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Abstract: The GeSe micro-sheets and GeSe micro-belts have been synthesized by a facile one-
pot wet chemical method in 1-octadecene solvent and oleic acid solvent, respectively. The
larger adsorption of oleic acid molecules on the (002) plane promoted the growth along [010]
direction of the GeSe micro-belts and limited carrier transport in one direction along [010],
which resulted in higher carrier concentration and mobility of the GeSe micro-belts. The
photodetection performance of the photodetectors based on the single GeSe micro-sheet and
the single GeSe micro-belt was investigated under illumination of 532 nm, 980 nm and 1319

nm laser source for light illumination. Both photodetectors based on the single GeSe micro-
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sheet and the single GeSe micro-belt presented a high photoresponse, short response/recovery
times and long-term durability. Moreover, the photodetector based on the single GeSe micro-
belt displays a broadband response with a high responsivity (5562 A/W at 532 nm, 1546 A/W
at 980 nm) and detectivity (3.01x10'? Jones at 532 nm, 8.38x10'' Jones at 980 nm). These
excellent performances make the photodetector based on the single GeSe micro-belt very

interesting as highly efficient photodetectors, especially in NIR region.

1. Introduction

Low-dimensional materials, especially one-dimensional (1D) and two-dimensional (2D)
materials, with their unique properties have attracted a lot of attention from scientists across
various disciplines for many decades. Discovery of carbon nanotubes in 1991 have opened
the door to 1D materials, such as micro- or nano- rods, wires, belts and tubes, which have
significantly different properties from their bulk counterparts. For example, 1D materials have
a lower melting point than corresponding bulk materials.l?! Similarly, metal nanowires
exhibited semiconductor or insulator properties in small size.** Photodetectors based on
semiconductor nanowires have high responsivity and sensitive switching characteristics.!”!
The photodetectors based on ZnO nanowire exhibited a high internal photoconductive gain as
high as 1019 Since the discovery of graphene in 2004, 2D layered materials with atomic
layer thickness have become hotspots in frontier research due to their unique dimensional
characteristics. 2D material layers are connected by strong chemical bonds within, and the

layers are connected by weak van der Waals forces, and can be easily peeled off into single or

8,9 1

few layers.[”) Graphene,®! with the electron mobility up to 10° cm*V-'-s!, is a typical
representative of 2D materials. But lack of the bandgap limits its application for high
performance photodetector. Consequently, recent research focused on new alternative 2D
semiconductors. Some transition metal dichalcogenides (TMD), such as MoS,, were reported

to have high photosensitive and on/off ratio reach to 10%.['% But their carrier mobility is still
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very low (100 cm?-V!-s™!) compared with grapheme. The indirect bandgap of 1.29 eV (bulk)
and 1.9 eV (monolayer) also limits their application in NIR photodetector.''l Black
phosphorus (BP), owning to its narrower bandgap (0.3 eV) and ultra-high electron mobility
(10000-50000 cm?-V'-s!), has emerged as an exciting alternate for IR detection.['>!*]
However, it is not stable in ambient which seriously limits its processing and applications.!'¥]
GeSe, with a packed layer structure similar to BP, has bandgap of 1.1-1.2 eV which covers
the solar light wavelength.!'>! Its hall mobility is ~120 cm?-V!-s™! and carrier concentration is
~5.31x10' cm™ at low temperature.['® Compared with BP, the biggest merit of GeSe is its
chemical inertness, e.g. its stability in ambient. Moreover, the bandgap can be tuned by
changing the thickness of GeSe nanosheet.['”! In previous reports 13291 2D GeSe-based
photodetectors exhibited high responsivity up to 3.5 A/W at 808 nm!'%], 870 A/W at 405 nm
(191" and 2304 uA/W at 350 nm %, Some research was also focused on 2D GeSe-based
phototransistors, which exhibited ultrahigh responsivity up to or 1.6x10° A/W, but with long
response and decay time (0.28 s and 0.51 s).2!l This is because gate voltage of the
phototransistor was favorite to a high responsivity, but the concentration of defects and
impurities were still not low enough to get a fast photoresponse. Some micro-size 1D GeSe
belts or tubes and 2D GeSe sheets have been synthesized by different solution synthesis
methods.*??°) Xue et al. synthesized colloidal nanosheets by heating Gels, diphenyl
diselenide and hexadecylamine mixture and discovered its anisotropic photoresponse
properties.*’] Dimitri D et al. reported a solution-based seedless growth strategy and the
single crystal colloidal GeSe nanobelts which were synthesized by hot-inject method with
Gels and TOP-Se.’! Ye et al. reported the synthesis of the bulk GeSe by heating Se and Ge
together under vacuum conditions, and then GeSe nanosheets were separated by direct

