITO structure,47 and Au/MgO/MgZnO
metal oxide semiconductor.48

The impact of the magnetic field on nonmagnetic materials
is an intriguing and essential study issue in materials science
and physics. Although nonmagnetic materials do not contain
magnetic moments, they can display a range of magnetic field
effects that have profound consequences for their character-
istics and uses. Magnetoresistance is a well-known example of
the magnetic field effect on nonmagnetic materials in which
the electrical resistance of a material varies in reaction to the
application of a magnetic field. This phenomenon has crucial
practical implications in disciplines such as magnetic data
storage and magnetic sensing, and it has been widely studied in
a broad range of materials, including metals, semiconductors,
and even organic materials.49−52 In this study, we introduce a
nonmagnetic material 3C-SiC/Si heterostructure to investigate
the effect of the magnetic field and temperature on
optoelectronic properties of this structure. SiC is known for
its excellent robust mechanical, electrical, and chemical
properties and is used for high-power electronics and
MEMS/NEMS devices for harsh environments.53−57 3C-SiC
is one of the polytypes of SiC that can be grown directly on
widely available silicon substrates to form a 3C-SiC/Si
heterojunction. 3C-SiC itself has many advantages, such as a
wide energy bandgap of around 2.38 eV and the ability to work

Figure 1. Designed structure and material characterizations. (a) The n-3C-SiC/n-Si heterostructure with three different electrode spacings. (b)
Current−voltage characteristics in dark conditions. (c) SAED image of the 3C-SiC nano thin film. (d) Cross-sectional TEM image of 3C-SiC on
the Si substrate.
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in high-temperature, chemically corrosive, and high-pressure
environments. Thanks to the advanced microfabrication
process and the outstanding electronic properties of Si and
SiC, the 3C-SiC/Si heterojunction holds great promise for the
development of optoelectronic devices. However, the potential
of 3C-SiC/Si as a PSD has not been fully explored, especially
in the context of working in complicated environments. The n-
3C-SiC/n-Si heterostructure, which has a self-powered mode
fueled by sunlight, is expected to have potential applications in
various domains such as sensing applications (thermal sensors,
optical sensors, and magnetic sensors), energy harvesting, and
micro/nano electromechanical systems.

We examine the lateral thermo-magneto-optoelectronic
effects in this research using the n-type-3C-SiC heterostructure
with bandgap (2.38 eV) and n-type Si with bandgap (1.12 eV)
for several reasons. First, to the best of the authors’ knowledge,
no previous research on the n-3C-SiC/n-Si heterostructure has
been conducted, particularly under complicated conditions

such as temperature and magnetic fields. Second, the degree of
the sensor effects in question is determined by the product of
electron mobility and magnetic induction; thus, the n-type
semiconductor material is preferable than the p-type material
due to the significantly higher electron mobility.58 A small
bandgap is a disadvantage due to the intrinsic behavior
prevailing at room temperature58; thus, the wide bandgap is
also an advantage of 3C-SiC. In addition, n-3C-SiC/n-Si in the
complex environment of temperature and magnetic field is a
very practical and popular problem. Therefore, the character-
istics of a self-powered n-3C-SiC/n-Si PSD subjected to
thermo-magnetic effects are presented. LPE was studied in n-
3C-SiC/n-Si heterostructure devices with three different
electrode spacings (300, 600, and 900 μm) using a focused
laser beam as the nonuniform illumination source. Excellent
position sensitivity at zero-bias conditions was measured at 442
mV/mm in the electrode spacing 300 μm under 637 nm
wavelength and 2 mW power at room temperature (T = 298

