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ABSTRACT: Anisotropic materials, especially two-dimen-
sional (2D) layered materials formed by van der Waals force
(vdW) with low-symmetry, have become a scientific hot-spot
because their electrical, optical, and thermoelectric properties
are highly polarization dependent. The 2D GeSe, a typical
anisotropic-layered orthorhombic structure and narrow
bandgap (1.1−1.2 eV) semiconductor, potentially meets
these demands. In this report, the ultrathin elongated
hexagonal GeSe nanoplates were successfully synthesized by
the rapid physical vapor deposition method developed here.
The ultrathin elongated hexagonal GeSe nanoplates have a
zigzag edge in the long edge and an armchair edge in the short
edge. In addition, the typical Raman mode exhibited 90°
periodic vibration, having its maximum intensity between the zigzag direction or the zigzag and armchair direction, indicating an
anisotropic electron−phonon interaction. Furthermore, the field effect transistor devices based on the elongated hexagonal
GeSe nanoplates were constructed and exhibited the p-type semiconducting behavior with a high photoresponse characteriscs.
Finally, the polarized sensitive photocurrent was identified, further revealing the intrinsically anisotropy of the GeSe nanoplate.
The results illustrated here may give a useful guidance to synthesize the 2D-layered anisotropic nanomaterials and further
advance the development of the polarized photodetector.

KEYWORDS: GeSe nanoplate, rapid physical vapor deposition, two-dimensional, polarization-dependent Raman spectroscopy,
anisotropic photoresponse

■ INTRODUCTION
Recently, two-dimensional (2D) layered nanomaterials have
attracted a great deal of interest in the nano-optoelectronic
devices including photodetectors and field effect transistors
(FETs)1−3 Nowadays, graphene and graphitic structured
transitional metal dichalcogenides (such as MoS2, WS2,
MoSe2, WSe2, and so forth) are the most studied 2D layered
nanomaterials, whose physicochemical properties have been
well explored.4−6 However, another group of 2D layered
nanomaterials, phosphorene-like structured main group metal
chalcogenides such as IV−VI (V = Ge, Sn, Pb; VI = S, Se,
Te),7−11 V−VI (V = As, Sb, Bi; VI = S, Se, Te) group
compounds12,13 have attracted more and more attention. Such
materials are made up of earth abundant and environmentally
friendly elements and exhibit comparable conductivity as

graphitic structured 2D layered nanomaterials but with much
lower structural symmetry and therefore more remarkable
anisotropic feature, which would favor the polarization- or
direction-dependent electrical, optical, and thermoelectric
application8,14−16

As a typical member of these materials, GeSe, a p-type
semiconductor, has gained great of interest due to its narrow
bandgap (1.1−1.2 eV) that is suitable to fabricate a solar
cell.17,18 In addition, GeSe exhibits unique high-speed
reversible phase transition accompanied by remarkable switch-
ing in refractive index.19 All of the above features endow the
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GeSe 2D nanomaterials with significant application in the field
of photoelectrics. Thereupon, efficient preparation of these 2D
nanomaterials have become an issue of great interest. For
preparing such 2D nanomaterials, exfoliation is a common and
universal route, which suffers from its low yield.8 Physical/
chemical “bottom-up” fabrication method would be more
favorable for practical applications.10,20 Wan et al. have
reported a solution for synthesizing GeSe nanosheets with
uniform elongated hexagonal shape.17 However, these nano-
sheets are still too thick (about 294 nm), which might be
unfavorable for exhibiting 2D size effect. Mayer et al.21

reported a similar route and succeeded in synthesizing GeSe
nanobelts with the thickness of 75 nm. Although this was a
significant progress, the capping ligands that remain on the
surface of 2D nanomaterials are still a disadvantage for these
chemical routes. Physical vapor deposition (PVD) method is
suggested to be a high efficient method for fabricating many
2D nanomaterials.22−24 Unlike chemical routes which usually
result in residual of capping ligands on the surface of product,
PVD methods leave a much cleaner surface for the product and

favor the investigation of optical and electrical properties. Choi
et al.25 have reported the deposition of GeSe microcombs on
the Si wafer using the PVD method and studied the electrical
and photoresponse property of the product. Nevertheless, it
remains a great challenge to synthesize high-quality nanosized
GeSe 2D materials. Moreover, as an anisotropic structured 2D
nanocrystal, GeSe is in all probability exhibiting a polarized
light sensitive photoresponse, while up to now there is still no
investigation.26