[l However, the facile

sonication-assisted liquid phase exfoliation (LPE) from the bulk GeSe.
wet chemical synthesis method of low dimension structure GeSe and their application in the

photodetector devices is rarely reported. In this paper, we report a one-pot wet chemical
3
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synthesis method for the direct synthesis of the GeSe micro-sheets and the GeSe micro-belts.
Moreover, we fabricated photodetectors formed by single GeSe micro-sheet and GeSe micro-
belt, which demonstrated a remarkable responsivity and detectivity at 532 nm, 980 nm and
1319 nm. Those photodetectors consisted of single GeSe micro-sheet or GeSe micro-belt

showed very interesting features as highly efficient photodetectors.

2. Results and Discussion

Figure 1 shows the XRD patterns of the GeSe micro-sheets which were synthesized in 1-
octadecene solvent and the GeSe micro-belts which were synthesized in oleic acid solvent.
Both XRD patterns exhibit prominent peaks in agreement with the JCPDS standard card (48-
1226) of the orthorhombic structure. However, they present a stronger (400) peak compared
with the bulk material (as shown in the standard card). For micro-sheets, the (400) peak
intensity is substantially equal to the (111) peak. Oriented growth of micro-sheets along [010]
and [001] directions promoted (400) crystal plane enlargement. For micro-belts, the (400)
peak intensity is about 80% of (111) peak. Oriented growth of micro-belts along [001]
direction also promoted (400) crystal plane enlargement, but the degree of enlargement is not
as pronounced as for the micro-sheets.

The SEM image (Figure 2a) of the GeSe micro-sheets which were synthesized in 1-
octadecene solvent shows a rectangular slab shape with the geometry of about 20 pmx15
umx500 nm. Some step-like surface on the micro-sheet surface indicated a layered structure
of the materials. In contrast, the sample which was synthesized in oleic acid exhibited belt-
shaped structure with the dimensions of about 20 pmx500 nm (Figure 2d). The selected
electron diffraction (SEAD) patterns of both GeSe micro-sheets (Figure 2b) and GeSe micro-
belts (Figure 2e) are highly similar and are identified as orthorhombic GeSe with Pnma space

group. Insets in Figure 2b and e are TEM images of single micro-sheet and micro-belt. From
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the SEAD patterns, the (020), (011) and (002) planes could be recognized with inter-planar
spacings (d-spacings) of 0.191 nm, 0.290 nm and 0.218 nm, respectively. These values also
match well with the JCPDS standard card (No.48-1226). HRTEM images show (Figure 2c
and f) that some {011} lattice fringes are clearly imaged with the d-spacing of 0.290 nm. For
the micro-belt, according to the TEM image of the micro-belt (inset in Figure 2e) and the
arrangement direction of the (020) crystal plane in the HRTEM (Figure 2f), the micro-belt
exhibits an obvious oriented growth along the [010] direction.

