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Junction-Enhanced Polarization Sensitivity in Self-Powered
Near-Infrared Photodetectors Based on Sb,Se; Microbelt/

n-GaN Heterojunction

Peng Wan, Mingming Jiang,* Yun Wei, Tong Xu, Yang Liu, Sihao Xia, Longxing Su,

Daning Shi, Xiaosheng Fang,* and Caixia Kan*

Polarization-sensitive photodetectors (PDs) based on anisotropic materials
spark considerable interest for their potential applications in security sur-
veillance, optical switches, and remote sensing. However, high-thickness

or bulk anisotropic materials generally exhibit low polarization sensitivity,
hindering their practical applications in polarization photodetection. Herein,
a near-infrared (NIR) PD based on a p-type Sb,Se; microbelt (MB)/n-GaN
heterojunction is proposed. The Sb,Se; MB/GaN PD effectively combines the
anisotropy of the Sb,Se; MB with the heterogeneous integration. The PD pre-
sents self-powered detection properties with a responsivity over 12 mA W',

a specific detectivity exceeding 5 X 10'° Jones, and a response speed (the
rising/decaying times =74 ms/75 ms) under NIR illumination. More impor-
tantly, the heterojunction-based PD has a higher anisotropy ratio of 1.37,
which is 1.3 times amplified as compared to the vertical photoconductive-
type PDs (the anisotropy ratio of 1.06). The p-n junction’s effect on carrier
generation and recombination causes the increased polarization sensitivity of
Sb,Se; MB/GaN PDs, as confirmed by finite element method analysis. This
work not only offers a deeper insight into polarization sensitivity regulated by
junction or interface but also provides a practical method for developing high-
sensitivity polarization detectors based on high-thickness or bulk anisotropic

1. Introduction

Polarization-sensitive photodetectors
(PDs) have drawn ever-increasing atten-
tion due to their detectable capability to the
polarization states of light, whereas con-
ventional PDs can only obtain the intensity
and wavelength of the incident light.™”’]
They provide a new physical degree of
freedom for modulating the photoelectric
detection device and offer the potential
for the improvement of detection accu-
racy and intelligence.*’! Applications for
polarization-sensitive PDs include security
surveillance, stress inspection, and target
detection.”] Conventional polarization-
sensitive PDs are composed of a complex
system with various optical sensors and
coupling components, which presents a
challenge for their miniaturization on a
chip.®! Low-dimensional anisotropic mate-
rials, especially 2D materials, provide an
alternative method to address this issue
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for fabricating high-performance, low-
cost, and miniature polarization PDs.P
The strategy depending on the anisotropic
optical properties, which are derived from
the intrinsic anisotropic crystal structure, has been utilized to
realize polarization sensitivity.'>!! Many 2D anisotropic semi-
conductors, such as black phosphorus, SnS, ReS,, GeAs,, and
In,SnS,, have been intensively investigated for their anisotropic
structure and optoelectronic properties.'>1 However, the
transmission loss caused by the ultrathin active layer and insuf-
ficient light utilization still place restrictions on the photode-
tecting performance of the practical applications.!”®! Although
the incident light can be fully absorbed by increasing the thick-
ness of anisotropic materials, the polarization sensitivity of PDs
remarkably decreases.l?! Generally, anisotropic materials with a
high thickness or bulk anisotropic materials show insufficient
polarization sensitivity. Thus, finding an effective strategy to
modulate the polarization-sensitive photoresponse of these
materials is of scientific and technological significance, which
is essential for industrial applications.
By engineering physical properties while maintaining
the intrinsic nature of each component, homo/heterostruc-
tures provide a hint for overcoming this obstacle.®2! Great
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efforts have been made to fabricate PDs via the construction
of p-n junctions and Schottky junctions by the photovoltaic
effect.?223 Junction-based optoelectronic devices can sepa-
rate photo-induced carriers by the built-in electric field at the
junction interface and reduce the recombination in space,
which offers excellent potential for advanced applications.[**27]
Recently, junction-based devices based on 2D anisotropic mate-
rials, such as black phosphorus p-n homojunction, GeAs/InSe,
GeSe/MoS,, and p-WSe,/TalrTe,/n-MoS,, have been proposed
to develop polarization-sensitive PDs.?832 Even if high or
enhanced polarization sensitivity has been observed in these
junction-based polarization PDs, the impact of the junction on
the polarization-sensitive activity of PDs and the internal phys-
ical mechanism deserves further study.?

In this work, we proposed and exhibited a kind of near-
infrared (NIR) PDs based on a single p-type Sb,Se; microbelt
(MB)/n-GaN heterojunction for achieving polarization detec-
tion. High-quality Sb,Se; MBs are prepared through a facile
chemical vapor deposition (CVD) scheme. The asymmetry and
anisotropic properties of individual Sb,Se; MBs are character-
ized using angle-resolved polarized Raman spectroscopy and
angle-resolved transmittance spectroscopy. The Sb,Se; MB/
GaN-based PD exhibits a high responsivity of 12 mA W7, a
large specific detectivity of 5x 10 Jones, and a fast response
speed (the rise time of 74 ms and the decay time of 75 ms) upon
NIR light irradiation in a self-biased mode. Importantly, the ani-
sotropy ratio is as high as 1.37 under the 940 nm light illumina-
tion. Compared with Sb,Se; MB-based vertical photoconductive
PD, the anisotropy ratio is amplified 1.3 times. Based on the
finite element method (FEM) analysis, the enhanced polariza-
tion sensitivity of the Sb,Se; MB/n-GaN PD can be attributed
to the p-n junction, which causes the difference between photo-
induced carrier generation and recombination.