Figure 2. Effects of electrode spacings and wavelength on a position-sensitive detector at room temperature and without a magnetic field. (a)
Configuration of the n-3C-SiC/n-Si heterostructure with various wavelengths and electrode spacings. (b−d) The LPV−position relationships
measured on electrode spacings of 300, 600, and 900 μm, respectively, under wavelengths of 637 nm.
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K). The LPV and the sensitivities of the device were
significantly influenced under the concurrent influence of
both temperatures and a magnetic field. The experiments were
conducted at different electrode spacings, illumination powers,
temperatures, and magnetic field directions. Photoexcitation,
generation and separation, and transportation of electron−hole
(e−h) pairs are used to explain experimental results when the
devices are operating in complex environments. It is
anticipated that this study can unlock the potential of n-3C-
SiC/n-Si heterostructures for applications in optoelectronic
field while concurrently showing the significant impact of
complex environmental factors, such as thermo-magneto-
optical conditions, on the practical performance of these
devices.

2. METHODOLOGY AND EXPERIMENT
2.1. Materials and Device Fabrication. To investigate

the optoelectronic effects of the heterostructure under the
opto-thermo-magnetic conditions, 3C-SiC/Si heterostructure

devices with different electrode spacings (300, 600, and 900
μm) were designed as shown in Figure 1a.

Figure S1 (Supporting Information) shows the fabrication
process of the 3C-SiC/Si heterostructure devices. In this
process, a 500 nm single crystalline 3C-SiC (100) thin film was
grown epitaxially on a 380 μm-thick Si (100) substrate by low-
pressure chemical vapor deposition (LPCVD) at 1000 °C
employing propylene and silane as precursors. The 3C-SiC film
was unintentionally doped using nitrogen (N) in the
atmosphere.42 The carrier concentrations of the n-doped SiC
film and Si substrate were around 3 × 1017 and 8 × 1014 cm−3,
respectively. An aluminum layer was patterned on the 3C-SiC
film by sputtering and a photolithography process (i.e.,
photoresist spin-coating, mask alignment, and UV light
exposure), which was followed by wet chemical etching of
Al. The desired samples were finally diced from the wafer.
Figure 1b shows the current−voltage (I−V) relationship of the
heterostructure device. The highly linear relationship indicates
that the Al electrodes formed good Ohmic contacts with the
3C-SiC surface. Furthermore, at the same voltage, the larger
the electrode spacing is, the smaller is the current because of

Figure 3. Characterizations of electrical and optoelectronic properties of an n-3C-SiC/n-Si heterostructure at room temperature. (a) Repeatability
of LPV at different lighting powers (0.1, 0.5, and 1 mW) for three electrode spacings (300, 600, and 900 μm). (b) Sensitivity−power relationship
for three electrode spacings and wavelength of 637 nm. (c) Sensitivity−power relationship for three different wavelengths and electrode spacing of
300 μm. (d) Carrier generation and transportation under illumination conditions.
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the higher resistance. The selected area electron diffraction
(SAED) in Figure 1c shows that the grown 3C-SiC nanothin
film is single-crystalline with a cubic structure. The high-
resolution image of transmission electron microscopy (TEM)
describes that the grown 3C-SiC is crystallized with the Si very
well in Figure 1d.

2.2. Experimental Setup. Figure S2 shows the exper-
imental setup used to characterize the LPE on an n-3C-SiC/n-
Si heterostructure in different thermal and magnetic field
environments. The light source was placed on a three-axis
micropositioning device (Mitutoyo), which can move precisely
on three axes of XYZ space. To investigate the LPE and
sensitivity of the 3C-SiC/Si PSD, the laser beam was
perpendicular to the top surface of the 3C-SiC layer. Laser
sources (Thorlabs) with different wavelengths 405, 521, and
635 nm were used in this experiment, and the diameter of the
laser spot was 100 μm. The position of the laser spot on the
sample was carefully monitored on a computer using a digital
microscope (MV30801-WNC, Microvue), and the laser spot
diameter was monitored by a beam profiler (BC106N-VIS,
Thorlabs). To measure the LPV and the position sensitivity of
the heterostructure at various temperatures, the sample was
mounted on a Linkam temperature stage (HFS600EPB4)
controlled by a temperature controller (T95). The surface
temperature of the device was measured using a thermocouple
(METEX, M-6000H). The electrical characteristics of the 3C-
SiC/Si heterostructure were measured by a Keithley 2450
SourceMeter. The light source power was measured by a
power meter (PM100D, Thorlabs) and a power sensor
(S130C, Thorlabs). The experiments were performed in a
dark room within the standard ambient conditions. Photo-
graphs of the experimental instruments and setup are provided
in Figure S3.

