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Polarization-sensitive photodetectors, with the ability of identifying the texture-, stress-, and roughness-
induced light polarization state variation, displace unique advantages in the fields of national security,
medical diagnosis, and aerospace. The utilization of in-plane anisotropic two-dimensional (2D) materials
has led the polarization photodetector into a polarizer-free regime, and facilitated the miniaturization of
optoelectronic device integration. However, the insufficient polarization ratio (usually less than 10)
restricts the detection resolution of polarized signals. Here, we designed a sub-wavelength array
(SWA) structure of 2D germanium selenium (GeSe) to further improve its anisotropic sensitivity, which
boosts the polarized photocurrent ratio from 1.6 to 18. This enhancement comes from the combination of
nano-scale arrays with atomic-scale lattice arrangement at the low-symmetric direction, while the
polarization-sensitive photoresponse along the high-symmetric direction is strongly suppressed due to
the SWA-caused depolarization effect. Our mechanism study revealed that the SWA can improve the
asymmetry of charge distribution, attenuate the matrix element in zigzag direction, and the localized sur-
face plasma, which elevates the photo absorption and photoelectric transition probability along the arm-
chair direction, therefore accounts for the enhanced polarization sensitivity. In addition, the
photodetector based on GeSe SWA exhibited a broad power range of 40 dB at a near-infrared wavelength
of 808 nm and the ability of weak-light detection under 0.1 LUX of white light (two orders of magnitude
smaller than pristine 2D GeSe). This work provides a feasible guideline to improve the polarization sen-
sitivity of 2D materials, and will greatly benefit the development of polarized imaging sensors.

� 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Polarization of light, carrying multi-dimensional information of
polarization degree, phase shift, and Jones vector, is critical in
applications of remote sensing, visual imaging, and navigation
[1–3]. To effectively detect the tremendous polarization states,
polarization-sensitive photodetectors have been developed since
the 1980s [4–9]. And its main development course went through
three periods, i.e., the time division stage (polarization states are
detected by stepwise rotating polarizer) [10], the space division
stage (polarization states are detected by splitting light into four
separate detectors) [11], and the focal plane polarimeter stage (po-
larization states are detected by four directional micro-metal
polarizers integrated on detectors) [12,13]. However, the
commercially-used polarization-sensitive photodetectors of focal-
plane polarimeters still suffer from fewer Stokes parameters, pixel
cross-talk, and are unable to detect wavelengths smaller than the
grating size of the polarimeter [14]. In contrast, the recently devel-
oped polarizer-free photodetector shows the ability of full Stokes
parameter and broad-spectrum detection, and can naturally get
rid of the pixel cross-talk issue, making it promising for next-
generation polarization-sensitive photodetectors with high resolu-
tion and integration.
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Two-dimensional (2D) materials have developed rapidly in the
field of photodetector for their high responsivity, low dark current,
and fast photoresponse [15–18]. Among them, in-plane anisotropic
2D materials, with their atomically-thin thickness, natural in-plane
linear dichroism and anisotropic photoresponse, have been
demonstrated to be the most ideal candidates for the polarizer-
free imaging sensor [19–30]. The optimal in-plane anisotropic
material, black phosphorus (BP), exhibited a polarization ratio of
8.9 in the near-infrared (NIR) range, but still struggled from the
structure instability under ambient conditions [24,31–34]. Never-
theless, other stable 2D anisotropic materials, e.g., BAs, GeS2, GeS,
SnS, and ReS2, exhibited inadequate polarization ratio (usually less
than 10) [35–42]. Hence, in-plane anisotropic 2D materials with
high anisotropic photocurrent and environmental resistance are
highly desired for lightweight polarization-sensitive
photodetectors.

GeSe, the isoelectronic group of BP, belonging to the
orthorhombic crystal system (Pcmn-D2h) [43], was widely applied
to NIR polarization-sensitive photodetectors due to its narrow
band gap (1.1 eV), high linear dichroism ratio (3.02) and structure
stability [44,45]. However, its representative anisotropic ratio of
3.4 (less than the standard value of 10 for clear polarization imag-
ing [46]) was inadequate to obtain clear information of the target
[47]. Various efforts of external systems such as constructing
heterostructures [48,49], homojunction [50], and coupling with
amplifying circuit [51–53] have been made to enhance its polariza-
tion sensitivity. However, these external systems have some inher-
ent drawbacks, like complex design, limited miniaturization, and
high cost. Therefore, a universal method is highly expected to mag-
nify the intrinsic anisotropic property of GeSe, which is the ulti-
mate purpose for the high resolution of polarization-sensitive
photodetectors.