2. Results and Discussions

The Sb,Se; crystals consist of chain-like [Sb,Seq], ribbons
along the [001] direction, which are extended by strong Sb—Se
covalent bonds. Nevertheless, the ribbons stacked in the [100]
and [010] directions are through weak van der Waals force
(Figure S1, Supporting Information).*¥l The chain-like struc-
ture indicates that Sb,Se; tends to form 1D structures with
[001] preferential growth orientation.**3%l High-quality Sb,Se;
MBs were synthesized through a simple CVD method. The
detailed synthesis process is available in Experimental Section
and Figure S2, Supporting Information. Figure 1a displays the
scanning electron microscopy (SEM) image of a representa-
tive Sb,Se; MB. The wide top surface of Sb,Se; MB is uniform
and smooth, with a width of =100 um. In addition, there are
some fine and homogeneous stripes along the long axis at the
edge of the Sb,Se; MB. Energy-dispersive X-ray (EDX) spec-
troscopy was employed to identify the chemical composition
of the Sb,Se; MB. It can be observed that the Se and Sb ele-
ments are uniformly distributed throughout the Sb,Se; MB
and the chemical composition ratio of Se to Sb is 3 to 2 (Figure
S3, Supporting Information). To further probe the crystallo-
graphic structure of the Sb,Se; MB, high-resolution transmis-
sion electron microscopy (HRTEM) was carried out. As shown
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in Figure 1b, distinct lattice fringes can be observed. The inter-
planar distances are measured to be 0.330 and 0.294 nm, corre-
sponding to the (021) and (040) planes, respectively. It suggests
that the Sb,Se; MB preferentially grows along the [001] direc-
tion.[3¢37] The formation of Sb,Se; MBs is well consistent with
the general orientation of growth in nanostructures, 338 which
is governed by the anisotropic nature of the building blocks.

The crystal structures of the Sb,Se; MBs are confirmed by an
X-ray diffractometer. As shown in Figure 1c, all diffraction peaks
can be indexed to the orthorhombic phase of Sb,Se; (JCPDS
NO.15-0861) and no distinct impurity phases are observed.l’% It
is worth noting that the intensities of (0k0) diffraction peaks
are much higher than the conventional value, while the inten-
sities of other reflection peaks are much lower, demonstrating
that the wide top surface is the natural cleavage (010) plane.l*"!
The Sb,Se; MBs were further evaluated with the assistance of
unpolarized Raman spectroscopy. Figure 1d displays the Raman
spectrum of a representative Sb,Se; MB, which is measured
at room temperature with a 532 nm laser excitation. Note that
the high power density laser irradiation can cause the oxidiza-
tion of Sb,Se; into Sb,03 in ambient air (Note S4, Supporting
Information). Thus, the power intensity of the laser is kept low
in Raman measurement.! Four characteristic Raman signal
peaks are obtained at 122, 153, 187, and 211 cm™, respectively.
The observed Raman peaks agree well with previous litera-
ture, 42l demonstrating that the high-quality Sb,Se; MBs are
prepared individually. Based on group theory analysis, Raman
active modes of Sb,Se; exhibit the following symmetries,
I = 10A; + 5B;; + 10B,, + 5B3,.B1 A and B modes represent
symmetric and anti-symmetric behavior, respectively. The sub-
script g reveals that the mode is symmetric under inversion.
The Raman peaks at 122 and 153 cm™ are corresponding to By,
mode, while the Raman peaks at 187 and 211 cm™ are attributed
to A, mode.[*

Raman signal is highly sensitive to the crystal orientation
owing to the optical transition selection rules.! Angle-resolved
polarized Raman spectroscopy was employed to analyze the
vibrational symmetries of the Sb,Se; MB. The setup is depicted
in the inset of Figure le. Rotatable linearly polarized light is
perpendicularly incident on the top surface ((010) plane) of the
Sb,Se; MB. The polarization vector of scattered light is always
parallel to the polarization vector of the incident light through a
polarizer. The polarization angle (6) is between the polarization
vector and the c-axis of the Sb,Se; MB. As shown in Figure le,
different Raman mode intensities change with the variation of
0. Specifically, the Raman peaks at 122 and 153 cm™ exhibit a
period of 90°, while the Raman peaks at 187 and 211 cm™ pre-
sent a period of 180° (Figure 1f). To investigate the relationship
between the polarized Raman signal and crystal axis more intu-
itively, the intensities of different Raman modes are extracted
and plotted into polar graphs (Figure 1g). The polarized Raman
intensity can be fitted via Raman tensor analysis in Note S5,
Supporting Information.l’¥! The Raman scatter intensities (I)
for A, and B,, modes are, respectively, expressed as