3. RESULTS AND DISCUSSION
Figure 2a shows the configuration of the n-3C-SiC/n-Si
heterostructure (with three electrode spacings of 300, 600, and
900 μm) used for measuring the LPV with three different
wavelengths of 637, 521, and 405 nm. Figure 2b−d depicts the
linear relationship between the generated LPV and the laser
position at a wavelength of 637 nm, whereas Figure S4 shows
this relationship at wavelengths of 521 and 405 nm, across a
spectrum of illumination powers ranging from 0.05 to 2 mW.
The linear relationship demonstrates the potential of the
heterostructure for position sensing. It is observed that the
LPVs are largest for the red wavelength (637 nm) and smallest
for the purple wavelength (405 nm). This is because longer
wavelengths are typically absorbed better and provide higher
photon conversion efficiency in Si. In addition, during the laser
beam scanning process from electrode A to B (electrode
spacing 300 μm), from electrode B to C (electrode spacing 600
μm), and from electrode C to D (electrode spacing 900 μm),
the maximum LPV value occurs when the laser is in close
proximity to the electrodes, whereas the LPV value becomes
zero when the laser is positioned at the center. The graphs
illustrate that, for a given position from the center between two
electrodes, the LPV of the 300 μm electrode spacing exhibits
the highest value, gradually decreasing as the electrode spacing
is increased. This trend is entirely justifiable because of the
migration of numerous electrons toward the 3C-SiC layer at
the location where the laser spot is applied. Notably, closer
proximity to the electrode results in a higher photovoltage. A

more comprehensive explanation of this phenomenon is
provided in the subsequent section.

Figure 3a shows the photoresponse of the device when the
laser light is turned on and off periodically at three powers (0.1
0.5, and 1 mW). We measure the photoresponse when the
laser is 76 μm from the central position between the two
electrodes. The response and recovery times of the n-3C-SiC/
n-Si heterostructure with three electrode spacings (300, 600,
and 900 μm) are shown in Table S1 of the Supporting
Information. When the laser power is increased, there is a
corresponding increase in the LPV. We observed that the
heterostructure with a 300 μm electrode spacing exhibits the
highest LPV. This finding suggests that, without other external
power sources, the LPV generated under nonillumination
conditions possesses the potential to function as a self-powered
sensor. Furthermore, it is noteworthy that the device has good
repeatability across various light power levels. In Figure 3b, the
sensitivity−power relationships of the heterostructure with
different electrode spacings are shown, whereas Figure 3c
presents the sensitivity−power relationship of the hetero-
structure under three different laser wavelengths. As shown in
Figure 3b, when illuminated by a laser with a 637 nm
wavelength, the highest sensitivity is observed at 442 mV/mm
(with a 2 mW laser power) for an electrode spacing of 300 μm.
For the 600 μm electrode spacing, the sensitivity reaches a
peak of approximately 300 mV/mm at 1 mW, gradually
declining at 2 mW and further at 3 mW. The highest sensitivity
in the 900 μm electrode spacing is approximately 250 mV/
mm. Interestingly, when the distance between the two
electrodes remains constant (as shown in Figure 3c), a longer
wavelength corresponds to greater positional sensitivity.
Specifically, the sensitivities of the n-3C-SiC/n-Si hetero-
structures peak at 442, 411, and 378 mV/mm at red (637 nm),
green (521 nm), and purple (405 nm) wavelengths,
respectively.

