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ABSTRACT: Cubic silicon carbide (3C-SiC) on silicon (Si) is an
excellent platform for developing sensors that can function in a
harsh environment due to its superior mechanical, electrical,
chemical, optoelectronic properties and low wafer cost. Here, we
report a position-sensitive detector (PSD) based on the
heterojunction formed between n-type SiC and p-type Si. The
PSD utilizes the lateral photovoltaic effect (LPE) with a linear
dependence of LPE on laser spot positions. The position sensitivity
is found to be 554.82 mV/mm at zero bias conditions under an
illumination of 200 μW (637 nm), which is among the most
sensitive LPE-based PSDs to date. The generation of the lateral
photovoltage (LPV) under light illumination is investigated by examining the band diagram of the 3C-SiC/Si heterojunction. The
influence of the illumination intensity and wavelength on the position sensitivity is also explained. This work demonstrates a
potential application for ultrasensitive, self-powered optoelectronic sensing of the n-3C-SiC/p-Si platform.
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1. INTRODUCTION

Silicon (Si) is the most critical element in the semiconductor
industry for its abundance, facile doping process, and unique
properties. Its narrow bandgap, excellent light-trapping ability,
and quick charge carrier transport make Si an ideal material for
optoelectronic devices.1,2 However, the indirect bandgap and
narrow absorption band of Si hinder the development of Si-
based optoelectronics. Furthermore, Si is unsuitable for
working in hostile conditions such as elevated temperatures
and a corrosive environment (e.g., aerospace applications). To
overcome this challenge, Si can be integrated with other
semiconductor materials to form heterostructure devices.
Heterostructures are widely used as basic building blocks in
advanced semiconductor devices due to their ability to control
and enhance device functionality and sensitivity by employing
the distinct mechanical, electronic, and optical properties of
dissimilar semiconductor materials. A large number of overly
sensitive optoelectronic devices based on heterostructures have
been reported, such as photodetectors, phototransistors, and
solar cells.3−10 The position-sensitive detector (PSD), an
important class of noncontact optical sensors, also utilizes the
heterojunction to achieve high sensitivity and a fast response
time. Heterostructures can provide PSDs with a large built-in
potential, which enhances the separation rate of photoexcited
carriers at the junction and drives the migrated carriers toward
electrical contact. In addition, heterostructure-based PSDs

have a wide spectral range as such devices usually consist of
two or more materials with different optical bandgaps
(Bi2Te2.7Se0.3/Si,

11 graphene/Si,12 SnSe/SiO2/Si,
13 MoS2/

Si14−16).
The excellent physical, electrical, and chemical properties of

silicon carbide (SiC) make it a suitable material for a wide
range of applications,17 especially in harsh environments.18

Compared to Si, SiC is electrically and mechanically stable at
elevated temperature thanks to its wide bandgap (2.3−3.2 eV
compared to 1.12 eV of Si), high melting point (2000 °C), and
better thermal conductivity. Additionally, SiC is chemically
inert with a low oxidation rate even at high temperatures.19

However, the high cost and small size of SiC wafers (e.g., 4H-
SiC and 6H-SiC wafer) restrict the development of
commercially available SiC devices. To overcome this
limitation, cubic silicon carbide (3C-SiC), which can be
grown on widely available Si wafers at a low cost, is receiving
attention from researchers with numerous reports on 3C-SiC/
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Si heterostructure devices such as pressure sensors, strain
sensors, and photodetectors.20−25 However, the potential of
3C-SiC/Si heterojunctions as a PSD has not been fully
explored. To the best of our knowledge, only PSDs based on p-
type 3C-SiC have been previously reported.26−28

