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A B S T R A C T

Position-sensitive detector (PSD) is a popular type of noncontact optical position sensor that has important
roles in various applications. Cubic-silicon carbide on silicon (3C-SiC/Si) is a promising platform to develop
optoelectronic sensors for harsh environment applications thanks to the superior robustness of the SiC, the low
wafer cost, and the high compatibility with the well-established Si micro/nano fabrication technology. Here,
we report an enhanced lateral photovoltaic effect (LPE) in 3C-SiC/Si heterojunction under an external electric
field, and demonstrate the effect in an ultrasensitive PSD. We observed a position sensitivity of 1550 mV/mm,
which is a five-time increase compared to the case without electric field. The generation and transport of the
photo-induced charge carriers are investigated by examining the band diagram of the 3C-SiC/Si heterojunction
to provide a detail explanation of the phenomenon. Our findings in this work demonstrate the potential of
the 3C-SiC/Si heterojunction to develop high-performance noncontact optical sensors for harsh environment
applications.
1. Introduction

Optical sensing technologies are an important topic that has been
extensively reported with various implementations in commercial elec-
tronics, industry, and military/defence [1–4]. PSDs are among the
most crucial class of optical sensors that have been employed in a
broad variety of applications including motion tracking, atomic force
microscopy, and angular displacement monitoring [5–9]. A traditional
type of PSD is the quadrant detector (QD) which consists of four dis-
crete photodiodes and the position of the light spot can be derived from
the ratio of the outputs from each photodiode [10,11]. For applications
that require higher sensitivity, the LPE detector is utilised [12–14].
The LPE detector consists of a single photodiode with two or four
contacts and the output voltage between two contacts depends on the
relative position of the light spot with the contacts. In contrast to the
QD, the LPE detector can provide continuous data with high resolu-
tion, sensitivity, and fast response time. The PSDs based on the LPE
have advanced dramatically over the last two decades with multiple
publications on ultrasensitive PSDs [15–18]. A wide range of materials
has been explored to develop high-performance PSDs [19–26].Notably,
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introducing an external modulation has been known to be an effective
method to improve the performance of PSDs. Zheng et al. reported an
enhanced LPE in WS2/Si structure using ferroelectrics [27]. By applying
a ferroelectric gate, the absorption wavelength of the structure was
broadened to infrared range (405–1550 nm). The position sensitivity
also increased from 198.6 mV/mm to 503.2 mV/mm. In addition, the
response speed of the WS2/Si structure also improved significantly due
to a higher carrier initial kinetic energy. Liu et al. also reported a PSD
in Cu(In, Ga)Se2 (CIGS) multi-layer heterostructure, tuned by piezo-
pyroelectric effect [28]. Due to the coupling between piezoelectric and
pyroelectric effect, the position sensitivity of the heterostructure can be
enhanced by 171.8%, up to 639.9 mV/mm. The response time was also
reduced to 6.8/7.9 μs.

Silicon (Si) is the material of choice for microelectronics due to
its abundance, low cost, and most importantly, well-established mi-
cro/nano fabrication technology. The indirect bandgap and narrow
absorption band of Si, however, impede the development of Si optoelec-
tronics. Moreover, Si is unsuited for applications in harsh environments
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Fig. 1. (a) n-3C-SiC/p-Si heterojunction device structure. (b) TEM image of the heterojunction.
Source: Reprinted with permission from [29].
© 2023 IEEE.
such as chemically corrosive environments. To overcome this lim-
itation, heterostructures are used to improve the performance and
sensitivity of the device by combining the unique properties of dif-
ferent materials. A larger number of reports on LPE detectors utilises
heterostructures of Si and other materials [27,30–35]. High sensitivity,
fast response time and wide spectral range were demonstrated on a
variety of heterostructure devices. SiC with its excellent mechanical,
electrical, and thermal properties and chemical inertness is a material
that can complement or potentially replace Si, especially in harsh
environment applications [36,37]. Among the polytypes, cubic silicon
carbide (3C-SiC) has great commercialisation potential as it can be
grown epitaxially on inexpensive, large diameter Si wafers. In addition,
its manufacturing process is highly compatible with the well-establish
Si-based process. There have been reports of many devices developed
using the 3C-SiC/Si heterostructure, including pressure sensors, strain
sensors, and photodetectors [38–40]. LPE-based PSDs utilising the 3C-
SiC/Si heterostructure also show great potential with high-sensitivity
devices reported [41–46]. However, previous studies on the LPE in 3C-
SiC/Si PSD have not considered the effect of an external electrical field
across the heterojunction.