In this work, uniform elongated hexagonal GeSe nanoplates
have been successfully synthesized using a modified rapid
physical vapor deposition (rPVD) method. The thickness of
the as-prepared nanoplates is as low as 15.0 nm, which can be
regarded as, so far, the thinnest GeSe nanoplates fabricated
following “bottom-up” route. Moreover, the photoresponse of
the product to the polarized light is also investigated in the
presented work. It is found that under the irradiation of light
with a different polarization direction, the as-product exhibits a
distinct Raman response, which demonstrates a 4-fold
symmetry. Also, because of such anisotropic electron−phonon

Figure 1. (a) The schematic of the typical home-built equipment with the rPVD method; (b) the temperature gradient in the furnace.

Figure 2. Morphology of the elongated hexagonal GeSe nanoplates characterized by OM and SEM (a,b) and (c,d) with OM images of the as-
product on mica substrate and on SiO2/Si substrate, respectively; SEM images (e,f) of the elongated hexagonal GeSe nanoplates on the SiO2/Si
substrate.
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interaction, the photoconduction of the elongated hexagonal
GeSe nanoplate exhibits polarized light sensitive response. The
work shown here may offer distinct perception on the deep
understanding of the effects resulting from the anisotropic
layered 2D nanostructure and is of significance for further
application in the polarization-dependent photodetectors.

■ RESULTS AND DISCUSSION

The Figure 1 illustrated the typical home-built equipment with
the rPVD method. In contrast to the conventional vapor
deposition method, the rPVD developed here has some
advantages including fast heating-up, nearly no quantity loss in
the heating process and controllable growth temperature and
time. Figure 1b shows the temperature gradient of the furnace.
As demonstrated in Figure 1a, the GeSe powder worked as the

reactive material was quickly inserted into the heating zone
after reaching the predefined temperature. Then the GeSe
powder was sublimated and transferred by Ar/H2, and
subsequently the products were successfully synthesized on
the mica substrate located on the downstream from the heating
zone of ∼14−20 cm, where the temperature were about 508−
412 °C.
As the optical microscope (OM) demonstrated in Figure

2a,b, the as-products were uniformly distributed on the mica
substrate with an elongated hexagonal shape. Furthermore, it
can be seen that the as-products have the platelike structure
with a smooth edge. In addition, its thickness was measured to
less than 15 nm (shown in Supporting Information, Figure
S1a,b) by atomic force microscopy (AFM). Extensive AFM
observations reveal that the average thickness of the nanoplates

Figure 3. Crystal structure, chemical composition, and structural model of the elongated hexagonal GeSe nanoplate. (a,b) HAADF-STEM image
and low-magnification TEM image of the representative elongated hexagonal GeSe plate, respectively. (c) HRTEM of the region labeled in (b).
(d−f) SAED pattern, structural model, and EDX spectrum of the elongated hexagonal GeSe nanoplate, respectively. (g,h) Ge and Se element
mapping image, respectively. (i) Element maps combined with Ge and Se.
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is ∼15 nm (shown in Supporting Information, Figure S1c),
indicating that the GeSe nanoplate was about 10 layers (1 layer
GeSe nanostructure is about ∼1.047 nm theoretically). This
can be regarded, so far, as the thinnest record of the GeSe 2D
materials attained by PVD method. To observe more clearly,
the nanoplates were transferred to the SiO2/Si (300 nm SiO2)
substrate, and OM and scanning electron microscopy (SEM)
images are illustrated in Figure 2c−f. The nanoplates look very
smooth and clean except some contaminate particles may be
from the transferred process. The size of the products is about
4−8 μm in the long edge and 1−3 μm in the short edge. The
long edge of the product is very smooth, while the short edge is
a little rough as shown in the SEM image with high
magnification (Figure 2f). Therefore, the GeSe nanoplates
with an elongated hexagonal shape and ∼15 nm in thickness
were successfully synthesized by the rPVD method.
The crystal structure and chemical composition of the as-