In this work, we report for the first time a PSD based on the
heterojunction between n-type SiC and p-type Si. n-3C-SiC/p-
Si heterostructure-based PSDs with different electrode
spacings (e.g., 300 μm, 500 μm, and 1000 μm) were
investigated under illuminations of different wavelengths
(405, 521, and 637 nm) and power light sources. An excellent
linearity of the LPV versus laser position characteristics was
observed in all our tested devices, indicating the potential for
reliable position sensing using the heterostructures. The device
with an electrode spacing of 300 μm exhibited the highest
sensitivity of 554.82 mV/mm under the illumination of 637
nm (200 μW). The working principle of the PSD based on the
LPE was explained by examining the generation and diffusion
of electron−hole pairs under light illumination and the band
diagram of the heterojunction. The effect of electrode spacing
and light conditions (power and wavelength) on the sensitivity
of the PSD was also investigated. Our findings in this study
unambiguously demonstrate the position sensing capability of
the n-3C-SiC/p-Si heterostructure utilizing LPE, further
exploring the potential of 3C-SiC/Si for optoelectronic sensing
applications.

2. DEVICE FABRICATION AND EXPERIMENTAL SETUP
Figure 1a illustrates the 3C-SiC/Si heterostructure PSD. The PSD
architecture includes a 200 nm-thick n-type 3C-SiC layer on top of
the 650-μm-thick p-type Si substrate to form a 3C-SiC/Si
heterojunction. Electrical contacts are achieved by two aluminum
(Al) electrodes on the top 3C-SiC layer. The Al electrodes have the
lengths of 1000 μm and widths of 200 μm.Three devices with
different electrode spacings (i.e., the distance between two electrodes)
of 300 μm, 500 μm, and 1000 μm were fabricated and labeled as
Device 1, Device 2, and Device 3, respectively. Figure 1b shows the
TEM image of the heterointerface with visible defects near the
interface due to the lattice and thermal mismatch between 3C-SiC
and Si.29 The XRD measurement of the structure (Figure 1c) shows
diffraction peaks at 41.4° and 90.1°, which correspond to 3C-SiC
(200) and 3C-SiC (400) orientations, respectively. The peak at 69.2°
corresponds to the Si (400) orientation. Figure S1 depicts the
fabrication process of the 3C-SiC/Si heterostructure. The Si wafer
was cleaned following the standard Radio Corporation of America
(RCA) cleaning procedure prior to the growth process. An
unintentionally doped single crystalline 3C-SiC layer was grown on
the Si wafer epitaxially in a low pressure chemical vapor deposition
(LPCVD) process.30 A layer of Al was deposited on the 3C-SiC by
sputtering to make electrical contacts. A photoresist layer was spin-
coated on the Al, and the wafer was exposed to a masked ultraviolet
light to form the designed electrode pattern. Finally, the Al electrodes
were formed by employing the wet etching process. Once complete,
the wafer was diced into individual devices. A photograph taken under
a microscope of Device 3 is shown in Figure S4.

Lasers of different wavelengths were employed (405, 521, and 637
nm) to characterize the photoresponse of the 3C-SiC/Si hetero-
structure PSD. The fiber-coupled lasers were mounted on an XYZ
stage (Mitutoyo) to precisely control the laser spot position on the

Figure 1. N-SiC/p-Si heterojunction PSD. (a) The device consists of a 3C-SiC layer on top of the Si substrate. Electrical contacts are achieved by
two aluminum electrodes. (b) Transmission electron microscopy (TEM) image of the heterojunction. The SiC layer thickness is approximately 200
nm. (c) X-ray diffraction (XRD) measurement.
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devices with a resolution of 0.0254 mm (0.001 in.). The laser spot
position was monitored using a digital microscope (Dino-Lite) via
computer. The laser spot diameter was approximately 100 μm and
monitored by a Beam Profiler (BC106N-VIS, Thorlabs). The incident
light direction was perpendicular to the device surface. The light
source power was measured by a power meter (PM100D, Thorlabs)
and a power sensor (S130C, Thorlabs). The experiments were
conducted in a dark room and under ambient environment
conditions. Figure S2 shows the experiment setup.