In this work, we report for the first time an electric-field-enhanced
LPE in 3C-SiC/Si heterojunction and demonstrate it in a highly sensitive
PSD. The PSD is fabricated on an n-3C-SiC/p-Si wafer and the position
sensing capability of the fabricated devices under external voltage
bias is experimentally investigated under the illumination of lasers of
different wavelengths (405 nm, 521 nm, and 637 nm) and powers. An
excellent position sensitivity as high as 1550 mV/mm is achieved under
5 V reverse bias, which corresponds to a 5-fold enhancement compared
to the conventional photovoltaic mode. The generation and transport
of photoexcited charge carriers in the heterojunction under reverse bias
were thoroughly investigated to gain insights into the phenomenon,
working principle and underlying physics of the fabricated devices.
Our work demonstrates the potential of the 3C-SiC/Si heterojunction
for position sensing and provides a commercially viable platform to
develop high-sensitive PSD.

2. Experiment section

Fig. 1a shows the n-3C-SiC/p-Si heterojunction device structure
with two aluminium (Al) electrodes on the top and a back Al electrode.
The Transmission Electron Microscope (TEM) image of the 3C-SiC/Si
heterojunction is shown in Fig. 1b. At the interface, there are visible
defects due to the lattice mismatch between the SiC and Si. Figure
S1 (Supplementary data) shows the fabrication process of the 3C-
SiC/Si heterostructure device. The 380 μm thick Si wafer is cleaned
following the standard Radio Corporation of America (RCA) process.
From the clean Si wafer, single-crystalline 3C-SiC thin films (90 nm)
are grown on both sides of the wafer in the Low-Pressure Chemical
Vapor Deposition (LPCVD) process at 1000 ◦C [47]. To form the back
2

electrode, the 3C-SiC layer at the back is first removed by Reactive-Ion
Etching (RIE). Next, Al is sputtered on the top 3C-SiC layer to make
the electrodes. The top Al layer is then spin-coated by a photoresist
layer and patterned using a Maskless Aligner (MLA). The electrodes are
formed by wet etching. To make the back electrode, Al is deposited on
the bare Si by sputtering. Finally, the devices are diced from the wafer.

We use three laser sources (LP405-SF10L, LP520-SF15, LP637-SF70,
Thorlabs) with three different wavelengths (405 nm, 521 nm, and
637 nm) to characterise the photoresponse of the heterostructure.
The lasers are mounted on a 3-axis stage (PT3, Thorlabs) to control
the laser position with a resolution of 25.4 μm (0.001 inches). To
observe the laser position on the heterostructure, we use a Digital
Microscope (Dino-Lite). The laser spot diameter is monitored by a Beam
Profiler (BC106NVIS, Thorlabs) and a spot diameter of approximately
110 μm is maintained. The laser power is measured by a Power Meter
(PM100D, Thorlabs) and a Power Sensor (S130C, Thorlabs). The elec-
tronic characteristics of the devices are investigated using a Keithley
2450 SourceMeter.

3. Results and discussions

Fig. 2a shows the I–V characteristic of the devices, measured be-
tween the lateral electrodes. We observe linear I–V curves for all three
electrode spacings, indicating good Ohmic contacts between Al and SiC.
The I–V characteristic of the 3C-SiC/Si heterojunction is also measured
between the top and bottom electrodes. Fig. 2b shows a logarithmic
plot of the I–V curve and an excellent rectification behaviour can be
observed. The linear plot of the curve is also shown in the inset.

To characterise the photoresponse, we measure the output LPV
of the 3C-SiC/Si heterojunction device between the lateral electrodes
when the laser scans from one electrode to the other with different
applied reverse biases. Fig. 3a shows the LPV under the zero bias
condition. We observe a linear relationship between the output LPV
and the laser position, which confirms the position-dependent charac-
teristic of the LPV and indicates the position-sensing applications of the
heterostructure. The LPV value reaches the maximum when the laser
is at either electrode and it is zero when the laser is at the centre of
the electrode spacing (i.e., the distance between electrodes). The LPVs
under different applied biases are shown in Fig. 3b. Here, the LPV is
measured when the reverse bias from 1 V to 5 V is applied between
the top and bottom electrodes. Similar position-dependent behaviour of
the LPV can be seen. However, the LPV curves are shifted up, towards
the value of the bias voltage. Notably, when the laser is at the centre
of the device, an LPV is still generated.