prepared GeSe nanoplates were further characterized by
transmission electron microscopy (TEM), high-magnification
TEM, selected-area electron diffraction (SAED), and energy-
dispersive X-ray (EDX) spectroscopy. Figure 3a is a
representative high-angle annular dark-field scanning TEM
(HAADF-STEM) image taken from a single nanoplate, clearly
indicating the platelike structure. The diffraction contrast was
observed in the bright TEM illustrated in Figure 3b, further
indicating the low thickness of the elongated hexagonal GeSe
nanoplate. Figure 3c demonstrated the high-resolution TEM
(HRTEM) image labeled in Figure 3b. The intersection angle
between the two lattice fringes (a lattice spacing of ∼0.29 nm)
of ∼97° was obtained, which is well consistent with the planes
of (011) and (011̅) of the orthorhombic GeSe crystal
structure.17 On the other hand, another lattice fringe which
runs parallel to the long edge of the GeSe nanoplate had the
lattice spacing of ∼0.21 nm. The intersection angle of the
lattice fringes is approximately 131.5°, which is in good
agreement with the angle between the planes of the (002) and
(011̅).17

The SAED was used to further confirm the crystallographic
orientation. Figure 3d, taken on an individual nanoplate,
reveals that the product is an orthorhombic structured GeSe
with the long axis of hexagonal sheet along the [002] direction,
while the brachyaxis is along the [010] direction. Con-
sequently, the exposed side of these nanoplate can be indexed
to be the (100) lattice plane. Therefore, the structure model of
these GeSe nanoplates was proposed (Figure 3e) based on the
shape, interfacial angle, and crystal structure shown above. The

ultrathin GeSe nanoplates have a zigzag edge in the long edge
and an armchair edge in the short edge as shown in Figure 3e.
Then, the chemical composition of the individual GeSe
nanoplate was characterized by EDX spectroscopy and
corresponding results were illustrated in Figure 3f−i. The Ge
and Se elements were uniformly distributed on the whole
nanoplate with an atomic ratio of ∼1:1. Therefore, it can be
seen that the as-products are the ultrathin elongated hexagonal
GeSe nanoplates with a zigzag edge in the long edge and an
armchair edge in the short edge.
Raman spectroscopy is a useful technique to characterize

crystal orientations and vibration symmetry. At first, the
Raman spectra of the elongated hexagonal GeSe nanoplate was
characterized by excited laser with different energy (532 and
633 nm) shown in Supporting Information, Figure S2. Four
Raman peaks located at 81.4, 150.9, 174.5, and 188.3 cm−1

were observed excited by 633 nm laser. These modes are
derived from Ag

3 (TO) or B1u (LO), B3g
1 (TO), Ag

2 (TO), or
B2g (LO), as well as Ag

1 (TO) (herein, LO represent
longitudinal optical phonon, while TO represent transverse
optical phonon), respectively, as previous reported.27,28

However, only two modes at 150.9 and 188.3 cm−1 appeared
excited by 532 nm laser, which are the usual phenomenon as
exhibited in the previous reports.27,28 So the 633 nm laser was
chosen as the excited light in the follow experiments. Then, we
further tested the Raman spectroscopy of the GeSe nanoplate
with different energy by tuning the filter excited by the 633 nm
laser. The results are shown in Supporting Information, Figure
S3; four Raman peaks were observed and the intensity is in a
reasonable level when the energy tuned to be the 5% by the
filter, indicating that it is a suitable energy level.
Then, the polarization-dependent Raman spectroscopy was

performed on the elongated hexagonal GeSe nanoplate to
further evaluate the vibration symmetry of chemical bonds.
The polarized Raman signal was collected using backscattering
mode. A polarizer was located in the incident light and an
analyzer was placed in the scattering light paths, respectively
(shown in Supporting Information, Figure S4).9,29 Therefore,
the parallel (∥) and perpendicular (⊥) polarization would be
constructed in the measurement by taking the polarizers
parallel or perpendicular to each other. The polarization angle
was defined as the angle between the incident light polarization
direction and the long edge of the GeSe nanoplate. Figure 4a,b
illustrated a series of the polarization angles of the anisotropic
Raman spectrum for the as-product under the parallel or
perpendicular configuration, respectively. As demonstrated,