3. RESULTS AND DISCUSSION

Figure 2a shows the current−voltage (I−V) characteristics of
the 3C-SiC/Si heterostructure devices under dark conditions.
The linear relationship of the current and voltage indicates an
excellent ohmic contact between Al and SiC layer. Larger
electrode spacings of the devices can be seen to correspond
with higher resistance of the devices. Figure 2b shows the
photoresponse of Device 1 when the light is turned ON and
OFF periodically. The laser is positioned at 0.0762 mm from
the center of the electrode spacing. The measurement accuracy
of the voltage is 0.012%. The response time and recovery time
are 0.24 and 0.12 s, respectively. The LPV can be generated
without any external power supply, which indicates the
potential for self-powered applications of the 3C-SiC/Si
heterostructure. The device shows excellent repeatability at
different light powers (50 μW, 200 μW, and 500 μW).
The relationship between the generated LPV and the laser

position is shown in Figure 2c, measured under an illumination
(200 μW) of 637 nm wavelength. The values of the LPV
change linearly with respect to the position of the laser when
the laser scans from electrode A to electrode B. The maximum

LPVs are achieved when the laser spot is located in the vicinity
of either electrode. This linear-dependent behavior of LPV on
the laser position indicates the potential of the 3C-SiC/Si for
position detection applications. The position sensitivity, which
is defined as the change in LPV divided by the change in
position, was determined to quantify the position sensing
performance of the PSD. Figure 2d shows the sensitivities of
the devices under an illumination of 637 nm wavelength
recorded at different powers. Device 1 exhibited the highest
sensitivity compared to its counterparts under all light powers
with a sensitivity of 554.28 mV/mm achieved at 200 μW. This
result strongly indicates that the electrode spacing substantially
influences the sensitivity of the PSD as the sensitivity decreases
when spacing increases from 300 μm to 1000 μm. A significant
increase in the sensitivity was observed in Devices 1 and 2
when the light power increased from 50 μW to 200 μW.
However, the effect of power on the sensitivity observed on
Device 3 is insignificant.
Different light conditions (power and wavelength) were

employed for Device 1, which has the highest sensitivity, to
further understand the position sensing performance of the
PSD. Figure 3a shows the LPV as a function of the laser
position under different light powers. The LPV increases when
the light power increases from 50 μW to 200 μW, as seen by
the steeper slope of the 200 μW line. However, when the
power increases to 500 μW, the enhancement in LPV is
negligible. The LPV also depends on the wavelength of
incident light as shown in Figure 3b. The highest LPV is
measured under an illumination of 637 nm wavelength. The
LPV decreases when the wavelength decreases to 521 and 405

Figure 2. Devices characterization under light illumination. (a) Current−voltage (I−V) characteristic of the devices in dark conditions. The linear
I−V curves indicate good ohmic contact between Al and SiC. (b) Photoresponse of Device 1 (electrode spacing of 300 μm) under 637 nm
wavelength light at different powers. Excellent stability and repeatability are observed. (c) The position-dependent LPV measured on devices with
different electrode spacings under a light source of 637 nm (200 μW) at zero bias. A linear relationship between the LPV and laser position can be
seen. (d) Dependence of position sensitivity on electrode spacing. Devices with shorter electrode spacings demonstrate higher sensitivities.
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nm. The sensitivity of the PSD also depends on the power and
wavelength of the light source. Figure 3c shows the effect of
wavelength on sensitivity. The sensitivity demonstrates a
wavelength-dependent behavior, which is similar to the LPV.
The sensitivity is at its highest under an illumination of 637 nm
wavelength and decreases as the wavelength decreases. This
behavior is observed at different illumination powers. It can
also be seen that the sensitivity under 637 nm wavelength at
200 μW and 500 μW is almost the same, indicating a sensitivity
saturation. Figure 3d shows the sensitivities and the saturation
at high power for the range of 10−5000 μW under different
wavelengths. As the power increases, the sensitivity increases
drastically until the light power reaches 200 μW. At a higher
light power, the sensitivity drops before reaching saturation.
The generation of the LPV can be explained by the

