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ABSTRACT Light polarization could provide critical visual
information (e.g., surface roughness, geometry, or orienta-
tion) of the imaged objects beyond prevailing signals of in-
tensity and wavelength. The polarization imaging technology
thus has a large potential in broad fields such as object de-
tection. However, intricate polarization coding is often re-
quired in these fields, and the existing complicated lensed
system and polarizers have limited the miniaturization cap-
abilities of the integrated imaging sensor. In this study, we
demonstrate the utilization of two-dimensional (2D) in-plane
anisotropic a-GeSe semiconductor to realize the polarizer-free
polarization-sensitive visible/near-infrared (VIS-NIR) photo-
detector/imager. As the key part of the sensor system, this
prototype Au/GeSe/Au photodetector exhibits impressive
performances in terms of high sensitivity, broad spectral re-
sponse, and fast-speed operation (~10° A W', 400-1050 nm,
and 22.7/49.5 ps). Further, this device demonstrates unique
polarization sensitivity in the spectral range of 690-1050 nm
and broadband absorption of light polarized preferentially in
the y-direction, as predicted by the analysis of optical transi-
tion behavior in a-GeSe. Then we have successfully in-
corporated the 2D GeSe device into an imaging system for the
polarization imaging and captured the polarization informa-
tion of the radiant target with a high contrast ratio of 3.45 at
808 nm (NIR band). This proposed imager reveals the ability
to sense dual-band polarization signals in the scene without

polarizers and paves the way for polarimetric imaging sensor
arrays for advanced applications.

Keywords: GeSe, 2D anisotropic semiconductors, polarization
sensing detectors, broadband polarimetric imaging

INTRODUCTION

Infrared polarization imaging is a powerful sensing
technology that can provide richer sets of information
about an object in the scene such as intensity, spectral,
and polarization [1-5]. Polarization information finds
surface properties of an object, such as the polarization
state of the light reflected/scattered at the surface [6,7].
This effectively enhances the resolving power of vision-
based detection systems and could be utilized in many
specialized applications such as target tracking, remote
sensing [8,9], and computer vision [10]. However, de-
tectors used for these applications typically require the
use of external elements such as the prepositive polarizer
array for intricate polarization coding [11], which in-
creases the size and complexity of these systems and
imposes a limit on the resolution for imaging purpose
[12-14]. As such it is important to develop the polar-
ization sensing detector capable of sensing both the in-
tensity and the polarization of an incoming light.
Discovering further entirely novel photoelectric devices as
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micro-polarizers is of great benefit to simplify the current
polarization imaging system.

The emerging two-dimensional (2D) materials have
shown great potential for use in future polarization-
resolved photodetectors, largely from unique physical,
transport properties and somewhile intrinsic in-plane
anisotropy on the atomic scale. Together with high spe-
cific surface area/absorption efficiency/mobility and facile
integration, some 2D materials such as graphene and
WSe,, have been proposed as promising building blocks
for imaging in a wide spectral range and compact sensing
systems [15-20]. Except for the isotropic optical behavior
of high-symmetry materials, intrinsic anisotropy proper-
ties in low-symmetry systems could be introduced for
expanding the scope of optoelectronic applications [21-
23]. Also, the in-plane anisotropy-related practical image
sensing applications of 2D materials have not yet been
accessed. Although previous studies have demonstrated
the linear dichroic photodetector using black phosphorus
(BP) [24], the instability under ambient conditions has
been an inherent barrier to its effective use in imaging
systems. Then BP analogues—selenide germanium
(GeSe)—has received plenty of attention in the study of
optoelectronic devices [25,26]. This interest is partially
based on the highly anisotropic orthorhombic crystal
structure (space group Pcmn-Dzhlé) [27]. In addition,
GeSe shows its merits such as large absorption coefficient
[28], narrow optical bandgap (1.1-1.2 eV), as well as easy
preparation [29], and environmental stability.