Figure 4. Polarization-dependent Raman spectroscopy of the elongated hexagonal GeSe nanoplate. Raman spectroscopy and contour color map
characterized under (a,c) parallel and (b,d) perpendicular, respectively.
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four peaks Ag
3 (or B1u) (81.4 cm

−1), B3g
1 (150.9 cm−1), Ag

2 (or
B2g) (174.5 cm

−1), and Ag
1 (188.3 cm−1) were clearly observed

in the perpendicular (⊥) polarization, while only B3g
1 (150.9

cm−1) and Ag
1 (188.3 cm−1) were observed in the parallel (∥)

polarization, which are consistent with the previous re-
ports.27,28 Moreover, the active Raman peak intensities
periodically varied with the polarization angle. This indicates
the strong anisotropic Raman response of the GeSe nanoplate.
This behavior can be viewed more distinctly with the contour
color map for the active Raman modes, as demonstrated in
Figure 4c,d. Under the parallel polarization configuration, the
intensities of the B3g

1 (150.9 cm−1) and Ag
1 (188.3 cm−1) have

90° periodic vibration. Specifically, the B3g
1 mode reaches the

maximum intensities at θ = 0°, 90°, 180°, or 270°, while the
Ag

1 mode reaches the maximum with θ = 45°, 135°, 225°, or
315°, reversing 45°. The B3g

1 (150.9 cm−1) and Ag
1 (188.3

cm−1) all exhibited a 4-fold anisotropy but having a different
symmetry. On the basis of the crystallographic orientation
analyzed by HRTEM and crystal structure model exhibited in
Figure 3 of the elongated hexagonal GeSe nanoplate, it can be
concluded that the maximum Raman intensity of B3g

1 (150.9
cm−1, ∥) appeared between the zigzag direction, while the
maximum Raman intensity of Ag

1 (188.3 cm−1, ∥) was
observed between the zigzag and armchair direction shown in
Supporting Information, Figure S5. On the other hand, under
the perpendicular polarization condition in Figure 4d, the B3g

1

(150.9 cm−1) also has similar behavior with 90° periodic
vibration. The maximum intensity located for rotation angle θ

= 45°, 135°, 225°, or 315°, which indicated that the maximum
Raman intensity of B3g

1 (150.9 cm−1,⊥) was observed between
the zigzag and armchair direction shown in Supporting
Information, Figure S5. Although the Ag

3 (or B1u) (81.4
cm−1), Ag

2 (or B2g) (174.5 cm−1), and Ag
1 (188.3 cm−1) were

observed in the perpendicular polarization, the polarization-
dependent Raman regularity is in disorder due to these Raman
intensities being too low to be confused with the substrate
signal and even not to be detected. Therefore, the GeSe
nanoplates exhibited in-plane anisotropic Raman properties in
which the Raman spectrum achieved the maximum intensity
between the zigzag direction or the zigzag and armchair
direction, indicating an anisotropic electron−phonon inter-
action.
The electrical properties of the elongated hexagonal GeSe

nanoplates were systematically investigated using a back-gated
field effect transistor (FET). The as-products were transferred
to the SiO2/p++ Si substrate (300 nm-thick SiO2) at first. Then
the FETs were constructed by electron beam lithography
(EBL) with lift-off technology and deposited Ti/Au (10/100
nm) metal as electrodes (as shown in the inset of the Figure
5a). As is shown in the figure, two electrodes are located to the
long edge of the elongated hexagonal GeSe nanoplates, which
is parallel to the zigzag edge as demonstrated in Figure 3e. The
typical IDS−VDS curves illustrated a linear relationship in the
dark. It indicates the ohmic contact between the electrodes and
GeSe nanoplate. Under the white light, the IDS−VDS curves also
exhibit good linearity; the resistance (2.58 × 108 Ω in 1.03