The influence of bias voltage on the position-sensing performance
of the heterostructure is further investigated in Fig. 4. To evaluate the
position-sensing performance, position sensitivity, which is defined as
the change in output voltage divided by the change in position of the
laser spot between the two electrodes, is calculated. The sensitivity
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Fig. 2. Current–voltage (I–V ) characteristic of the 3C-SiC heterojunction devices, measured between (a) the lateral electrodes, and (b) the top and bottom electrodes.
Fig. 3. Dependence of the output lateral photovoltage (LPV) on the laser position when a laser scans from one electrode to the other, measured in the device with the electrode
spacing of 500 μm. The measurements are conducted in (a) zero bias, and (b) reverse bias. The incident light has a wavelength of 637 nm and a power of 100 μW.
Fig. 4. (a) Dependence of the position sensitivity on the applied reverse bias voltage Vb. (b) Influence of the electrode spacing on the sensitivity at different bias voltages.
of the PSD with increasing bias voltage is shown in Fig. 4a. The
sensitivity increases significantly with increasing reverse bias voltage
and the enhanced sensitivity follows a linear trend. A sensitivity up
to 1550 mV/mm is achieved under a 5 V bias voltage, which is a 5-
fold enhancement compared to the zero bias case. This improvement
is observed at all measured light powers. Notable works with high
position sensitivity were summarised in Table S2, Supplementary data.
In addition, the effect of the bias voltage is also investigated on devices
with different electrode spacings. At electrode spacings of 500 μm and
1000 μm, the same significant enhancement in sensitivity under reverse
bias is seen. However, at the 2000 μm electrode spacing device, the
difference in sensitivity at different bias levels is negligible. This can
be attributed to the substantial difference between the size of the top
electrode and the electrode spacing, with the electrode spacing being
ten times larger than the top electrode. Thus, the effect of the electric
field on the charge carrier transport is trivial and the sensitivity of the
PSD stays almost the same.
3

The LPE in 3C-SiC/Si heterostructure under applied bias is further
investigated at different light powers and wavelengths. Fig. 5a shows
the sensitivity of the 500 μm-spacing device under 0 V, 1 V and 5 V
bias with increasing incident light power. We observe a sharp increase
in sensitivity at all bias conditions when the light power increases.
However, when the light power is higher than 250 μW, the sensitivity
saturates. Fig. 5b demonstrates the dependence of the sensitivity on
the light wavelength. The wavelength-dependence behaviour of the
sensitivity under reverse bias is similar to when the device works
in conventional photovoltaic mode (i.e., at zero bias). Under the il-
lumination of 637 nm wavelength (250 μW), the sensitivity reaches
a maximum value of 1550 mV/mm. The sensitivity decreases as the
wavelength decreases and has the lowest value under the 405 nm light
source.

To understand the enhanced LPE and working mechanism of the
ultrasensitive PSD under reverse bias, we examine the charge carrier
generation and transport in the SiC/Si heterojunction. At the SiC/Si
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Fig. 5. (a) Dependence of the sensitivity of the PSD on light power, investigated at different bias voltage. (b) Wavelength-dependent position sensitivity when a 5 V reverse bias
voltage is applied.
Fig. 6. (a) The photoexcited electron–hole (e–h) pairs transport when the PSD works at zero bias. (b) The energy band diagram of the 3C-SiC/Si heterojunction. (c) The charge
carrier’s generation and transport in the heterojunction under reverse bias. (d) The energy band diagram of the heterojunction when a reverse bias is applied.
interface, the highly concentrated electrons in the n-SiC layer diffuse
to the p-Si due to the difference in concentration. Similarly, the holes
in the p-Si diffuse to the SiC, forming a depletion region at the inter-
face of SiC and Si (Fig. 6a). The diffused electrons leave behind the
exposed positive donor ions while the diffused holes left behind the
negative acceptor ions. Thus, a built-in electric field is formed across
the heterojunction from the positive ions to the negative ions. Under
light illumination, charge carriers can be generated in the materials by
two main mechanisms: band-to-band transitions (intrinsic) or transi-
tions involving impurities energy levels (extrinsic). Consider the case
when a 637 nm light illuminates on the SiC/Si heterojunction. The
incident photon energy, in this case, is 1.95 eV, which is lower than
the bandgap of 3C-SiC (2.38 eV). Thus, the charge carrier cannot be
generated by band-to-band transitions. However, since the 3C-SiC is
unintentionally doped, there are donor levels of 0.05 eV in the SiC and
photoexcitation can still occur [48]. On the other hand, the photon
energy is higher than the bandgap of Si (1.12 eV) and the acceptor
levels (0.044 eV) [49]. The incident light is absorbed by the Si and
e–h pairs are generated by both intrinsic and extrinsic processes in
p-Si. At the incident light wavelength of 521 nm, the photons have
higher energy (2.38 eV) thus the band-to-band generation can occur
4