examining the transportation of the photogenerated charge
carriers. When SiC comes into contact with Si, a junction is
formed between the two materials. As the top 3C-SiC layer is
n-doped, the highly concentrated electrons there diffuse to the
bottom Si layer, exposing the positive charges at the junction.
In the same manner, the holes from the Si layer diffuse to the
SiC layer, leaving behind negative charges on the Si side. The
migration of electrons and holes results in a depletion region
and a built-in electric field at the 3C-SiC/Si heterojunction
(Figure 4a). Under visible illumination, as the incident photon
energy of the light is higher than the bandgap of Si (1.12 eV),
the heterojunction and the Si absorb the incident photon
energy and generate electron−hole (e−h) pairs. The photo-

excited electron concentration at the illumination point can be
written as31

υ= − αn K h E(0) ( )1 g (1)

Figure 3. Influence of light power and wavelength to LPV and position sensitivity, measured on Device 1. (a) Position-dependent LPV under
different illumination powers. Higher light powers generate higher LPV. However, when the power is higher than 200 μW, the change in LPV is
miniscule. (b) LPV under different wavelengths. Longer wavelength gives rise to a higher LPV. (c) Dependence of sensitivity on wavelength.
Similar to the LPV, the higher sensitivity is achieved under longer wavelength illumination. (d) Dependence of sensitivity on light power. The
sensitivity increases as the light power increases, but after a certain power value, the sensitivity saturates, and even decreases in the case of 637 nm
wavelength.

Figure 4. (a) Generation and diffusion of charge carriers under
nonuniform illumination. The band diagram of the 3C-SiC/Si
heterojunction at (b) electrode A and (c) electrode B when the
laser is near electrode A.
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where Eg is the energy bandgap of the Si, K1 is a proportional
coefficient, and α is an exponential coefficient.
The built-in electric field then separates the photogenerated

e−h pairs, sweeping the electrons toward the SiC while the
holes drift to the Si. The injected electrons concentration at
the SiC can be written as31

= [ − ]τN n P(0) (0) 1 p n
1
( / (0))

(2)

where P1 is the possibility that the electrons recombine with
holes, and p is the laser power. The recombined electrons can

be re-excited
τp

n(0)

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ times on average, with τ as a time-related

coefficient.
The injected electrons in the SiC diffuse laterally from the

illuminated area to dark areas due to the difference in charge
carriers’ concentration. The diffusion of the injected electrons
can be represented by the diffusion equation:32

τ
=D

N r
r

N rd ( )
d

( )2

2
SiC (3)

where τSiC is the lifetime of nonequilibrium electrons in SiC.
By solving eq 3, the electron concentration at a distance r from
the laser position can be calculated as32

= −N r N
r
d

( ) (0) expi
k
jjj

y
{
zzz (4)

where =
ρ

D k T
N q

B
2 is the diffusion coefficient, with N and ρ are

the density of electrons at equilibrium and the resistivity of
SiC. τ=d D SiC is the diffusion length of electrons in SiC.
In dark conditions, the Fermi levels (EF) at both electrodes

are equal. Under illumination, the e−h pairs are generated in
the illuminated area. The photogenerated e−h pairs are
subsequently separated by the built-in voltage at the 3C-SiC/Si
interface. As the electrons drift to the SiC, the carrier
concentration near the electrode A rises, while the concen-
tration at electrode B remains low, resulting in the diffusion of
generated carriers toward electrode B. Because of the injected
electrons in the SiC, the Fermi energy levels split into two
quasi-Fermi energies (EF,Si and EF,SiC) at both electrodes. The
EF,SiC at electrode A moves closer to the conduction band
(EC,SiC) compared to EF,SiC at electrode B due to the high
electron density at electrode A (Figure 4b,c). Thus, a potential
difference exists between A and B, generating an LPV between
A and B. VAB depends on the laser position as a result of the

difference in diffusion lengths from the laser spot to the two
electrodes.
The LPV between A and B can be calculated as33,34