The generation and diffusion mechanisms of charge carriers
under nonuniform illumination are illustrated in Figure 3d. A
junction is created between n-3C-SiC and n-Si when they
come into contact. Because the heavily doped 3C-SiC layer is
n-type, many electrons here tend to diffuse to the n-Si layer,
creating positive charges (red symbols) at the junction.
Similarly, holes in the n-Si layer diffuse onto the n-3C-SiC
layer, leaving behind negative charges (blue symbols) at the
junction. This creates a depletion region and a built-in-electric
field formed at the junction of the n-3C-SiC/n-Si hetero-
structure. When the device is illuminated, because of the thin
n-3C-SiC layer, light passes through the SiC layer and is
absorbed mainly in the Si layer as well as the junction region.
The laser light excites the electrons from the valence band to
the conduction band, leaving behind holes in the valence band.
This creates electron−hole (e−h) pairs, and under the action
of an electric field, these e−h pairs are separated; that is, the
electrons migrate toward the SiC layer, whereas the holes
move toward the Si layer. Assuming that the laser light is
positioned in close proximity to electrode A, the concentration
of charge carriers near this electrode will be higher than at
electrode B. This charge carrier gradient induces the diffusion
of generated charge carriers toward electrode B, as illustrated
in Figure 3d. The difference in charge carriers between the two
electrodes results in the generation of a voltage across
electrodes A and B, referred to as the LPV. The magnitude
value of this LPV depends on the laser position. The density of
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the electron is defined by the absorption theory59 as n(ν) (ν:
the laser frequency):

=n K h E( ) ( )1 g (1)

in which Eg is the energy bandgap of Si, K1 is a proportional
coefficient, and α is an exponential coefficient.

Each electron among n(ν) can be re-excited statistically [τp/
n(ν)] times on average (τ is a time related coefficient).60 The
photogenerated e−h pairs are separated by the built-in electric
field that sweeps the electrons toward the SiC layer, whereas
the holes move toward the Si substrate. The injected electrons
concentration at the SiC can be written as60

= [ ]N n P( ) ( ) 1 p n
1
( / ( )) (2)

where P1 is the possibility that the electrons recombine with
holes and p is the laser power.

The LPV between two electrodes (VAB) and the sensitivity
of the PSD (Se) are calculated26,28,61,62 as follows:

=V
R N

d
e

2 ( ) L
d x

AB
2 ( )

(3)

= R N
d

eSe
2 ( ) L d2 ( / )

(4)

where R2 is a proportional coefficient and depends on Fermi
levels, x is the laser position, 2L is the distance between two
electrodes, and d is the diffusion length of electrons in SiC.

If the laser illumination is precisely at the center between the
two electrodes, the LPV will be zero, as the diffusion of charge
carriers occurs symmetrically. This symmetry results in the

Figure 4. Effect of temperature on device characterizations at electrode spacing of 300 μm. (a) LPV of increasing temperature at the wavelength
521 nm. (b) Sensitivities of devices at different temperatures (298, 323, and 373 K) with wavelength of 405 nm. (c) Sensitivity−power relationship
of devices at three wavelengths at a temperature of 323 K. (d) Charge carrier generation and transportation mechanism under illumination and
heating conditions.
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absence of a charge carrier gradient between the two
electrodes, and consequently, there is no voltage between the
two electrodes.