Here we demonstrate that the physical properties of
phosphorene-like a-GeSe enable polarization-related
photodetectors and polarizer-free imaging systems oper-
ating in the visible/near-infrared (VIS-NIR) spectral re-
gime. The prototype Au-GeSe-Au photodetector exhibits
impressive performances in terms of high sensitivity,
broad spectral response, and fast-speed operation, which
can be leveraged for the realization of chip-scale sensors
and imagers. Further, this device demonstrates unique
polarization sensitivity in the spectral range of
690-1050 nm and broadband absorption of light polar-
ized preferentially in the y-direction, as predicted by the
analysis of optical transition behavior in a-GeSe. In view
of the above, a novel image detecting scheme was pro-
posed and high-resolution polarization imaging for the
radiating target was obtained via the GeSe-based image
sensor. The polarization information was extracted by the
optical polarizer, manifesting the contrast ratio of 2.59,
2.63, 3.45 in the VIS (675 and 700 nm) and NIR (808 nm)
spectral bands, respectively. These results demonstrated
here open a way towards the exploitation of GeSe in the
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multi-spectral polarization imaging system or focal plane
polarimeters.

EXPERIMENTAL SECTION

Growth of GeSe crystal

Single crystals of GeSe were synthesized using the che-
mical vapor transport (CVT) method. Commercially
available GeSe powder (99.99%, Sigma Aldrich) as the
precursor was securely sealed in an evacuated quartz tube
under high vacuum (10 Torr) and subsequently
mounted into the tube furnace. Then the CVT reaction
was initiated with the T, zone kept at 640°C and T, zone
at 450°C in 20 cm for 10 h. Next, the operative tem-
peratures of the two zones were permutated (T, = 450°C,
T, = 640°C) and worked for 10 h. Afterward, the furnace
was cooled down to 300°C in two days, and the black
shining GeSe crystals in sizes up to 60-100 mm were
found in the cold zone (T,) of the ampule. And the thin-
layer GeSe crystals attached on the (300 nm)SiO,/Si
substrates could be acquired by exfoliation from the bulk
phases of layered crystals.

Optical measurements and characterization

In experiments about polarization, the laser beam passed
through a linear polarizer, a half-wave plate (HWP) and
was then focused on the GeSe channel using a x20 mi-
croscope objective. For the spectral response, the grating
spectrometer was used to select the desired wavelength
from the supercontinum white-light laser source (YSL
SC-HP). The scanning photocurrent mapping was in-
vestigated by a scanning Galvo System (Thorlabs
GVS212) with the modulated laser beam. The modulated
photocurrent signals were amplified and extracted from a
lock-in technique (Signal Recovery model 7270). The
polarization-resolved imaging detection was carried out
by a home-made imaging system, and the 2D GeSe device
was used as the photosensitive unit in the imaging sensor.
For optical spectral analysis, the microscopic spectro-
photometer (Jasco MSV-5200) was used with the sam-
pling interval of 0.5nm, the aperture of 20 um and
spectrum range of 400-1200 nm. Thicknesses of GeSe
nanoflakes were characterized by an atomic force mi-
croscope (AFM, Bruker Dimension Icon scanning probe
microscope).

First-principle calculations

First-principle calculations were done using the projector
augmented wave (PAW) method, as implemented in the
PWMAT code (a GPU based plane-wave pseudopotential
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code). The room-temperature atomic structure was re-
laxed using the Perdew-Burke-Enzerhof generalized gra-
dient approximation (GGA) functional, with the
convergence threshold of 0.02 eV A" on the forces. The
electronic structure and optical properties were then
calculated on the optimized structure with the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functions for a higher
accuracy. The k-mesh for self-consistent calculations was
7 x 7 x 1 and the cutoff energy for the plane-wave basis
was fixed at 45 Ry.