= − | − | − − | + |

≈ −
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L x

d
L x

d
K N

d
L
d

x

(0) exp exp

2 (0)
exp

AB 2

2

Ä

Ç

ÅÅÅÅÅÅÅÅÅ
i
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz
É

Ö

ÑÑÑÑÑÑÑÑÑ
i
k
jjj

y
{
zzz (5)

where =
π

ℏ( )K E
q m2

1
4 F

1/2
2

3/22

is a proportional coefficient, x is

the laser position, and 2L is the distance between the two
electrodes. From the LPV, the sensitivity of the PSD (S) can
be calculated as33,34

= −S
K N

d
L
d

2 (0)
exp2 i

k
jjj

y
{
zzz (6)

The diffusion equation indicates that the electron concen-
tration decays exponentially with the distance from the laser
position. Within a short distance from the laser position, the
electron concentration decreases drastically. This results in a
higher electron concentration gradient and higher sensitivity in
devices with a smaller electrode spacing, as demonstrated by
the high sensitivity of the Device 1. However, when the
electrode spacing becomes comparable to the laser spot
diameter, the sensitivity decreases. In this case, the photo-
generated electrons diffuse and are collected rapidly after
traveling only a short distance from the laser position. As a
result, the carrier concentration gradient between the two
electrodes becomes lower and thereby decreases the
sensitivity.28 The distribution profile of the injected electrons
in the SiC layer is illustrated in Figure S3. In addition to the
electrode spacing, the electrode size can also have an influence
on the LPE. In the case of an asymmetric electrodes
configuration, i.e., the electrodes have different sizes, the
device can generate lateral photovoltage (LPV) even under
uniform light, unlike normal LPV, which can only be generated
under nonuniform illumination.35 In our work, the electrodes
are of the same size and only serve as electrical contacts. The
function of the electrodes as electrical contacts is confirmed by
the linear current−voltage (I−V) curves as shown in Figure 2a.
Thus, the size of the Al electrodes has no effect on the
properties of the devices.
As shown in Figure 3, the incident light wavelength and

power can greatly impact the LPV and position sensitivity. The
high LPV and sensitivity generated under a longer wavelength

Figure 5. Band diagrams of the n-3C-SiC/p-Si heterojunction under an illumination of different wavelengths. (a) 637 nm. (b) 521 nm. (c) 405 nm.
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(637 nm) as seen in Figure 3b,d can be explained as follows.
The photon energy of 637 nm wavelength matches the
bandgap of Si (1.12 eV); thus, most of the incident photon
energy is absorbed by the Si, generating a large number of e−h
pairs and results in a large LPV and high sensitivity (Figure
5a). On the other hand, the energy of shorter wavelengths, for
instance, 3.06 eV (405 nm), is much higher than the bandgap
of Si (Figure 5b,c). When the Si layer absorbs the incident
photon, the excess energy is lost as heat, resulting in a small
number of e−h pairs generated. Furthermore, the high-energy
photons cannot penetrate into the material as deep as the
lower energy photon of longer wavelength, hindering the
generation of charge carriers. A portion of the high-energy
photon can be absorbed by the wide bandgap SiC. However, as
the SiC thickness is only 200 nm, the absorption of SiC is
negligible.27 The transmittance spectra of the 3C-SiC/Si and Si
are shown in Figure S5. The LPV and position sensitivity are
also influenced by light power (Figure 6). As the light source