Herein, we designed the sub-wavelength array (SWA) structure
on GeSe to modulate its intrinsic polarization-sensitive photocur-
rents. The combination of the nano-scale arrays and the atomic-
scale lattice arrangement could further improve the anisotropy of
GeSe. And the selection of an aligned array along the low-
symmetric axis could introduce the depolarization effect, mani-
festing the suppression of photoresponse in the high-symmetric
axis. This improved polarization sensitivity comes from the
enhanced photon absorption and photoelectric transition probabil-
ity along the low-symmetric direction, which further accounts for
the high polarization ratio and high-resolution detection of GeSe
based photodetector.
2. Experimental

2.1. Growth of GeSe single crystal

In the growth, the precursors adopt commercially available Ge
powder (99.99%, Aladdin), Se powder (99.99%, Aladdin) and iodine
(99%, Alpha). All of the reaction precursors (Ge powder and Se
powder with the equal molar mass) and catalyst (the iodine of
0.05 g) were securely sealed in the quartz tube (with a length of
20 cm) with high vacuum, and then, the quartz tube is loaded into
two-zone high temperature tube furnace (2 inch). The chamber of
furnace was heated to the optimized growth temperature (700 �C
for complete evaporation of precursors and 400 �C for the growth
of GeSe), while the growth duration was set as 300–500 h. After
growth, the temperature of tube furnace down to 200 �C with a
cooling rate of 20 �C/h and then natural cooling down to room tem-
perature. Finally, we can obtain the high quality GeSe bulk crystals
(with the size of 0.5–1.0 cm2).
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2.2. Fabrication of SWA pattern and photodetector

In the process of device fabrication, the micro/nano processing
technology was multiple utilized. After mechanical exfoliating
GeSe flake from bulk crystal onto the SiO2/Si substrate, angle-
resolved Raman spectrum was utilized to determine the zigzag
and armchair axis of GeSe flake. Afterward, the sub-wavelength
pattern was designed along the armchair direction and transferred
to the mask of ZEP film (the thickness of 100 nm) by E-beam
lithography. Then, the inductively coupled plasma (ICP) with Cl
atmosphere was unitized to etch the GeSe flake with the etching
ratio of 4 Å/s. After dissolving ZEP by polymethyl formamide solu-
tion under 70 �C, the microstructure could be obtained. In the pro-
cess, the size of microstructure only depended on the size of ZEP
mask. The sharp of edge states was confirmed by the cross-
sectional annular dark field scanning transmission electron micro-
scopic (ADF-STEM) image (Fig. S6 online).

The electrode pattern of the photodetector was engraved by
secondary E-beam lithography (EBL), and the electrode metal of
Cr/Au (the thickness of 10 nm/50 nm, the work function of Cr
match with that of GeSe) was evaporated by electron-beam evap-
oration at the high vacuum of � 10–7 torr (1 Pa � 7.5 � 10–3 torr).

2.3. Polarizing microscope measurements

The in-plane anisotropic crystal has a birefringence phe-
nomenon. Therefore, the polarizing microscope is an effective
method for detecting the anisotropic sample. Before measurement,
the polarization analyzer was adjusted to orthogonal with incident
polarized light. We fixed the analyzer and incident light, and
rotated the sample in a uniform speed to observe the brightness
changes.

2.4. Angle-dependent Raman spectrum and second-harmonic
generation (SHG) measurements

Raman spectrum and SHG were measured by Witec commercial
equipment with the excitation wavelength of 532 nm (Raman
spectrum, the power of �1 mW) and 1064 nm (SHG, the power
of 10 to 20 mW). In the angle dependent measurement, the polar-
ization direction of the analyzer is parallel (parallel mode) or ver-
tical (cross mode) to the polarized excitation light.

2.5. Scanning transmission electron microscope (STEM)
characterizations

STEM and energy dispersive X-ray spectroscopy (EDS) charac-
ters were performed by FEI Titan Themis G2 300 operated at
300 kV for element analysis and characterizing atomic structures
of samples.