Figure 3 illustrates the formation mechanism of GeSe micro-sheets and micro-belts. Ligand
adsorption of the solvent on GeSe surfaces will influence the preferential growth orientation
of GeSe crystals. GeSe is a typical layered structure with very saturated and stable layers,
where there are no additional dangling bonds between layers. When the 1-octadecene was
used as solvent, it did not produce chemisorption on the surface of the GeSe. As a
consequence, the GeSe in 1-octadecene can grow into micro-sheet along [001] and [010]
directions (Figure 3a). To further study their growth mechanism, We systematically observed
the micro-crystal morphology (Figure 4) and Fourier Transform infrared (FTIR) spectra
(Figure S1, Supporting Information) of GeSe synthesized with different oleic acid/I-
octadecene ratios (0: 100; 20: 80; 40: 60; 60: 40; 80: 20; 100: 0). When the ratio of oleic acid/
I-octadecene is 0: 100 (Figure 4a), most of the products are sheet-like structures with little
difference between length and width. As the content of oleic acid gradually increases, the
obtained GeSe micro-crystals become longer and narrower. When the oleic acid is introduced
above 80%, the obtained GeSe is basically a micro-belt structure (Figure 4e and f). It is
obvious that the morphology of the GeSe can undergo an alteration from micro-sheets to
micro-belts by changing the ratio of oleic acid/1-octadecene. From the FTIR spectra (Figure
Sla and b), it easily verifies the adsorption of oleic acid on the surface of the micro-belt,

[27

where the 1389 cm™! peak assigned to COO" group *” (for oleic acid) only appeared in the

micro-belt. With the increase of oleic acid content, the peak of COO™ becomes more obvious.
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This is because the oleic acid which has a -COOH combines with Ge ions on the surface of
GeSe to form a Ge-OCO bond. As a result, the oleic acid can be easily absorbed in the (002)
planes in which GeSe chemically grow only along [010] direction, resulting in formation of
GeSe micro-belts along the [010] direction (Figure 3b). This phenomenon confirmed that
adhesion of oleic acid to (002) planes of GeSe promoted an orientational growth along [010]
direction which resulted in the formation of the micro-belts.

The GeSe micro-sheets and the GeSe micro-belts exhibited diverse bandgaps owing to their
different microstructure and thickness. When the layer numbers of the GeSe were more than 3,
the transition from direct bandgap to indirect bandgap occurred, 1?81 and the bandgap also
changes with the thickness variation. In this work, the thickness of micro-sheet is about 152.1
nm, while that of one micro-belt is about 82.9 nm (Figure S2). Figure 5a and b show the UV-
Vis-NIR reflectance spectra of the GeSe micro-sheets and the GeSe micro-belts, respectively.
Bandgap of the micro-sheet and the micro-belt were then determined by using Kubelka-Munk
transformation from the reflectance spectra, where x axis is /v and y axis is [F(R)Av]"2. After
linear extrapolation, the indirect bandgap of the GeSe micro-sheets and the GeSe micro-belts
was found to be 1.02 eV and 0.94 eV, respectively (Figure 5c and d). Those bandgaps of the
micro-sheets and the micro-belts indicated their good photodetection application prospects in
both visible and NIR region.

Table S1 presents the electrical properties of the synthesized GeSe micro-sheets and micro-
belts which are roughly estimated by Van der Pauw method. In results, GeSe micro-belts film
exhibit much higher Hall mobility (31.2 cm?-V-!-s!) and carrier concentration (1.601 X 10
cm™) in comparison with the GeSe micro-sheets film, because the carrier transport was easily
confined in quasi-one-dimension along [010] in the GeSe micro-belts. The GeSe micro-belts
showed the much thinner perpendicular to the preferred growth direction (Figure 2d and c).
An infinite potential well perpendicular to the growth direction was established, and the

carrier mobility along the growth direction was much higher compared to perpendicular
6
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direction. In contrast, the GeSe micro-sheets exhibited no obvious quantum confinement
effect, as the sizes along the three fundamental directions was comparable.