power increases, the number of incident photons increases,
generating a larger number of e−h pairs. As a result, the PSD
can generate a larger LPV and has a higher sensitivity. As the
light power increases higher than 200 μW, the sensitivity drops
(Figure 3d). This can contribute to the trapping sites near the
SiC/Si interface. The trapping sites hinder the diffusion of
photogenerated charge carriers toward the electrodes, resulting
in a high charge carrier concentration gradient between the
electrodes and, thus, high sensitivity. At a high power range
(>200 μW), the trapping sites at the interface are fully
occupied and do not contribute to the carrier density gradient,
and hence the sensitivity drops. As the light power continues to
increase, the recombination probability of the e−h pairs also
increases.36,37 Eventually, the number of generated and
recombined e−h pairs are the same, resulting in the saturation
of the sensitivity.
The doping type of the top SiC layer has profound effects on

the performance of the PSD. The resistivity of the diffusion
layer is the main difference between n-SiC/p-Si and p-SiC/p-Si
heterostructure that influences the position sensitivity.38

Electron mobility in SiC is approximately 1000 cm2 V−1 s−1

at 300 K compared to a hole mobility of 125 cm2 V−1 s−1.39 As
an electron has a higher mobility in SiC than a hole, an n-type
SiC will have lower resistivity, and the diffusion of electrons in
n-SiC is facilitated, resulting in a lower position sensitivity. A
highly resistive layer can generate a high charge carrier
gradient, resulting in high sensitivity. However, a highly
resistive diffusion layer is not always beneficial. When the
resistivity increases up to a certain value, the diffusion of

charge carriers is greatly hindered, resulting in a reduction of
charge carriers reaching the electrodes, lowering the generated
LPV and sensitivity. The resistivity of the diffusion layer also
depends on various parameters such as the layer thickness and
doping concentration. The thickness of the top layer needs to
be optimized to achieve maximum sensitivity.33,34 The
thickness of the SiC layer has an influence on the diffusion
of the electrons and the charge carrier concentration gradient
and thus the LPV and sensitivity. A thinner SiC layer has a
higher resistivity and hinders the diffusion of the injected
electrons, resulting in a higher concentration gradient.
Therefore, a higher LPV and sensitivity can be achieved. In
addition, the role of defects at the interface between SiC and Si
is more significant at a thinner SiC thickness. The trapping
sites near the interface further hinder the charge carrier
diffusion and enhance the LPE. Thin SiC layers also allow the
incident light to penetrate more deeply into the Si substrate,
generating more electron−hole pairs, improving the perform-
ance of the devices. Controlling the doping concentration is
also a challenge in the fabrication process of SiC. Optimizing
the doping type, doping concentration, and thickness of the
diffusion layer is important to achieve high sensitivity.

4. CONCLUSION
In this work, we report LPE-based PSDs employing a n-SiC/p-
Si heterojunction. The heterostructure can generate LPV
under the illumination of a laser light source without external
bias, i.e., self-powered. The generated LPV shows an excellent
linear relationship with the laser position, indicating the
potential for position sensing applications. The highest
position sensitivity of 554.82 mV/mm is measured on Device
1 (electrode spacing of 300 μm) under an incident light of 637
nm wavelength (200 μm). We investigated the effect of light
conditions (power and wavelength) on the generated LPV and
position sensitivity. Higher excitation light results in a higher
LPV and sensitivity. However, the sensitivity demonstrated
saturation as the light power reached 200 μW. This is the result
of an increased recombination process when the concentration
of charge carriers is high. A longer wavelength (637 nm) light
source also results in higher LPV and position sensitivity as the
photon energy of 637 nm light matches the energy band of Si,
leading to a larger number of incident photons absorbed in Si
and generating a large number of e−h pairs. The distance
between two electrodes is demonstrated to have an influence
on the device sensitivity with shorter spacing devices having
higher sensitivity. However, when the spacing approaches the
spot diameter of the laser, the sensitivity decreases. The doping
type of the top SiC layer also needs to be considered when
designing the PSD as it influences the resistivity and the
diffusion of the photogenerated charge carriers and thus the
sensitivity. In addition, the doping concentration and thickness
of the SiC layer should also be optimized to achieve
ultrasensitive sensing performance. The finding from this
work further supports the potential of the 3C-SiC/Si
heterojunction for optoelectronic sensing applications.
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