in 3C-SiC and, thus, a larger number of e-h pairs are generated in the
SiC compared to the 637 nm light. In the Si layer, the photon energy
of 2.38 eV is much higher than the bandgap of 1.12 eV, the excited
electrons have to lose the extra energy to reach a more stable state and
thermal equilibrium. The excess energy is lost to lattice vibrations as
heat [50,51]. Similarly, at shorter wavelengths (405 nm), even more
photons are absorbed in the SiC and more excess energy is lost in the
Si. It is important to note that since the thickness of the SiC layer is
thin (90 nm) compared to the Si substrate (380 μm), most of the e-
h pairs are generated in the Si and the light absorption of the SiC is
insignificant [42]. The generation of e-h pairs in the SiC and Si under
light illumination is summarised in Table 1, Supplementary data. The
generated e-h pairs are separated by the built-in field and drifted in
opposite directions. Consider the energy band diagram of the SiC/Si
heterojunction in Fig. 6b. The drift corresponds to the photoexcited
electrons in the 𝐸𝐶 , Si roll down the energy hill, to the SiC region.
Similarly, the holes are drifted from SiC to the Si.

When a nonuniform illumination is applied (i.e., a laser beam), the
e-h pairs are generated only in the illuminated area and are separated
by the built-in voltage at the heterojunction. The electrons move in the
opposite direction of the built-in field, towards the n-SiC while holes
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move to the p-Si. In the SiC, the electron concentration at the illumi-
nated area is high compared to the unexposed area. Consequently, the
electrons diffuse laterally towards electrodes A and B. The redistribu-
tion of the photogenerated electrons in the SiC creates a charge carrier
gradient between the electrodes, resulting in a lateral LPV. The LPV is
linearly proportional to the laser position due to the difference in the
diffusion path length from the laser to the electrodes. The LPV between
electrodes A and B can be expressed as [17]:

𝑉𝐴𝐵 =
−2𝐾𝑛0
𝐿ℎ

(1 − 𝑃
𝜏𝑝𝑖
𝑛0 )𝑒𝑥𝑝(−𝐿

𝐿𝑒
)𝑥 (1)

where 𝐾 = (𝑘𝐵𝑇 ∕𝑞𝑛𝑇 ) is a proportional coefficient, with 𝑛𝑇 is the
hole density in the valence band due to temperature fluctuation, 𝑇 .
𝑛0 is the density of photoexcited electrons, which is defined as 𝑛0 =
(𝜂𝛼𝐼𝜏∕ℎ𝜈) where 𝜂, 𝛼, 𝐼 , 𝜏 and ℎ𝜈 are the quantum efficiency, absorp-
ion coefficient, illumination intensity, carrier life time and incident
hoton energy, respectively. 𝑝𝑖 is the power of the incident light. 𝑃 is
he probability that recombination occurs. 2𝐿 is the distance between
lectrodes. 𝐿𝑒 is the electron’s diffusion length and 𝑥 is the laser

position, with 𝑥 = 0 when the laser is at the centre of the electrode
pacing.

When a reverse bias voltage is applied between the top and the
ottom electrodes, the applied bias voltage drops across the depletion
egion in the same direction with the built-in voltage, widening the
epletion region (Fig. 6c). The negative terminal on p-Si attract more
oles in the p-Si to move away from the depletion region, exposing
ore negative acceptor ions. In the same manner, the positive terminal

n n-3C-SiC attracts electrons away from the depletion region thus, the
epletion width is widened under reverse bias. The band diagram of
he SiC/Si heterojunction under reverse bias is illustrated in Fig. 6d.
he Fermi levels 𝐸𝐹 ,𝑆𝑖 and 𝐸𝐹 ,𝑆𝑖𝐶 are separated by the reverse bias
𝑏. The potential hill at the junction is higher and becomes steeper
ue to the large electric field across the heterojunction. When e–h
airs are generated under light illumination, the electrons and holes are
eparated and drifted by the strong field, resulting in a larger number
f electrons migrating to the SiC compared to the case with zero bias.
n addition, since the depletion width is greater, more e–h pairs are
bsorbed in the depletion region, where the majority of the photo-
eneration takes place. The e–h pairs that are generated outside the
epletion region (i.e., in the neutral region) have to diffuse to the region
efore they can be separated by the electric field and contribute to
he output photovoltage. Therefore, by supplying a reverse bias voltage
cross the heterojunction, the built-in voltage is strengthened and the
epletion region is widened, increasing the number of separated e–h
airs, resulting in a great number of photoexcited electrons migrated
o the SiC layer. Consequently, the output LPV and position sensitivity
re enhanced significantly.