I,, o< (Asin® 6+C cos’ 6)* (1)
I, o< (Dsin 26)’ )
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Figure 1. Morphology and characterizations of the Sb,Se; MBs. a) SEM image of individual Sb,Se; MB. b) HRTEM image of individual Sb,Se; MB.
c) XRD patterns of the Sb,Se; MBs, where the JCPDS standard card (No.15-0861) of the Sb,Se; is referenced. d) Unpolarized Raman spectroscopy of
the Sb,Se; MB. e) Angle-resolved polarized Raman spectroscopy of the Sb,Se; MB as functions of the polarization angle (6). The inset indicates that
the polarization direction of the incident light is always parallel to that of the scattered light. The @is between the polarization vector and the long axis
(c-axis) of the Sb,Se; MB. f) Polarized Raman intensity mapping of Sb,Se; MB as functions of the wave number and the polarization angle. g) Polar

plots of the Raman intensity of By, (122 cm™), By, (153 cm™),

As shown in Figure 1g, the Raman intensities agree well
with the theoretical prediction (Equations (1) and (2)). Further-
more, the c-axis (long axis) direction of the Sb,Se; MB can be
confirmed evidently based on the Raman tensor analysis. The
characterization results suggest that high-quality Sb,Se; MBs
have been synthesized in this work, providing a foundation for
the subsequent preparation of high-performance Sb,Se; MB-
based PDs.

To probe the optical properties of Sb,Se; MBs, the trans-
mission (T) spectra of a typical Sb,Se; MB were measured. As
shown in Figure 2a, there is no transmission light observed
in the short wavelength region due to the high absorption
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Ag (187 cm™), and A, (211 cm™) modes, respectively.

coefficient (0) and large thickness of Sb,Se; MB. A sharp
increase in transmission light occurs when the incident wave-
length increases further. When the condition od = 1 is fulfilled,
a can be calculated from o = —In(T)/d.¥] According to Tauc’s
method, the optical bandgap of Sb,Se; MB can be extracted
using the following formulat*/

(cthv)’ = A(hv—E,) (3)
where hv and A are the photon energy and the constant related

to effective mass, respectively. y is equal to 1/2 due to the
indirect bandgap of the Sb,Se;.3*! As shown in the inset of
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Figure 2. Optical and electrical properties of the individual Sb,Se; MB. a) Transmission spectra. The inset is (ahv)

/2 versus hv. b) Angle-resolved trans-

mission spectra. The inset shows that the polarization angle () is between the polarization vector and the long axis of Sb,Se; MB. c) The corresponding
2D mapping of normalized absorption spectra as functions of the 8 and the wavelength. d) Schematic diagram of a Sb,Se; MB FET structure. The
bottom is the optical micrograph of the Sb,Se; MB FET. e) I4—Vqs characteristic curves of the Sb,Se; MB FET at different V. The inset is the partially
enlarged view of Iy4—Vys curves. f) 14—V, characteristic curve of the Sb,Se; MB FET at a fixed Vg, of 10 V.

Figure 2a, the bandgap of Sb,Se; MB is estimated as 1.15 eV,
which is consistent with the previously reported literature
(L1-1.3 eV).lo04]

Generally, the anisotropic structure of materials can con-
tribute to dielectric, optical, and electrical anisotropy.®! The
angle-resolved transmission spectra of a Sb,Se; MB were
performed to investigate the optical anisotropy. As shown in
Figure 2b, the intensity of transmitted light varies with the
different polarization angles 6. The absorption can be normal-
ized when the influence of polarization angle on reflection is
neglected. As displayed in Figure 2c, the absorption exhibits a
period of 180° in the long wavelength region ranging from 1050
to 1600 nm. The intensity of absorption presents maximum
(minimum) values at 8= 0° (6 = 90°). The absorption with the
polarization vector parallel to the c-axis (E//c) is larger than
the absorption with E//a, which indicates that the as-prepared
Sb,Se; MB exhibits obvious dichroism. The electrical proper-
ties of Sb,Se; MBs were characterized by single MB-based field
effect transistors (FETs). The schematic diagram of the Sb,Se;
MB FET structure is displayed in Figure 2d. Both the MXene
films act as the source (S) and drain (D) electrodes. Si wafer
serves as the back gate (G) electrode. The optical micrograph
of a typical Sb,Se; MB FET device is shown at the bottom of
Figure 2d. The cross-sectional size of the Sb,Se; MB was meas-
ured by the step profiler. The width and thickness of the Sb,Se;
MB are =37 and =27 um, respectively (Figure S5, Supporting
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Information). The distance between the source and drain elec-
trodes is =980 um. Figure 2e displays drain-source current
(Igs) versus drain-source voltage (Vj) characteristic curves of
the Sb,Se; MB FET device at different gate voltages (V,). At
Vg =0V, the linear and symmetrical characteristic of the I3~V
curves indicates the Ohmic contact between Sb,Se; MB and
MXene. The Iy increase with increasing Vg, and the slopes
of the Iy, versus Vg curves are dependent on the V, (inset of
Figure 2e). The Iy, versus V, characteristic curve at a fixed Vg of
10 V is shown in Figure 2f. The negative slope of the Iy versus
V, curve demonstrates the p-type semiconducting transport
behavior of the Sb,Se; MB. Note that the Sb,Se; MB channel
could not be fully depleted due to the high conductance of Sb,Se;
MB and large channel length.*) The mobility and carrier con-
centration are estimated as 0.14 cm?V~'s™! and 1.1 x 107 cm™,
respectively (the calculation method is described in Note S7,
Supporting Information).