RESULTS

Single crystals of a-GeSe were grown directly from the
GeSe powders (purity 99.999%) in a sealed evacuated
quartz ampule via the CVT process (see EXPERI-
MENTAL SECTION). The response time (r) and re-
sponsivity (R.,) are two principal figures of merit for the
performance characterization of photodetectors. Here,
the rise/fall time (7, 7 is usually defined as the time
required for the response to rise/fall from 10%/90% to
90%/10% of the pulse amplitude [30]. To evaluate the
operating speed of the GeSe-based device as in Fig. 1a, the
laser was modulated to be 1 Hz and the photocurrent
(PC) generated upon multiple on/off switching of light
radiation was collected by a digital oscilloscope with a
preamplifier. Through the rising/falling edges related
with switch-on/off processes, as in Fig. 1b, this device
yielded 7, = 22.7 ps and 7; = 49.5 pus at the drain-source
voltage (V) of 0.5V with A = 830 nm laser excitation.
The photoexcited signal fell fast in about 30 ps followed
by a slow tail, which might be related to the defects/traps
or external stress [31]. In spite of this, the speed de-
monstrated here was fast enough to meet the requirement
for imaging or other optical applications. The extrinsic

R, is generally expressed as Ry = Ip/(PinAdevice/ Ataser)
[32,33], where I,. = IjgIgun means the photocurrent
signal, P, denotes the incident light power, Ag.;. is the
effective channel area, and Ay, is the laser spot area. We
measured the photoresponse of the GeSe in the VIS-NIR
range, with typical R, data shown in the right y-axis of
Fig. S1. Herein, Ageyie. = 97.5 pmz, Aper = 0.785 cm’, and
P,, is in the micro-watt level with the spot diameter of
1 cm. This device demonstrates the high R., along the
whole spectral range from VIS to NIR regime at the low
light levels (0.663 to 4.9 uW), such as 5920 AW ' at
600 nm and 850 A W' at 930 nm, which agrees in a
reasonable accuracy with the optical absorption spectra
measured in the unpolarized light incidence (left y-axis in
Fig. S1).

The proof experiment was designed to prove the un-
polarized imaging capacity of 2D GeSe based photo-
detector. Fig. 1lc shows the assembly diagram of
functional elements for the image-capturing set-up. The
imaging sensor is the focus of the whole system and starts
with the aluminium wire-bonding of the device into the
24-pin chip carrier and then the mounting of them on the
circuit board that provides the electric connections to the
signal processing module. This module provides func-
tions of photosignal acquisition, amplification, quantiza-
tion as well as photodetector power supply. As with the
CCD unit in a digital camera, the GeSe device was used
here as the photosensitive unit in the imaging sensor. Fig.
S2 contains more details about the electrical connection
of the subsystem parts in the signal path. In a typical case,
the greyscale plot in the upper right panel of Fig. 1c is
compiled of the normalized photosignals for each of
photodetection pixels of the 470 x 1010 array over the
‘Chang’e’ pattern, amplified and quantified by the signal
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Figure 1 Photoresponse and white-light imaging in 2D GeSe photodetectors. (a) Illustration of a GeSe device used for photoresponse character-
ization. (b) The rise time (~22.7 ps, top) and decay time (~49.5 ps, bottom) of a typical GeSe device measured at Vi, = 0.5V and V, = 0 V with laser
excitation at A = 830 nm. (c) Schmatic layout of the GeSe-based image scanning system (bottom) and the ‘Chang’e’ image obtained by this system
under excitation of white light (upper right).
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processing circuit [34-36]. For this image, we used the
full spectrum of the fluorescent light source to illuminate
the shadow mask that was carved with the ‘Chang’e’
pattern (with minimal line sizes down to 500 pm). The
greyscale image measures ~10 cm in width with a total
470 by 1010 pixel format, which is able to resolve down to
~100 um each pixel. Of note, this GeSe device has pro-
vided a stable performance during the data acquisition, so
that we have not observed significant fluctuations of the
detection signal in these as-measured images. The initial
implementation of imaging demonstrates the feasibility of
the integration of GeSe-based device with the imaging
system.