Figure 5. Electronic properties of the FET device based on the elongated hexagonal GeSe nanoplate. (a) The typical IDS−VDS curves performed in
the dark or under the white light. Inset: SEM image of the FET device. (b) Time-resolved photoresponse at VDS = 1.5 V. (c) Transfer
characteristics in the different VDS and (d) transfer characteristics in the different light density at VDS = 1.5 V.
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mW/cm2, 2.15 × 108 Ω in 2.19 mW/cm2, 1.92 × 108 Ω in 2.65
mW/cm2) decreases sharply comparing to that in the dark
(5.35 × 108 Ω), indicating the high photoresponse. In
addition, the photoresponse of the devices are related to the
light intensity; namely, the photocurrents increase with light
intensity increasing. As demonstrated in Figure 5b, the device
exhibits excellent reversibility and stability during the measure-
ment (2.19 mW/cm2, VDS = 1.5 V). Furthermore, the
photosensitivity is extremely high. So the gain can reach as
high as ∼2321% when it is defined as the ratio of the light
current to the dark current, which is much higher than that
reported with the similar structure.17 The response time is less
than 1 s, however, the decay time is a bit slow, which may be
due to the impurities, defects at the interface between SiO2
substrate and GeSe surface, or the interior trap states.30 The
transfer characteristics of the device illustrated in Figure 5c
demonstrate that the GeSe nanoplate is the typical p-type
semiconductor. The hole mobility of the device is about 0.89
cm2 V−1 s−1 according to the formula reported,31 which is
comparable with the other 2D nanomaterials such as SnS,32

SnSe2,
33 and SnS2

34 FETs recently. In addition, the on/off
ratio is ∼500 and the result is comparable with the previous
reports.31 Furthermore, the photocurrent increases rapidly as
the light intensity increases as illustrated in Figure 5d.
Therefore, the FET constructed with the elongated hexagonal
GeSe nanoplates exhibited the p-type semiconducting behavior
with a high photoresponse characteriscs.
Besides its unique structure and Raman anisotropy, the

anisotropic electrical properties of the device constructed with
the elongated hexagonal GeSe nanoplate were further carried
out through angle-resolved transport measurements. Figure 6a
shows schematic diagram of the angle-resolved transport
measurements. The polarized light is generated by the half-
wave plate in light path and the focus into a small spot by
optical microscope (50×, HORIBA Jobin Yvon Evolution).
The polarization angle (θ) that is between the incident light
polarization direction and direction that is perpendicular to the
long edge of the GeSe nanoplate is tuned by a custom sample
stage. The polarization direction of the 633 nm laser (34.42
nW, 210.8 mW cm−2) is perpendicular to the long edge of the
elongated hexagonal GeSe nanoplate where two sides are
deposited Ti/Au metal as electrodes at first. The typical I−V
curves (Figure 6b) are nearly linear relationship, indicating that
it is an ohmic contact. In addition, the current significantly
increased under the 633 nm laser illumination at room
temperature compared with that in the dark. Furthermore, the

photoresponsivity of the device, which is defined by Rλ = Iph/
PS (where Iph = Ilight − Idark, P ≈ 210.8 mW cm−2, and S ≈ 6.79
μm2), and a 7.05 A W−1 is obtained, which is higher than that
of the recently reported.8 Besides, the specific detectivity (D*
= RλS