Figure 4 displays the thermo-optoelectronic characteristics
of the n-3C-SiC/n-Si heterojunction. In Figure 4a, we observe
a reduction in the LPV as the temperature is elevated from 298
to 398 K. The laser position is 76 μm from the central position
between the two electrodes, and the laser power is set at 0.5
mW, at a wavelength of 521 nm. Notably, when the
temperature increases from 298 to 323 K, there is a significant
decrease of 31.1% in LPV, and this trend continues as the
temperature rises further. The LPV decreases by 38% when the
temperature rises from 373 to 398 K. Figure 4b depicts the
device’s position sensitivity versus laser power at the
wavelength of 405 nm and at different temperatures. It is
observed that the sensitivity decreases as the temperature
increases to 323 and 373 K. It is worth noting that there is a
sharp 34% sensitivity drop at 3 mW power when the
temperature increases from 323 to 373 K. Figure 4c displays
the sensitivity of the n-3C-SiC/n-Si heterostructure at three
different wavelengths, all measured at a temperature of 323 K.
In comparison with the results shown in Figure 3d, we observe
that the device’s sensitivity in Figure 4c experienced a
reduction of up to 25% as the temperature increased from
room temperature (298 K) to 323 K. In addition, the
sensitivity demonstrates a rapid increase from a light power of
0.05 to 1 mW followed by a more gradual increase from 1 to 3
mW. To provide a clearer explanation for this behavior, Figure
4d illustrates the movement of electron−hole pairs (e−h pairs)
within the heterostructure when subjected to the simultaneous
influence of light and temperature. Under the effect of heat,
charge carriers in the Si substrate become thermally activated
and move in a random, chaotic manner. More charge carriers
in the Si substrate are excited by heat when the temperature is
increased. The charge carrier generated by the light has a
smaller quantity, as shown in Figure 4d. The carrier
concentration is temperature-dependent and is expressed as
follows63:

=c T e E k T(3/2) ( / )a B (5)

where Ea is the activation energy of dopants (phosphorus in
the case of n-Si and nitrogen in the case of n-3C-SiC), kB is the
Boltzmann constant, and T is temperature.

At higher temperatures, the temperature-generated e−h
pairs are more dominant than the light-generated e−h pairs.
Owing to the built-in electric field across the heterojunction,

electrons are attracted and move toward the n-3C-SiC layer.
Here, the difference in electron concentrations between the
two electrodes is not substantial, resulting in reduction of both
the LPV and the sensitivity of the device. Furthermore, the
LPV influenced by temperature is also described by
V ek

dT
E k T

AB
( / )B

1/2
a B 64; it is evident that with an increase in

the temperature, the LPV decreases.
If the heat source is uniformly applied to the entire backside of

the Si substrate and the device is not illuminated, the electron−
hole pairs will be generated by the thermal energy, and they
will move randomly in all directions in the Si substrate. In the
presence of a built-in electric field at the heterojunction,
electrons will migrate toward the 3C-SiC layer and move
toward the electrodes. Because the heat generation is uniform,
the charge carriers (mainly electrons) will also distribute
uniformly/equally between the two electrodes, resulting in a
zero voltage difference between the two electrodes.
If the heat source is applied asymmetrically near one electrode

and the device is not illuminated, electron−hole pairs will be
generated by the thermal energy. Electrons will migrate toward
the 3C-SiC layer and accumulate more at the electrode that is
heated. Meanwhile, the other electrode will receive much less
electrons. This difference in the electron density between the
two electrodes will result in a lateral voltage between the two
electrodes.

In the next section, the thermo-magneto-optoelectronic
characteristics of the n-3C-SiC/n-Si heterojunction device are
investigated with three different cases of magnetic field B̅, as
shown in Figure 5. The output voltage is measured between
two electrodes on the 3C-SiC surface. Next, we will analyze the
results, explaining the underpinning physics behind each case.

1. Case 1
Figure 5a shows the setup to investigate the LPE of

the n-3C-SiC/n-Si heterostructure under different opto-
thermo-magnetic effects for electrode spacing of 300
μm. The relationship between device sensitivity and
laser power at a temperature of 323 K and magnetic field
of 0.46 T is shown in Figure 6a. Notably, the
relationship appears highly linear across all three
wavelengths tested, and the device does not exhibit
saturation even when the laser power is increased to 3
mW. Moreover, it is worth highlighting that when
subjected to heat and magnetic fields, the sensitivity of
the device at each laser power level is considerably lower