Key to the actual use of 2D GeSe-based image sensor in
the polarimetric imaging system is the excellent ability of
sensing the light intensity and polarization, with the ab-
sorption efficiency and extinction ratio as critical eva-
luation parameters. So except for the above light response
characteristics, we have performed the polarization sen-
sitive PC studies to understand their dichroic response,
with 3D schematic shown in Fig. 2a. The 75.8-nm-thick
sample was used for the device. The reflected polariza-
tion-resolved optical microscropy (PROM) images under
crossed-polarized incident light were first measured by
rotating the sample in steps of 15° (Fig. S3) and helped in

determining the crystalline orientations of our as-pre-
pared device (armchair and zigzag) along 0° or 90°. As an
example, the PC scatter plot at the Ay = 940 nm ex-
citation, obtained with light polarization at different an-
gles, is shown in Fig. 2c. This plot undergoes maxima and
minima showing a two-fold symmetry and is expected to
vary with the incident polarization angle (0) as the
equation of I,.(6) = Imaxcosz(G—go)+Iminsin2(9—q)). Then the
fitting result reveals the I, and I, equaling to 0.086
and 0.022 pA, respectively, and the corresponding ex-
tinction ratio r, (expressed as I,,/I;,) reaches ~3.90 with
incident light polarized along the horizontal/vertical axis.
Similar results are found using the 785 and 830 nm illu-
mination source, as shown in Fig. S4. It could be observed
that the GeSe device features high anisotropy, particularly
in the NIR region, and this makes GeSe competitive in the
polarization application. And their dichroic responses
(Fig. 2e) are in a significant similarity to the anisotropic
optical absorption (Fig. 2d), and this means that the
overall enhancement or loss of dichroic response can be
possibly attributed to the variation in optical absorption
at particular wavelengths. Another observation from the
angle-resolved spectral response is that the PC maximum
is attained along the same light polarized direction in the
already measured spectral region of 690-1050 nm.
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Figure 2 Polarization-sensitivity of GeSe photodetector in the NIR range. (a) 3D schematic diagram of the GeSe polarization-sensitive photo-
detector. (b) Angle-resolved spatial maps of the GeSe device at V4 = 0.1 V. Areas indicating by white lines are the GeSe sample and Au electrodes.
(c) Scatters show the PC at different laser polarizations for the Ay = 940 nm incident laser (with spot diameter of ~15 um and power of ~0.6 pW) at
V4 = 1.0 V. (d) Spectrally resolved optical absorption (400-110 nm). (e) Spectrally resolved photoresponse (690-1050 nm) measured with linearly
polarized illumination parallel or perpendicular to the GeSe sample (device).
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High-spatial-resolution mapping allows for locally
probing the photoresponse in different regions of the
device, and this helps to identify the dominant PC gen-
eration mechanism of the photodetector [37]. Fig. 2b
presents the spatial maps of the PC intensity with the
laser spot scanning across the whole channel of devices.
Observed micro-area maps indicate clearly that the
photoactive regions are centrally distributed in the GeSe
channel rather than the metal-GeSe interface. This could
be considered as a typical reveal of the photoconductive
effect for PC generation [38]. In the photoconduction
mode, the photogenerated electron-hole pairs are driven
by applied bias and move in the opposite direction, which
directly increases the conductance of this device [39]. In
addition to this, the electronic band structures of 4-layer
Au and 4-layer p-GeSe were respectively calculated from
the HSEO06 functional. As the simplified schematic shown
in Fig. S5, the metal work function of W, (5.32 eV) is
greater than that of the semiconductor W (4.87 eV). This
indicates that the p-type anti-barrier layer (i.e., Ohmic
contact) is formed and Au could be well applied as
electrode in the GeSe device [40,41]. Therefore, it could
be inferred theoretically that the prototype Au-GeSe-Au
photodetector works in the photoconductive regime,
which agrees well with the experimental result of the
spatially resolved photocurrent mapping (SPCM).