The MXene/Sb,Se; MB/MXene PDs with vertical configura-
tion were fabricated, in which the MXene conductive films serve
as electrodes (Figure 3a). Note that the bilateral MgO insulating
layer was designed to avoid direct contact between the MXene
conductive electrodes. The NIR incident light (4 = 940 nm) was
perpendicularly illuminated on the MXene/Sb,Se; MB/MXene
vertical PD. As shown in Figure 3D, the linear and symmetrical
characteristic of the I-V curves under darkness indicates the
Ohmic contact between Sb,Se; MB and MXene for the vertical

© 2022 Wiley-VCH GmbH
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Figure 3. Photoresponse of the MXene/Sb,Se; MB/MXene vertical PD. a) Schematic of the MXene/Sb,Se; MB/MXene PD. b) |-V curves of the PD
under darkness and 940 nm illumination with different power densities. c) I-T curves of the PD under 940 nm illumination with different power densities
at a fixed voltage of 10 V. d) I~V characteristic curves of the PD under darkness and 940 nm polarized light illumination with a power density of 2 mW
cm2. The inset shows that the polarization angle 6 is between the polarization vector and the long axis of Sb,Se; MB. ) I-T characteristic curves of
the PD at a fixed voltage of 10 V with respect to the different 6. f) Corresponding polar plots of polarized photocurrent.

PD. In addition, the MXene/Sb,Se; MB/MXene PD exhibits
obvious NIR photoresponse. The photocurrent of the PD
increases with the increase of the power density. As shown in
Figure 3c, the photocurrents of the vertical PD vary immedi-
ately with repeatable switching characteristics at 10 V when the
incident light switches between on and off.

The Sb,Se; MBs exhibit intrinsic anisotropic optical proper-
ties, which indicates that the MXene/Sb,Se; MB/MXene vertical
PD can be applied to polarization-sensitive photodetection. The
MXene/Sb,Se; MB/MXene vertical PD is illuminated under
940 nm polarized light with a power density of 2 mW cm™2. The
polarization test system is shown in Note S8, Supporting Infor-
mation, where the polarization angle 6 is between the polari-
zation vector and the long axis of Sb,Se; MB. As shown in
Figure 3d, the photocurrent (6 = 0°) is larger than the photo-
current (6= 90°), indicating that the MXene/Sb,Se; MB/MXene
vertical PD presents polarization sensitivity. Figure 3e shows
I-T characteristic curves of the PD at a fixed voltage of 10 V
with respect to the different 6. The photocurrent exhibits a peri-
odicity of 180° with the variation of 6. For clarity, the extracted
photocurrent is plotted in Figure 3f, which is fitted by the fol-
lowing function!™®!
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I3, (0) = I sy €OS” 0+ Iy SiN° O (4)

where the Ijpn. and Iymin represent the maximum and
minimum photocurrents, respectively. At the wavelength of
940 nm, a small anisotropic ratio p (P = Iypmax/ Iphmin) is 1.06.
Due to the large thickness of Sb,Se; MB, the difference in
actual absorption is small even if the absorption coefficient
(E//c) is greatly larger than the absorption coefficient (E//a) in
the NIR region.”® The polarization sensitivity of the MXene/
Sb,Se; MB/MXene vertical PD does not achieve the desired
results.

To investigate the influence of heterojunction structures on
polarization photodetection, Sb,Se; MB/n-GaN heterojunction
PDs were fabricated. As shown in Figure 4a, the individual
Sb,Se; MB was transferred onto the n-GaN substrate with Ni/
Au electrode acting as a cathode. Then the MXene conductive
film was covered on the Sb,Se; MB to serve as an anode. The
NIR incident light was illuminated from the GaN side. The -V
characteristic curves in Figure 4b present a significant rectifica-
tion behavior of Sb,Se; MB/GaN heterojunction PD. In addi-
tion, the Sb,Se; MB/GaN heterojunction PD yields a very low
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Figure 4. Photoresponse of the Sb,Se; MB/GaN PD. a) Schematic of the Sb,Se; MB/GaN PD. b) Logarithmic and linear |-V curves of the device under
darkness. c) Logarithmic -V curves of the device in dark and under illumination with different wavelengths. d) Wavelength-dependent responsivity
and detectivity of the device under self-driven mode. e) I-T curves of the PD under 940 nm illumination with different power densities. f) Photocurrent
and responsivity as functions of power densities. g) Photovoltage versus time at chopper frequency of 1 Hz extracted to evaluate the response speed.
h) The normalized intensity of photovoltage as a function of the modulation frequency.

dark current of 20 pA under a bias voltage of 0 V. At low bias,
the ideality factor (1) of a heterojunction can be obtained byl

net 4V
ksT dInT ()

where e, kg, and T are the elementary charge, the Boltzmann
constant, and the temperature, respectively. The slope d In I/dV
at low voltage can be obtained from Figure 3b and the ide-
ality factor is calculated to be 2.28. Based on the Sah—Noyce—
Shockley theory, the ideality factor is close to one at the low
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voltage.?)l The deviation of the ideality factor for the Sb,Se;
MB/GaN heterojunction may originate from the interface or
surface recombination of electrons and holes.?