The LPV and sensitivity under reverse bias still depend on the
ncident light conditions. As discussed above, the light absorption in the
iC/Si heterojunction depends heavily on the compatibility between
he light wavelength or photon energy and the material’s bandgap. The
avelength dependence characteristic of the 3C-SiC/Si heterojunction
ainly depends on the light absorption behaviour of the Si since it
as the main absorption layer. When the incident light wavelength

s 405 nm, the photon energy of 3.06 eV is larger than the bandgap
f both SiC and Si, thus e–h pairs are generated in both layers. How-
ver, since the photon energy is much higher than the bandgap of Si
1.12 eV), the excited electrons have to lose the excess energy as heat.
n addition, SiC layer thickness (90 nm) is relatively small compared
o the Si substrate (380 μm), the contribution of the SiC layer can be
onsidered negligible. With the same light power, at the wavelength of
21 nm, the photon energy is lower (2.38 eV), thus less energy is lost
nd a larger number of e–h pairs are generated, resulting in a higher
osition sensitivity. Following the same trend, the light wavelength of
37 nm (1.95 eV) demonstrated the highest position sensitivity among
5

he three wavelengths. We can speculate that the position sensitivity
will continue to increase as the wavelength increases until the incident
photon energy matches the bandgap of Si, which corresponds to a
wavelength of 1100 nm. At wavelengths larger than this value, the
photon energy will be smaller than the bandgap of Si and the number
of photo-excited e–h pairs will decrease, resulting in a lower position
sensitivity. Furthermore, a number of literature on the LPE using Si as
the main absorption layer also reported optimum position sensitivity
values at wavelengths in the near-infrared range. In addition, the light
power also has influences on the sensitivity. Intuitively, the position
sensitivity increases with increasing light power due to the higher num-
ber of incident photons coming onto the material surface. However, the
sensitivity saturates and does not increase further at high power ranges
(250 μW). As the number of photoexcited e–h pairs increases with
increasing light power, the recombination rate also increases [52,53].
Eventually, the recombination process becomes dominant, resulting in
the saturation of sensitivity at high light power.

4. Conclusion

In conclusion, we investigated the enhanced LPE in 3C-SiC/Si het-
erojunction and its position sensing capability under an applied electric
field. The output LPV and position sensitivity were measured under
the illumination of lasers when a reverse bias was applied across the
heterojunction. The heterostructure exhibits an excellent linear rela-
tionship between the laser position and the output LPV. The sensitivity
increases significantly as the reverse bias voltage increase from 1 V
to 5 V and reaches a maximum value of 1550 mV/mm. To explain
this 5-fold improvement in sensitivity, the charge carrier generation
and transport in the heterojunction is investigated using the energy
band diagram. The giant sensitivity can be attributed to the widened
depletion region, resulting in a larger number of photons absorbed in
this region, thus strengthening the separation process of the photogen-
erated e–h pairs. The position-sensing performance is also investigated
in devices with different electrode spacing and under different light
wavelengths and powers. At large electrode spacing of 2000 μm, the
ensing performance of the heterojunction PSD shows almost no change
t zero bias and reverse bias. This could be attributed to the large size
iscrepancy between the electrode spacing and the electrode width,
hich minimise the effect of the reverse bias on the heterojunction. The
osition sensitivity reaches the highest value under the illumination
f the 637 nm laser, which corresponds to the absorption band of Si.
he PSD also shows better performance under high-power illumina-
ion; however, the position sensitivity saturates when the light power
eaches a certain level. These dependencies of the position sensitivity
n the light conditions of the PSD under reverse bias are consistent
ith the zero bias case. The findings in this work verify the ultra-

ensitive position sensing performance of the 3C-SiC/Si heterojunction
nder an electric field, demonstrating the commercial potential of
he heterojunction in developing optoelectronic sensors. . To further
nhance the performance of the 3C-SiC/Si PSD, the following future
esearch should be conducted. First, the influence of other external
odulations on the LPE can be investigated. For instance, the LPE
as been reported to be greatly affected by the magnetic field and
hermal energy in different materials and structures. Investigating the
ffect of these stimulations on the LPE can provide further insight into
he physics of the LPE in 3C-SiC/Si and potentially enhance the LPE.
econdly, by modifying the surface morphology of the SiC layer, the
ptoelectronic properties of the heterostructure can be improved and
nhanced. For instance, nanopillars, and nanopyramids structures have
een reported to increase the light-trapping capability of the structure.
inally, by combining the 3C-SiC/Si heterostructure with other pho-
osensitive materials, especially, 2D materials such as perovskites to
reate multi-junction structures, interesting optoelectronic phenomena
an be observed and the light-harvesting capability may be enhanced.
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