2.6. Computational details

The first-principle method of projector-augmented wave (PAW)
[54,55] based on the frame-work of density functional theory (DFT)
[56] in the Vienna Ab Initio Simulation Package (VASP) was utilized
to perform the electronic and optical properties of GeSe flake and
GeSe SWA. To correct the band gap of experimental value, the
Heyd-Scuseria-Ernzerhof (HSE) [57] method with the fraction of
exact exchange of 0.21 was adopted for the exchange–correlation
function. The kinetic energy cut off for the plane wave expansion
was set as 65 Ry, and the SG15 Optimized Norm-Conserving Van-
derbilt (ONCV) Perdew-Burke-Ernzerhof (PBE) pseudopotentials
[58] was utilized. The Brillouin zone was divided into
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9 � 7 � 3 k-mesh for GeSe flake, 9 � 1 � 3 k-mesh for armchair
direction of GeSe array, and 1 � 7 � 3 k-mesh for zigzag direction
of GeSe array. For array, the line width was set as 3 periods and 5
periods of GeSe unit-cell. To eliminate the interactions between
arrays, a large vacuum layer of about 17–22 Å was added around
the array boundary (Fig. S11 online). For the lattice relaxation, each
atom was fully relaxed under guaranteeing atomic force of less
than 0.01 eV/Å. To calculate the optical absorption properties, the
random phase approximation (RPA) approach was adopted.

Numerical simulations were processed using the Wave Optics
Module of COMSOL Multiphysics software. The light electric field
distribution was calculated using the finite element method in
COMSOL. For the numerical modelling, the GeSe layer of 50 nm
thickness is placed on 300 nm SiO2 with Si substrate.
3. Results and discussion

3.1. Selection of the sub-wavelength array direction

The atomic arrangement and charge density distribution are
crucial for the selection of the array direction. From the top-view
charge density mapping of the band edges, GeSe exhibited a series
of charge distribution chains along the armchair direction, demon-
strating it as the polarization-sensitive direction (Fig. 1b). There-
fore, it is expected that arrays fabricated along the armchair
direction can enhance the polarization ratio due to the depolariza-
tion effect of the one-dimensional GeSe arrays (Fig. 1a and Fig. S1
online).

In our experiment, GeSe single crystal was synthesized by the
chemical vapor transport (CVT) method (see Experimental for
details), and then exfoliated on the Cu grid to study the crys-
tallinity and crystalline structure (Fig. S2 online). The high-angle
annular dark field scanning transmission electron microscope
(HAADF-STEM) image showed the perfect rhombic lattice of GeSe
crystal, with each light point corresponding to a pair of Ge-Se
atoms (Fig. 1c). The selected area electron diffraction (SAED) pat-
tern under the [001] crystal zone axis demonstrated the
orthorhombic crystal structure (Fig. 1d). These results definitely
Fig. 1. The sub-wavelength array (SWA) fabrication of GeSe. (a) Schematic of the GeSe
armchair (AC) direction perpendicular to the zigzag (ZZ) direction and the two-termin
minimum (Imin) when the polarized light is parallel/vertical to the armchair direction. (
charge mainly distributes along the armchair direction. Atomically-resolved STEM image
high quality of GeSe crystal.
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confirm the high quality and anisotropic atom arrangement of
GeSe crystal, which can further guide the fabrication of arrays
along the low-symmetric armchair direction.
3.2. Fabrication of the sub-wavelength array along the armchair
direction

To accurately fabricate the sub-wavelength array along the
armchair direction, the angle-resolved Raman spectroscopy was
utilized to figure out the atomic arrangement of GeSe crystal,
and the polarization anisotropy of SHG susceptibility was utilized
to ascertain the symmetry of the GeSe lattice. As shown in
Fig. 2b, the normal Raman spectrum of GeSe exhibited three char-

acteristic peaks, i.e., the out-of-plane A1
1g mode (�88 cm�1), the in-

plane B2g (�150 cm�1) and A3
1g (�188 cm�1) mode. Among them,

the B2g and A3
1g modes are assigned as the vibrations along the zig-

zag and armchair direction respectively [42] (Fig. S3 online). There-

fore, the maximal intensity of the angle-resolved A3
1g mode is

strong evidence in identifying the armchair direction (Fig. 2c),
and the corresponding arrays patterned along this direction can
be accurately achieved (Fig. 2a and Fig. S4 online). The brightness
variation with the rotation angle under the polarization-resolved
optical microscope preliminary proved the birefringence effect of
the GeSe SWA (Fig. 2d), indicating its anisotropic optical property
after patterned.