To examine the spectral response of the Sb,Se; MB/GaN PD,
the I-V curves of this device were measured under illumina-
tion with wavelengths ranging from 800 to 1200 nm (Figure 4c).
The power density of the illumination at different wavelengths
is shown in Figure S8, Supporting Information. The forward/
backward [-V scan under darkness is performed to make sure
there is negligible hysteresis near 0 V (Figure S9, Supporting
Information). The Sb,Se; MB/GaN PD shows a sensitive
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photoresponse in the NIR region and can work at zero bias. To
further examine the self-powered character of this device, I-T
curves of the Sb,Se; MB/GaN PD were measured under illu-
mination with different wavelengths (Figure S10, Supporting
Information). Photocurrents of the Sb,Se; MB/GaN PD vary
immediately with repeatable switching characteristics under
self-powered conditions as the incident light switches between
on and off. Responsivity (R) of the Sb,Se; MB/GaN PD can be
determined by R = (I,—Iq)/(PS), where Iy, I3, P, and S are
the photocurrent, the dark current, the power density, and the
effective cross-sectional area (=1.4 x 1073 cm?), respectively.’] As
shown in Figure 4d, the Sb,Se; MB/GaN PD shows a broad pho-
toresponse. The maximum responsivity can reach 12 mA W in
the NIR region. With increasing the bias, the responsivity of
the Sb,Se; MB/GaN PD increases gradually (Figure S11, Sup-
porting Information). The specific detectivity (D*) usually
describes the smallest detectable signal, which is limited
mainly by three major noise sources, namely, flicker noise (1/f
noise), thermal noise, and shot noise from the dark current.l>’!
Considering the thermal noise (ifema = 4ksT | RanmAf) and shot
noise (i, =2el,Af) for the PD without applied bias voltage, the
detectivity can be expressed asP4>!

D* = R\SAf | \itema + %ot = RNS [ [4k5T | Rt + 2614 (6)

where Af, Ry and Iy are the bandwidth, the shunt resist-
ance, and the dark current, respectively. Rgnt (=2.7 X 108 Q)
can be derived from the slopes of the -V curve under darkness
(Figure 2b). The detectivity can reach up to 5 x 10! Jones in the
NIR region (Figure 4d), indicating that the Sb,Se; MB/GaN PD
can capture the signals of weak NIR irradiation at 0 V.

The photoresponse of the Sb,Se; MB/GaN PD was further
investigated under 940 nm illumination with different power
densities. Figure 4e shows the [-T curves of the PD under
dark and illumination with various power densities. It can be
clearly seen that the photoresponse of the PD increases with
the increase of the power density. Moreover, the PD signal dis-
plays inconspicuous changes after several cycles, revealing that
the PD has high stability and reproducibility. The photocurrent
and responsivity of the PD under different power densities are
plotted in Figure 4f. The power law (Ie<P?% is employed to fit
the power density-dependent photocurrent, where o is the
power-law factor.”® The relationship between responsivity
and power density can be described as Re<P'? The « is calcu-
lated to be 0.54, which may be attributed to the large interface
recombination of photogenerated carriers even under the con-
ditions of low power-density light.””] The response speed with
rise time Zjs= 60 ms and decay time Tyec,y= 52 ms is estimated
(Figure S12, Supporting Information), which is limited by the
sampling rate of the semiconductor analysis device (Keysight
B1500A). Thus, the response speed was further evaluated by
an oscilloscope, in which a laser-driven light source (EQ-99X)
combined with a monochromator and a chopper were used to
stimulate the Sb,Se; MB/GaN PD. The detailed test system is
available in Note S14, Supporting Information. The photore-
sponse (photovoltage vs time) of the photodetector to NIR light
with varied chopper frequencies of 1, 10, 50, and 100 Hz is shown
in Figure S14, Supporting Information. At the low frequency, the
photodetector exhibits distinct low and high photovoltage states.
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The photovoltage degrades somewhat at a high frequency. The
response time is calculated using the magnified photoresponse
curve obtained at 1 Hz. As depicted in Figure 4g, the rise and
fall times are deduced to be 74 and 75 ms, described by the time
interval required for the photoresponse to increase/drop from
10%/90% to 90%/10% of its maximum value, respectively. The
rise and fall times are comparable to the results measured by
the semiconductor analysis device (B1500A), which indicates
that the response speed of the photodetector is just at the limit
of the semiconductor analysis device. The normalized inten-
sity of photovoltage amplitude as a function of the modulation
frequency is further investigated and plotted in Figure 4h. The
intensity of photovoltage amplitude decreases with increasing
modulation frequency. The 3 dB bandwidth that represents the
frequency at which the photoresponse declines to 70.7% of its
peak value has been determined to be 70 Hz.[%8!