The optical transition behavior of the material can be
used to explain the linear dichroism, anisotropic optical
absorption along the x-y (zigzag-armchair) in-plane
perpendicular direction and the band structure calcula-
tion shown in Fig. 3a, with the bottom of the conduction
band (CBM) and top of the valence band (VBM) located
at the T point (direct bandgap). The probability (p,) of the
transition |pcpy> — |@ypy> along the k-points path
(Fig. 3b) has been calculated from the p, = |<<pCBM|Vy|
Pvan | 1(1<@caml Vil ovane> | + |<‘PCBM|Vy|¢VBM>| ). Here ¢
denotes the wave function, V is the momentum operator,

and [<@cpu|V]@yen>|” is the optical transition amplitude.
Based on the results in this figure, the detailed optical
transition behavior of some critical points such as
I' (1.35eV), M (1.85¢eV), P (1.92¢eV), K (2.31 eV) have
been analyzed. Around the I point (p, = 1.0), only the
absorption of y-polarized light occurs across the gap be-
tween Vbr — Cby, while that of x-polarized light is for-
bidden. In Fig. 3¢, we plotted the wavefunctions of CBM
and VBM states at I point and analyzed their symmetrical
characteristics to further explore the origin of the polar-
ization. There is a mirror plane perpendicular to the x-
direction, so |<(pCBM|Vx|(pVBM>|2 = 0, while for the y-di-
rection, no particular symmetry has been observed, that is
|<goCBM|Vy|(pVBM>|2 # 0. This lowest-energy optical tran-
sition in GeSe results in the high dependence of absorp-
tion upon the polarization of incident light near the gap
edges (~920 nm). But optical transitions that favour the
x-polarized light absorption (e.g., Vbp, — Cbyp,) are in-
volved in absorption processes for photon energies above
1.85 eV (Vby; — Cb,,), which leads to the decrease in
the polarization sensitivity. Therefore, the y-polarized
light absorption continuously covers the range of
1.36-1.85eV (920-670 nm in wavelength), while for
higher energies, the absorption of x-, y- polarized light,
even other interband transitions (e.g., Vbg; — Cbygs) will
be considered and so the anisotropic absorption may be
greatly impacted.

The efficient photoresponse and high dichroic ratio
obtained in the above work pave the way for constructing
the compact polarimetric imaging system through GeSe
prototype device. This device as the photodetector while
simultaneously as the polarizer was coupled to the in-
terface board of the proposed system, with functions of
sensing both the intensity and polarization of an incident
light. And the unpolarized fluorescent lamp used in the
above proof of concept imaging system was replaced by
the polarized signal source. Here the polarized signal
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Figure 3 Analysis of optical anisotropy of GeSe based on optical transition amplitudes. (a) Electronic bandstructures for cleaved bulk GeSe obtained
from the HSE06 functional, where the CBM and VBM states are marked in grey. The arrowed red (blue) lines represent the possible y(x)-polarized
light jump. (b) The p, of optical transition |pcpy> = |@vpn> along the k-points path. (c) The wavefunction contour plots of CBM (left) and VBM

(right) states at the T point.
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source actually comprises of the blackbody-like U-shaped
heating coil (also as the detection target), the narrow-
band pass filter (bandwidth: £ 5 nm), focusing lens and
the polarizing film, as shown in the right panel of Fig. 4a.
The radiating signal illuminated onto the GeSe device is
nearly linearly polarized. With this re-designed apparatus,
the dynamic change of imaging signals with the polar-
ization state of the radiant U-shaped target was obtained
through the GeSe-based imaging sensor.