A pronounced SHG peak was raised since the C2v (mm2) space
group of GeSe (Fig. 2e and Fig. S5a online). The highly asymmetric
SHG response petals of parallel (I//) and perpendicular (I\) to the
incident polarization show the two-rotation axis of symmetry
existed in GeSe lattice proving the high in-plane anisotropy
(Fig. 2f and Fig. S5b online). The shape of SHG petals is consistent
with the reported theoretical prediction. In addition, sub-
wavelength arrays pattern of GeSe maintain two petals along arm-
chair direction in the parallel polarized SHG patterns, which reveal
the strong depolarization effect in SWA pattern [43]. All of these
results ultimately demonstrate the fabrication accuracy in pattern-
ing the GeSe arrays along the armchair direction.
SWA photodetector fabrication process, consisting of the array etching along the
al electrodes deposition procedure. The photocurrent reaches its maximum (Imax)/
b) The charge density mapping of VBM and CBM states of GeSe, indicating that the
(c) and SAED pattern (d) of GeSe under the crystal axis of [001], demonstrating the



Fig. 2. Identification of the GeSe array patterning orientation. (a) 3D-atomic force microscopic (AFM) image of GeSe SWA patterning along the armchair direction. (b)
Polarized Raman spectra detected at the normal mode (I, without the polarization analyzer), parallel mode (I//, the direction of polarization analyzer parallel to polarized angle
of excitation laser) and cross mode (I\, the direction of polarization analyzer perpendicular to polarized angle of excitation laser), respectively. (c) Angle-resolved Raman
intensity pattern of A3

1g peak, at which the intensity reaches the maximum along the armchair direction of GeSe atomic arrangement. (d) Polarizing microscopic reflection
images of GeSe SWA at different angles of incident light polarization. (e) SHG spectrum of GeSe SWA excited by 1064 nm laser. Inset: polarization anisotropy of GeSe SHG
susceptibilities, while h is the rotation angle between incident electric field (Ex) and zigzag direction. (f) Angle-dependent parallel component of SHG from GeSe flake (dark
yellow curve) and GeSe SWA of 200 nm period width (orange curve) respectively.
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3.3. The optoelectronic properties of GeSe sub-wavelength array
photodetector

To study the photoresponse of GeSe SWA, a two-terminal pho-
todetector (Fig. S7 online) based on the optimal GeSe thickness of
around 50 nm (Table S1 online) was fabricated by connecting the
arrays in parallel and then excited by the 808 nm laser (see Exper-
imental). As shown in Fig. 3b, the photodetector exhibited a high
photoresponsivity of 30 A/W, which proved that the GeSe crystal
can maintain its excellent photoresponse after the array patterning
process. Furthermore, the power-dependent photocurrent curve of
GeSe SWA photodetector displayed an excellent dynamic range
value of 40 dB (Fig. 3c) within the linear power range of 0.001 to
1 mW/cm2, demonstrating the improved detection sensitivity of
the SWA-based photodetector. In addition to the ability in detect-
ing the NIR light, the GeSe SWA also showed perfect performance
in weak-light detection under 0.1 LUX illumination, and the mini-
mum detection power is two orders of magnitude better than the
pristine 2D GeSe-based photodetectors (Fig. 3d).

As for the polarized light detection, the armchair-orientated
GeSe SWA indeed possessed better anisotropic photoresponse as
we predicted. As shown in Fig. 3e, the polarization ratio (PR) of
GeSe array patterned along the armchair direction (PR = 6.7) was
significantly increased compared with that of the zigzag ones
(PR = 1.1), and the corresponding device image located in Fig. S8
(online). It is worth noting that the weakest photocurrent appeared
at 0� (polarized light paralleled to zigzag direction) and the stron-
gest value at 90� (polarized light paralleled to armchair direction)
for both the armchair- and zigzag-orientated arrays. Among them,
the armchair one showed a significant photocurrent decrease at 0�
polarized light due to the depolarization effect along the zigzag
direction. Meanwhile, it also displayed a robust increasement of
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polarization ratio compared with the pristine GeSe flake in the vis-
ible to NIR range especially at 400 and 800 nm, and reached a high-
est value at 808 nm near the band gap edge of GeSe (Fig. 3f).

Besides the array orientation, the intrinsic structure of GeSe
arrays (such as the individual array width ofW1, the repetition per-
iod width of W2, and the proportion of W1/W2, as shown in the top
panel of Fig. 3a) could further modulate the polarization ratio. As
shown in Fig. 3g, the photocurrent anisotropy becomes monoto-
nously increasing along with the decreased width of W2. And the
optimal SWA size of 200 nm period-width reaches the limiting size
of the fabricating process (Fig. S9 online). Meanwhile, at a narrow
period-width of 200 nm and W1/W2 proportion of 25%, an optimal
polarization ratio of 18 was obtained, which is an order of magni-
tude higher than the pristine GeSe photodetectors. The polariza-
tion ratio value commendably satisfies the demand of high
resolution photodetection (anisotropy ratio >10) (Fig. 3h) under
the excitation wavelength of 800 nm, and is significantly improved
compared with the typical 2D in-plane anisotropic materials, like
SbSSe, GeAs, and BP in the wavelength range of 300–1000 nm.