Furthermore, to investigate the polarization sensitivity of
the Sb,Se; MB/GaN PD, the NIR light (4 = 940 nm) was set
to pass through a polarizer and an achromatic half-wave plate
(Figure 5a). The partial-polarization light was converted to a
linear polarization light and then the linear polarization direc-
tion was rotated by the half-wave plate. By changing the polari-
zation direction and switching the on—off state of the light,
the dynamic photoresponse of the Sb,Se; MB/GaN PD was
recorded. As shown in Figure 5b, the recorded photocurrent
presents periodic changes with a maximum (minimum)
value along the c-axis (a-axis) of the Sb,Se; MB. The extracted
photocurrent plotted intuitively in Figure 5c, which is fitted by
Equation (4), demonstrates a good polarization sensitivity of
the Sb,Se; MB/GaN PD. Strikingly, a higher anisotropy ratio
(p = 1.37) is achieved in Sb,Se; MB/GaN heterojunction PD
compared with the single Sb,Se; MB-based vertical PD. Another
eight Sb,Se; MB-based vertical PDs and eight Sb,Se; MB/GaN
heterojunction PDs were fabricated by the method mentioned
above. The polarization sensitivity was measured, as shown
in Figure S15, Supporting Information. These results indicate
that the existence of an as-formed heterojunction increases
the polarization sensitivity of the devices based on anisotropic
materials. To verify the self-powered operating mechanism of
the Sb,Se; MB/GaN heterojunction PD, energy band diagrams
are shown in Figure 5d. The parameters of GaN and Sb,Se;s,
such as electron affinity and bandgap, are available in Table S1,
Supporting Information. When the n-GaN contacts Sb,Se; MB,
electrons flow from the GaN side into the Sb,Se; side to achieve
thermal equilibrium owing to the high Fermi level of n-GaN.
A space charge region and built-in electric field will be formed
at the interface between the n-GaN and Sb,Se; MB. When the
Sb,Se; MB/GaN heterojunction PD is illuminated by NIR light,
the photons are absorbed and the electron holes are generated
in the Sb,Se; MB side. The photo-induced carriers can be sepa-
rated by a built-in electric field to form a photocurrent without
external bias.

To investigate the mechanism of the improved anisotropy
ratio in the Sb,Se; MB/GaN PD, the theoretical depletion width
(dp) in Sb,Se; MB is calculated by the following functionl’)

dp — zgnspgoNd‘/in (7)
eN,(e.Na+&,N,)
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Figure 5. Polarization sensitivity of the Sb,Se; MB/GaN PD. a) Schematic representation of the polarization-sensitive Sb,Se; MB/GaN PD. The polari-
zation angle @is between the polarization vector and the x-axis (the c-axis of the Sb,Se; MB). b) Time-resolved photoresponse with the 8 ranging from
0° to 360° under 940 nm illumination with a power density of 2 mW cm™. c) Corresponding polar plots of the polarized photocurrent at different 6.
d) Energy band diagrams of the Sb,Se; MB/GaN PD. For the polarization vector parallel to the c-axis of the Sb,Se; MB (E//c, 8= 0°), photo-induced
electrons and holes are excited and separated partially in the depletion region. The green dotted line and purple dash-dotted line represent the boundary
of the depletion layer and the optical penetration depth, respectively. e) Energy band diagrams of the Sb,Se; MB/GaN PD. For E//a (6 = 90°), more
photoinduced electrons and holes are excited and separated outside the depletion region.

where g, and ¢, are relative dielectric constants of GaN and
Sb,Se;, respectively. Ny and N, are carrier concentrations of
GaN and Sb,Se; MB, respectively. V;,, &, and e are the built-in
voltage (=0.42 V), the permittivity of vacuum, and the elemen-
tary charge, respectively. The d,, is calculated as =18 nm (the
related calculation parameters are shown in Note S15, Sup-
porting Information). According to the absorption coefficient
(=10° cm™) for E//c, the penetration depth is calculated to be
=100 nm.BY% It indicates that the photoinduced electrons and
holes are partially excited in the depletion region, as shown in
Figure 5d. The built-in electric field in the depletion region can
spatially separate carriers, significantly reducing the recombi-
nation rate, and thereby, forming a large photocurrent. How-
ever, due to the absorption coefficient for E//a being smaller
than that for E//c, the more photo-induced carrier will generate
outside the depletion region (Figure 5e). These carriers slowly
diffuse toward the depletion region and become less efficient in
separation.l?!l The presence of a large number of carriers out-
side the depletion layer leads to severe recombination, making
the formed photocurrent lower under the condition of E//c.
Thus, the existence of the p-n junction will cause the difference
in photocurrent and enhance the polarization sensitivity of the
Sb,Se; MB/GaN heterojunction PD.
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To further confirm that the existence of the p-n junction has
an influence on the polarization sensitivity, the spatial distri-
bution of the optical field and the photoelectric properties of
the Sb,Se;/GaN heterojunction are investigated based on FEM
analysis. The detailed simulation method is available in Experi-
mental Section. As shown in Figure 6a, the electric field of the
incident light decreases gradually on the Sb,Se; side due to the
absorption. The electric field decays faster under the conditions
of E//c, which results from the large absorption coefficient for
E//c. The corresponding electric field intensity (|E|) with respect
to the thickness of the GaN and Sb,Se; is shown in Figure 6b.
The penetration depth (W) for E//c and E//a is estimated as
=100 and =200 nm on the Sb,Se; side, respectively. The car-
rier spatial distribution of Sb,Se;/GaN heterojunction in the
equilibrium state is shown in Figure 6c. It can be observed
that the electron concentration (n) and hole concentration (p)
are very low at the interface between GaN and Sb,Se; due to
the existence of a built-in electric field. The depletion width on
the Sb,Se; side is consistent with the calculation result based
on Equation (6). In addition, the simulated energy band dia-
grams of the Sb,Se; MB/GaN PD (Figure S16a, Supporting
Information) are consistent with Figure 5d,e. The simulated
photocurrent density (J) as a function of bias voltage (V) in
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Figure 6. The simulation of Sb,Se;/GaN heterojunction based on FEM analysis. a) The electric field distributions in the Sb,Se;/GaN heterojunction,
where the polarization vector of incident light is parallel to the c-axis (E//c) or a-axis (E//a) of Sb,Ses. b) The |E| with respect to the thickness of GaN and
Sb,Ses. c) The spatial distribution of n and p in the equilibrium state. d) The n and p with respect to the thickness of GaN and Sb,Se; in the equilibrium
state. The green dashed line is the theoretical depletion width (d,). e) The generation and recombination rate of the Sb,Se; MB/GaN heterojunction
with respect to the thickness of GaN and Sb,Ses. The green dashed line is the theoretical depletion width (d). f) The simulated J-V curves of the
Sb,Se;/GaN heterojunction under conditions of E//c and E//a. g) The simulated d,, and p as functions of the doping concentration of n-GaN (Ng).