1/2/(2eIdark)
1/2)32 represented the ability of a photo-

detector to determine weak optical signals can reach 3.04 ×
108 Jones attributed to the ultralow dark current. Furthermore,
the photocurrent is very sensitive to polarization angle, which
increases 55% in 90° than that in 0° at bias voltage of 1.5 V
(similar behavior are also observed with 532 nm laser
illumination as shown in Supporting Information, Figure S6).
So, it can be concluded that the device exhibits ultrahigh
sensitivity to the 633 nm laser, especially the polarization angle.
The evolution between photocurrent (Iph) and the probe
polarization angle were described via the 2D colormap
illustrated in Figure 6c. The photocurrent is much larger in
the polarization angle around 90°, in which the polarization
direction is parallel to the zigzag edge of the GeSe nanoplate
(the larger photocurrent observed around 90° and 270° in one
circle as illustrated in Supporting Information, Figure S7).
According to the Raman spectra presented above, when the
incident light polarization direction is vertical to the zigzag
edge, LO phonons (B1u at 81.4 cm−1, and B2g at 174.5 cm−1)
could be excited, while in the case that polarization direction is
parallel to the zigzag edge only TO phonons can be
excited.27,28 It has been well-known that LO phonons exhibit
relatively large scattering cross sections to the charge carriers.
Therefore, the photoconductivity would be able to vary
through tuning the light polarization direction, which should
be the very reason for the observed polarization-dependent
photoelectric response. The above results further reveal the
intrinsical anisotropy of the GeSe nanoplates and application
in the polarized photodetector.

■ CONCLUSION
The ultrathin GeSe nanoplates with an elongated hexagonal
shape were successfully synthesized by the rPVD method
developed here. The elongated hexagonal GeSe nanoplates
have a zigzag edge in the long edge and an armchair edge in
the short edge. The typical Raman mode of the ultrathin GeSe
nanoplate exhibited polarization dependence. The Raman
intensity reached maximum value between the zigzag direction
or the zigzag and armchair direction. In addition, the FETs
device based on the elongated hexagonal GeSe nanoplates
were constructed and exhibited the p-type semiconducting
behavior with a high photoresponse characteriscs. Besides, the

Figure 6. Angle-resolved transport of the device. (a) The schematic diagram of the equipment; (b) I−V curves characterized in the dark or with
633 nm laser (the polarized angle of 0° or 90°); (c) 2D colormap of the angle-resolved transport.
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polarized sensitive photocurrent was observed, which further
reveals the intrinsically anisotropy of the GeSe nanoplate. The
results illustrated here may not only provide a significance help
to fabricate the 2D anisotropic materials but also further
advance the polarized sensitive application.

■ EXPERIMENTAL SECTION
Synthesis Process. The GeSe nanoplates were synthesized using

a horizontal furnace (OTF-1200X, MTI). The GeSe powder (99%,
Jiangxi Ketai Advanced Materials Co. Ltd.) served as the precursors.
The Figure 1a demonstrates the schematic diagram of the rPVD
technique developed here. In a typical growth process, the quartz boat
(0.1 g of GeSe powder) was placed on the specified location of the
quartz tube, while the muscovite mica (∼1 × 6 cm) was located
downstream from the quartz ∼14−20 cm. Before the growth, the
quartz boat with the precursors was kept away from the heating
center. The CVD system was cleared for several times by pumping
and refilling and then heated up to 550 °C (25 min, 60 sccm Ar).
After reaching the target temperature, the gas switched to 50 sccm Ar
and 5 sccm H2 and the quartz boat containing GeSe powder was
moved to the heating zone and sustained for 3 min. Finally, the stove
was opened until it reached room temperature. The elongated
hexagonal GeSe nanoplates were transferred by using of a water
ultrasonic method as previous reported.29

Characterization. The optical microscopy (Olympus BX51M),
SEM (Hitachi SU-8010), AFM (Bruker Dimension Icon), TEM (FEI
Talos, 200 kV), Raman spectroscopy (HORIBA Jobin Yvon
Evolution, 532 or 633 nm) were used to characterize the elongated
hexagonal GeSe nanoplates. The electron beam lithography (EBL,
JEOL, JBX6300FS), sputtering deposition (Sputter-Lesker Lab18),
probe station (LakeShore CRX-4K), iodine−tungsten lamp, semi-
conductor parameter analyzer (Keithley, 4200-SCS) were used to
fabricate and characterize the FET device based on the elongated
hexagonal GeSe nanoplates.
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