3.4. Mechanism of the sub-wavelength array induced polarization
ratio enhancement

To understand the mechanism of polarization ratio enhance-
ment caused by the SWA pattern, the first-principle calculations
were utilized to explore the variation of band structure, matrix ele-
ments, and optical adsorption properties in both the GeSe flake and
GeSe SWA. In comparison with the band structure of GeSe flake,
the quantum restriction effect was observed in GeSe SWA along
the zigzag direction (from C to Y), which can affect the transition
probability of the carrier and the intrinsic optical adsorption
(Fig. 4a, d and Fig. S10 online). Specifically, the transition probabil-



Fig. 3. Photoelectronic characterization of GeSe SWA. (a) The side view schematic of GeSe SWA (top panel). The width of array and the width of repetition period are denoted
as W1 and W2 respectively. AFM image of GeSe SWA devices with four different array widths (bottom panel). (b) Time evolution of the photocurrent under different power
densities of 808 nm laser. (c) Incident-power-dependence photocurrents at 808 nm laser illumination. The linear detection power density is from 0.001 to 1 mW/cm2. (d) The
white-light illuminated photocurrent of GeSe flake and GeSe SWA under power of 0.1 LUX, displaying the weak-light-detection ability of GeSe SWA. (e) Angle-dependent
polarized photocurrent of GeSe SWA photodetector patterned along the armchair and zigzag direction. (f) Comparison of the polarization ratio between the GeSe flake and the
GeSe SWA at different excitation wavelength. (g) The polarization ratio of GeSe SWA with different length of W2 and proportion of W1/W2. (h) Overview of the polarization
ratio of series of anisotropic 2D materials previously reported. Our GeSe SWA showed a pronounced increase in polarization ratio.

Fig. 4. Mechanism of the increased anisotropic sensitivity of GeSe SWA. Band structure of the GeSe flake (a) and GeSe SWA (d) with an indirect bandgap of 1.3 eV. The
quantum confinement effect occurs along the zigzag direction of GeSe SWA (fromC to Y). The DTM along the armchair (fromC to X) and zigzag direction of GeSe flake (b) and
GeSe SWA (e), which reveals the restricted transition probabilities of incident light along the zigzag directions. Simulated light electric field distribution of the GeSe flake
mode (c) and GeSe SWA mode (f) at 800 nm, which display the surface plasmon trapping in SWA pattern.
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ity of photoelectrons within the band edge can be described by the
dipole transition matrixes (DTM) derived from formula of
< uCBM|ryjuVBM > and < uCBM|rxjuVBM >, where uCBM/uVBM

denotes the wave function of conduction band minimum/value
based management and rx; ry are the momentum operators
177
along x and y direction. As shown in Fig. 4e, after the SWA pattern-
ing, the DTM elements of GeSe along the zigzag direction disap-
peared, and the transition probability ratio (PAC/PZZ) was
significantly enhanced correspondingly, which accounts for the
high PR value of GeSe SWA. Meanwhile, the simulation of the light
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electric field distributes shows the reflection off from the GeSe
flake (Fig. 4f) and the localized surface plasma in the surface of
GeSe SWA (Fig. 4f), enhancing the light trapping in GeSe SWA. Both
the increased optical adsorption and restricted transition probabil-
ity contribute to the polarization ratio enhancement of the sub-
wavelength array significantly.

It is worth noting that the GeSe SWA pattern has not introduced
any impurity levels in the band structure and the partial density of
states (PDOS), making the array structure quite stable in electronic
states. The self-passivation effect of charge density in the array
boundary also demonstrates its stability after the patterning pro-
cess (Fig. S12 online), which determines the defect doping could
not influence the degree of polarization ratio.
4. Conclusion

In conclusion, we designed a GeSe-based SWA photodetector,
which can enhance the polarization ratios and improve the
broad-spectrum photodetection performance simultaneously. This
result benefits from the improvement of photo absorption effi-
ciency in the armchair direction and the restriction of transition
probability along the zigzag direction. The photodetection based
on GeSe SWA at the condition of BN package is the potential can-
didate of the commercial detector for compatible fabrication pro-
cess with commercial CMOS. The strategy of constructing the low
symmetric model is applicable to other in-plane anisotropic low-
dimensional materials and is expected to further improve the ani-
sotropy of linearly polarized photodetectors of them, which will
greatly benefit the development of remote sensing, visual imaging,
and navigation.
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