Figure S16b, Supporting Information, exhibits excellent rectifi-
cation characteristics. These results confirm the formation of
Sb,Se;/GaN heterojunction in simulation.

When the Sb,Se;/GaN heterojunction is radiated by NIR
light, the photoinduced carrier generation occurs. The inte-
gral expression for the photoinduced carrier generation rate is
described as(®!

6= | a2 Fiayexplet2md ®

where x is the depth into the Sb,Se; from the interface,A is
the wavelength,o(4) is the absorption coefficient, h is the
Planck constant, ¢ is the light speed, and F(A4) is the spectral
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irradiance. For simplicity, the incident light is regarded as
monochromatic light (the wavelength is 940 nm) and F(4) is
set as 1 mW cm™2. Shockley—Read-Hall (SRH) recombination
feature is added to capture the main recombination effect.["]
As shown in Figure 6e, the photoinduced carrier generation for
E//c mainly concentrates on the interface of Sb,Se;, whereas
the spatial distribution of the photoinduced carrier generation
for E//a is wider. The recombination of carriers occurs in very
few of the depletion regions and mainly takes place outside the
depletion region. Thus, the difference in spatial distribution
between carrier generation and recombination is expected to
cause different photocurrents. The simulated J-V curves of the
Sb,Se; MB/GaN heterojunction under the illumination for E//c
and E//a conditions are shown in Figure 6f. It can be observed
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that the photocurrents under conditions of E//c are larger than
that under conditions of E//a. At zero bias voltage, the anisot-
ropy is estimated as 1.33, which is close to the experimental
results. The deviation may be attributed to the neglect of reflec-
tion and the simplification of carrier generation and recom-
bination. With increasing the doping concentration (Ny) of
GaN in simulation, the depletion width (d,) in the Sb,Se; side
increases gradually and the calculated anisotropy (p) gradually
decreases (Figure 6g). The result further supports that the exist-
ence of a p-n junction will cause the difference in photocurrent
and modulate the polarization sensitivity of the Sb,Se; MB/
GaN heterojunction PD. In addition, the value of the absorp-
tion coefficients (E//c and E//a) was adjusted in simulation
and the anisotropy ratio of the Sb,Se;/GaN heterojunction PD
was calculated (Figure S17, Supporting Information). The ani-
sotropy ratio of the Sb,Se;/GaN heterojunction PD enhances
by increasing the difference between the absorption coeffi-
cients (E//c) and the absorption coefficients (E//a). Thus, the
polarization sensitivity of Sb,Se; MB/n-GaN PD is achieved by
combining the anisotropy of the Sb,Se; materials with the p-n
junction. It also demonstrates that if strongly anisotropic mate-
rials are selected to construct heterojunction-based PDs, higher
polarization sensitivity can be obtained.

3. Conclusion

In this work, a self-powered PD based on a single high-quality
Sb,Se; MB/n-GaN heterojunction is constructed. The PD
exhibits high performance with a responsivity of 12 mA W1, a
specific detectivity of 5 x 10! Jones, and a fast response speed
(the rise time of 74 ms/the decay time of 75 ms) under self-
powered conditions. By leveraging the anisotropy of the Sb,Se;
MB and the junction, the Sb,Se; MB/n-GaN PD presents high
polarization sensitivity. Compared with Sb,Se; MB-based ver-
tical PD, an amplified anisotropy ratio is up to 1.37. Based on the
FEM analysis, the enhanced polarization sensitivity of Sb,Se;
MB/n-GaN PD originates from the p-n junction induced by the
difference in spatial distribution between carrier generation
and recombination. These findings help us to further clarify
the polarization sensitivity modulated by the junction, which
is of great significance to develop high-sensitivity self-powered
polarization PDs based on the heterojunction or homojunction
structure.