Figure 5. Setups to investigate the LPE of the n-3C-SiC/n-Si heterostructure under different opto-thermo-magnetic effects for electrode spacing
300 μm. (a) The magnetic field vector B̅ is oriented in the opposite direction to the Oz axis. (b) The magnetic field vector B̅ aligns in the same
direction as the Oy axis. (c) the magnetic field vector B̅ is oriented in the opposite direction to the Ox axis.
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than when it is exposed solely to opto-thermo effects.
This can be explained in Figure 6b−d. Under the effect
of laser light and heat, e−h pairs are generated and split
due to the built-in electric field. Electrons tend to move

to the n-3C-SiC layer (explained in Figure 3d). When
the whole device is placed in a magnetic field B̅ as shown
in Figure 5a, the Lorentz force acts on the moving
charged particles. Specifically, in the Si substrate, the

Figure 6. Impact of opto-thermo-magnetic effects on the n-3C-SiC/n-Si heterojunction in case 1. (a) Sensitivity−power relationship at three
wavelengths under thermo-magneto impacts (temperature is 323 K, and the magnetic field is 0.46 T). (b) Charge carrier generation and
transportation mechanism under thermal and light impacts. (c) The diffusion current distribution in the n-3C-SiC layer without magnetic field and
the direction of movement of electrons. (d) The diffusion current distribution in the n-3C-SiC layer with magnetic field and the direction of
movement of electrons.
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electrons move upward toward the SiC layer in the
direction of the Oz axis because of the built-in electric
field at the heterojunction, so the Lorentz force has no
effect on the electrons in this layer (magnetic field B̅ is

parallel to the direction of movement of the electrons).
In this case, thermal energy still plays a dominant role in
the generation of e−h pairs. When the electrons reach
the 3C-SiC layer and tend to move or diffuse laterally

Figure 7. Impact of opto-thermo-magnetic effects on the n-3C-SiC/n-Si heterojunction in case 2. (a) Sensitivity−power relationship of devices at
three wavelengths with thermo-magnetic impacts (temperature is 323 K, and magnetic field is 0.46 T). (b) Carrier distribution mechanism under
opto-thermo-magneto impacts. (c) The diffusion current distribution the in n-3C-SiC layer without magnetic field and the direction of movement
of electrons. (d) The diffusion current distribution in the n-3C-SiC layer with magnetic field and the direction of movement of electrons.
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toward the other electrode, they experience significant
influence from the Lorentz force. Figure 6c,d shows the
diffusion current behavior within the 3C-SiC layer both
in the absence and in the presence of a magnetic field.
When the magnetic field is zero (B = 0 T), the electrons
have a tendency to diffuse in all directions. If the laser
light is in proximity to any electrode, that particular
electrode will accumulate a substantial number of
electrons, resulting in the above-mentioned result, as
illustrated in Figure 4d. However, when subjected to a
sufficiently strong magnetic field, electrons will addi-
tionally experience the influence of the Lorentz force.
They will exhibit circular motion around a specific
center, characterized by a rotational radius r = mv/(|
q|.B) (where m is the mass of the electron, v is the
velocity of the electron, q is the charge of the electron,
and B is the magnetic field). Here, the Lorentz force acts
as the centripetal force governing this circular motion.
When the magnetic field B increases, the radius r
shrinks, and the electrons orbit about that center. The
diffusion current distributions in this case are circular
orbitals,65 and the electrons continue to migrate nearer
to and accumulate around the electrode situated in

proximity to the light source. Nevertheless, it is
important to mention that the quantity of electrons in
this electrode is reduced in comparison to the situation
without a magnetic field. This reduction results from the
electrons undergoing circular motion under the
influence of a constant magnetic field. It is worth noting
that each electron travels at a distinct velocity when
influenced by light, which, in turn, results in varying
rotation radii for each electron within the magnetic field.
Meanwhile, other electrons tend to migrate toward the
electrode situated at a greater distance, following a
circular orbit, which leads to a reduction in the electron
concentration at that particular electrode. In short, the
presence of the magnetic field extends the diffusion path
of electrons, resulting in a decrease in electron
concentration at both electrodes. This leads to a sharp
drop in LPE as well as sensitivity.