The measurement at the 808 nm excitation was selected
as a representative of the NIR polarimetric imaging, and
hence the 808 nm band-pass filter was equipped in the
optical path. For those 3D coloured images (each with
101 x 76 pixels) in Fig. 4b, we used the time-sequential
variation of the polarizing film to obtain polarization
information from the U-shaped radiation target. And the
corresponding contour plots with different incidental
polarization were extracted, as shown in Fig. S6. A gra-
dual increase in signal intensity was observed as the po-
larization angle (A) ranges from 90° to 0°. Here we have
subtracted the background signal from the received ra-
diated information, so that the radiation intensity of tube
body for each image can be read out directly. And the
contrast ratio of the radiation is about 3.45 with 0°/90°
polarized illumination. The imaging contrast ratio (given
by Iy/Ioy) used in this paper is positively related to the
degree of polarization (here given by (Ipo — Iop)/(Ipo +
Iy)). In the literature of polarization imaging, the degree

Polarizer

afl Filter

6=90°

point

__ Ypixel

X pixel point

of polarization is commonly used. They both can be used
to quantify the degree of incident light signal which is
polarized. The similar experiment was implemented un-
der the VIS light excitation (675 and 700 nm), and the
corresponding contrast ratios of 2.59 and 2.63 were
achieved (Fig. S7). This shows that imaging applications
based on the 2D GeSe structure are applicable to both VIS
and NIR regions. The linearly polarized radiator as the
only target in this scene is just a simple example for the
research of the potential of 2D GeSe-based polarimetric
imaging. This could potentially be applied on more
complex scenes, such as different targets or different
polarization orientations in a scene.

DISCUSSION

Most traditional polarimetric imagers are bulky and
usually consist of a layer of polarizers and a layer of
photo-sensing device. The photo-sensing devices are used
for sensing the signal intensity alone. And the multi-
channel polarizers are combined for obtaining several
specified polarization states of incident light from a scene.
Such systems are required to extract the polarized signals
along four different directions for the calculation of de-
gree of polarization at each pixel.

For anisotropic 2D materials including GeSe, their in-
trinsic polarized photosensitivity has provided a simpli-
fied route for polarimetric imaging. The fabricated device
allows for sensing both the signal intensity and the po-

Intensity (a.u.)

Figure 4 NIR polarimetric imaging of GeSe-based image sensor. (a) Schematic layout of the image scanning system and the photograph of a
U-shaped target. (b) With the heated target processed by the infrared filter (CWL: 808 nm), the 3D imaging results at an applied voltage of 0.65 V with
the excitation polarization (90°, 80°, 45°, 25°, 10°, 0° from left to right panels).
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larization states of incident light from a scene. Thus, the
polarizer is not required in the optical system. The PC
along different polarized directions can readily be at-
tained by rotating the GeSe device for the calculation of
degree of polarization at each pixel. In addition, the po-
larization extinction ratio can be further enhanced for
longer wavelength, such as 3.9 for 940 nm illumination,
according to the above polarization-sensitive PC studies.
This makes GeSe a potential material for NIR polarized
imaging devices to reach a higher degree of polarization.

CONCLUSIONS

In summary, we have fabricated and characterized the
Au-GeSe-Au device, as well as exploited the intrinsic in-
plane anisotropy of this material for the realization of
functionality relating with polarization-sensitive photo-
detector/imager in the VIS-NIR spectral regime. This
device demonstrated here runs in the photoconductive
mode and exhibits highly sensitive spectral R, of about
10° AW ' at a very low power, i.e, uW level. And the
response with rise/decay time of 22.7/49.5 ps at 830 nm
makes these nanodevices suitable for fast imaging. In
addition, the layered GeSe possesses distinct polarization-
sensitive spectral response in VIS-NIR band. To fully
exploit the above advantages of GeSe, we have integrated
this 2D GeSe device into the image sensor for the po-
larization imaging. The polarization information of the
detection target was extracted with the contrast ratio of
2.59, 2.63, 3.45 in the VIS-NIR spectral bands (675, 700,
808 nm). The proposed imager in this study reveals the
ability to sense dual-band polarization signals and opens
up new prospects for 2D material-based multiband po-
larization imaging system, focal plane polarimeters, and
even bioimaging.
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