4. Experimental Section

Materials Preparation and Device Fabrication: The Sb,Se; MBs were
synthesized in a furnace tube through a CVD method. The high-purity
Sb powder was loaded into a corundum boat and Si substrate was put
on it. Then, the corundum boat was placed in the center of the furnace.
Subsequently, another corundum boat full of high-purity Se powder was
positioned upstream of the Sb powder. The weight ratio of Se to Sb was
3 to 2. The distance between the two precursors was 10 cm. During the
growth process, the growth temperature was kept at 600 °C. A constant
flow of argon (Ar, 150 sccm) served as the protective and carrier gas.
Sb,Se; MBs can grow onto the Si substrate by a chemical reaction of Se
and Sb precursors. Quartz substrate was spin-coated with few-layered
Ti3C,T, colloidal aqueous solution (5 mg mL™, Nanjing MKNANO
Tech. Co., Ltd., www.mukenano.com) at 2000 r min~' for 1 min, which
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was followed by drying on a hot heating platform (80 °C) for 5 min.
The spin coating and drying process were repeated five times to ensure
the electrical conductivity of as-prepared MXene nanosheet films. The
unintentionally-doped GaN wafer with a carrier concentration of 1 x
10 cm™ was cut into small pieces and was then cleaned. A bilateral
MgO insulating layer (=1 pm) was deposited on a piece of as-prepared
GaN film with a shadow mask by using electron beam evaporation.
Ni/Au (30/100 nm) electrodes were deposited on GaN film using
electron beam evaporation and subsequently followed by annealing. An
individual Sb,Se; MB was selected and then transferred in the slit of
the as-prepared MgO insulating layer. A quartz substrate with MXene
conductive films was tightly bonded with Sb,Se; MB and acted as the top
anode of the heterojunction device. The bilateral MgO insulating layer
was designed to avoid direct contact between the MXene conductive
electrode and the GaN film. Heterojunction-based PDs consisting of
a p-type Sb,Se; MB and an n-type GaN film were fabricated. MXene/
Sb,Ses/MXene vertical photoconductive PDs were also fabricated. Single
Sb,Se; MB was picked out and transferred onto a SiO,/Si substrate (Si:
highly p-type doping, the thickness of SiO, =300 nm). Si wafer served as
the back gate (G) electrode. The ends of single Sb,Se; MB were applied
by using MXene films. Both the MXene films acted as source (S) and
drain (D) electrodes to fabricate a single MB-based FET.

Characterization and Measurements: The morphologies of the samples
were characterized by SEM. The element distribution was conducted
by using an EDX spectroscope. The X-ray diffraction (XRD) patterns of
the samples were performed on an X-ray diffractometer equipped with
Cu Ko radiation. The Raman spectra were analyzed by a micro-Raman
spectrometer with a 532 nm laser serving as the excitation source.
Angle-resolved polarization Raman spectra were acquired by rotating
the polarization angle of the excitation laser with a half-wave plate. The
polarization vector of the scattered light was parallel to the polarization
of the incident light through a polarizer. Angle-resolved transmittance
spectra of Sb,Se; MBs were carried out through a polarization-dependent
UV-infrared (UV-NIR) micro-absorption spectrum system (MStarter
ABS). The photoelectric properties of the Sb,Se; MB/GaN heterojunction
PDs and FETs were measured by a characterization system including a
semiconductor analysis device (Keysight B1500A) and a laser-driven
light source (EQ-99X) combined with a monochromator. A power meter
(Vega, Ophir) equipped with a thermal sensor (3A, Ophir) was carried
out to calibrate the intensity of incident light. The fast response speed
of the Sb,Se; MB/GaN PD was measured by a system consisting of a
laser-driven light source (EQ-99X) combined with a monochromator,
a chopper, a resistance (10 GQ), and a digital oscilloscope (Tektronix
MSO54). The polarization sensitivity of PDs was measured by the
system consisting of a NIR light-emitting diode (LED) (the wavelength
is 940 nm), a collimating lens, a linear polarizer, a rotatable half-wave
plate, and the semiconductor analysis device.

Simulation  Methods: The electromagnetic distribution and
photoelectric properties of the Sb,Se;/GaN heterojunction were
investigated with FEM analysis using COMSOL Multiphysics software.
A 2D electromagnetic simulation was performed on Sb,Se;/GaN
heterojunction, where the NIR light (A= 940 nm) was incident from the
GaN side (the thickness d = 100 nm) to the Sb,Se; side. The charge-
depleting layer (d,) and the penetration depth (W) in Sb,Se; MB were
far smaller than 1000 nm. The nonequilibrium carrier generation and
recombination mainly occurred in and near the depletion layer. The
thickness of the Sb,Se; was set as 1000 nm in simulation, which was
sufficient to simulate the influence of the junction on polarization
sensitivity and address key issues. For simplicity, the absorption and
the photo-generated carrier of GaN in the NIR region and reflection
were neglected. The semiconductor module in software can calculate
performance parameters of Sb,Se;/GaN heterojunction by the numerical
solutions of the basic semiconductor equations. Because quantum size
effects were not significant, the 2D model and semi-empirical method
can be used in the simulation of Sb,Se;/GaN heterojunction. An
n-type doping concentration of 1 x 10" cm™ for the GaN and a p-type
doping concentration of 1.1 x 107 c¢m™ for the Sb,Ses. To illustrate
the basic physics simply, the electrical contacts at the ends of the
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device were assumed to be Ohmic contacts. The thermionic emission
model determined the current transfer occurring between the different
materials. To probe the photocurrent of Sb,Se;/GaN heterojunction
under NIR irradiation, carrier generation and recombination were
considered. The generation rate was defined according to different
absorption coefficients under conditions of E//c and E//a. The detailed
simulation parameters for the Sb,Se;/GaN heterojunction are listed in
Table S1, Supporting Information.
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