When the direction of magnetic field vector B̅ is
reversed (i.e., aligned with the same direction as the Oz
axis), the result remains consistent.

2. Case 2
In case 2, all experimental parameters are identical to

those in case 1, except for the direction of the magnetic

Figure 8. Impact of opto-thermo-magnetic effects on the n-3C-SiC/n-Si heterojunction in case 3. (a) Sensitivity−power relationship of devices at
three wavelengths with thermo-magneto impacts (temperature is 323 K, and magnetic field is 0.46 T). (b) Carrier distribution mechanism with
thermo-magneto effects under illumination conditions.
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field. In this instance, magnetic field vector B̅ aligns with
the same direction as the Oy axis. The results pertaining
to LPE and sensitivity closely resemble the findings from
case 1, as shown in Figure 7a. However, it is essential to
emphasize that the movement of electrons in both layers
will be different from that in case 1. The electrons within
the Si layer move upward under the opto-thermo effects.
These electrons experience the effects of the Lorentz
force and revolve around a point in the presence of a
constant magnetic field (0.46 T). However, even in the
presence of this circular motion, the combined effects of
light and heat remain sufficiently influential to push the
majority of these electrons to move upward the 3C-SiC
layer, as depicted in Figure 7b. Here, when no magnetic
field exists, the analysis aligns with that of case 1, as
shown in Figure 7c. Under the influence of a constant
magnetic field, electrons moving in the direction of
region 1 exhibit a circular motion around a point, with
the Lorentz force acting in a downward direction toward
the bottom surface of the 3C-SiC layer, as illustrated in
Figure 7d. Conversely, electrons moving in the direction
of region 2 display the opposite behavior. This
distribution of electrons leads to an accumulation of
electrons on both the upper and lower surfaces of the
3C-SiC layer, causing a reduction in the number of
electrons moving toward the two electrodes. Naturally,
the electrode in close proximity to the light source will
continue to receive a greater number of electrons in
comparison to the electrode situated farther away from
the light.

3. Case 3
In this case setup, the magnetic field B parallels the Ox

direction. The results obtained in the third case align
with those obtained in the case of opto-thermal impacts
in the absence of a magnetic field, as illustrated in Figure
8a. In the Si substrate, the electrons undergo rotational
motion around a central point and are operated upon by
the Lorentz force, as shown in Figure 8b. This rationale
corresponds to that in case 2. When electrons are in the
3C-SiC layer, the Lorentz force is no longer active (the
main diffusion is parallel to the magnetic field).
Therefore, the results obtained from the thermo-
magneto-optoelectronic characteristic remain consistent
with those derived from the thermo-optoelectronic
characteristic.

In addition, the performance of the PSD using the n-
3C-SiC/n-Si heterostructure is compared to that of
other Si-based structures, as presented in Table S2.

4. CONCLUSIONS
The optoelectronic and self-powered characteristics of an n-
3C-SiC/n-Si heterostructure subjected to various thermal and
magnetic conditions were experimentally studied in this work.
The effects of electrode distances, laser wavelengths, and laser
powers on the LPE and PSDs were thoroughly investigated. In
addition, the sensitivity of PSDs under complex opto-thermo-
magnetic environments was also analyzed and explained
according to the generation and transportation mechanisms
of e−h pairs in the n-3C-SiC/n-Si heterostructure. The results
demonstrate a substantial influence of the thermo-magnetic
environment on the sensitivity of the PSD sensor. This paper
can serve as a valuable reference for applications of sensors in

harsh environments. The potential for using these combined
effects to increase the sensitivity remains an interesting topic
for further research.
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