Through applying the van der Pauw method on the compressed powder film samples, the
electrical properties of micro-sheets and micro-belts were not indeed evaluated precisely. This
is because the scattering in grain boundary and a carrier transportation in sheet are quite
different from single crystal. However, the purpose of our van der Pauw method is not to get
specific values, but to compare the properties of GeSe micro-sheets and micro-belts. It can be
proven that the micro-belt does have an improvement on electric property over the micro-
sheet. Thus, the van der Pauw results are still relatively applicable for such purpose. In fact,
the actual level of the micro-sheet should be around 70 cm?/Vs ['®) as previous research on
bulk single crystal GeSe. The actual carrier mobility level of the micro-belt should be around
120 cm?/Vs.*! 1t is similar with a GeSe single crystal film as previously reported and higher
than that of the micro-sheet. Table S2 summarized previous study of the carrier mobility of
materials by first-principles calculation, field effect transistor characterization and van der
Pauw method.

The GeSe single micro-sheet or the single GeSe micro-belt was transferred on a Si/Si0-
substrate with Au electrodes to fabricate photoconductive photodetector device (Figure 5a and
b), respectively. Figure 6¢ and d show the I-V curves of the photodetectors based on the
single GeSe micro-sheet and the single GeSe micro-belt under dark, and illumination with
different light intensities using 980 nm laser as illumination sources. The electrical
conductivity of the photodetectors based on the single GeSe micro-sheet (1.17 pA) and the
single GeSe micro-belt (4.37 pA) in dark condition was very low. However, the
photodetectors showed much higher photosensitivity at different incident light densities. It
was obvious that the photocurrent increased significantly with increasing light intensity. It
could be attributed to the change in photo-generated carriers. Under light irradiation, the 4p

orbital electrons of Ge and Se absorbed photon energy forming photo-generated carriers. The
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voltage bias then drove the photo-generated carriers to migrate along the direction of electric
field and produced a photocurrent. The higher the voltage, the faster the carriers move. The
higher the light power, the larger the quantity of the carrier. Thus, the photocurrent is
positively correlated with the voltage bias or the light power. It was obvious that both
photodetectors based on the single GeSe micro-sheet and the single GeSe micro-belt have a
significant light response to the near infrared light (980 nm) and could output a signal with
high ON/OFF ratios. Furthermore, the GeSe micro-belt-based photodetector presented higher
dark current (4.37 pA) and photocurrent (44.6 pA) than those of GeSe micro-sheet (1.17 pA
and 25.7 pA), but those should be attributed different internal mechanisms. On the one hand,
high carrier concentration makes the GeSe micro-belt-based photodetector exhibit a high dark
current. On the other hand, the smaller bandgap makes the micro-belts to get the larger
photocurrent than the micro-sheets at -7 V. When light is radiated on the surface of the GeSe
micro-belt-based photodetector, more energy can be absorbed and more photocarriers can be
generated across a relatively narrow band gap. Then, a higher photocurrent can be produced
in light radiated GeSe micro-belt photodetector. Figure S3 (Supporting Information) shows
the I-V curves of the photodetector based on the single GeSe micro-sheets and the single
GeSe micro-belts under dark, and illumination with different light intensities using 532 nm
and 1319 nm laser as illumination sources, which also presented the significant light response
to 532 nm and 1319 nm.

Photoresponsivity (R;), external quantum efficiency (EQE) and specific detectivity (D”) are
important parameters to evaluate the photo-detecting performance. R; can be defined as
photocurrent generated per unit power of specific wavelength of incident light on the area.
EQE is the number of electrons generated per incident photon of laser at specific wavelength.
D" is used to describe the sensitivity of the photodetector. These performances can be

determined by formula (1), (2) and (3):

Ri= (Ln— 1)/ (P-S) (1
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EQE=(h-c-R;)/(e-}) (2)
D= R;-S"?/(2-e-1s)"? (3)
where, I, 1s the current under the excitation of laser and /; is current without excitation in the
dark; S is the illuminated area of the GeSe micro-structure; P is the power of the light; ¢ is the
light speed; 4 is the Planck’s constant. Table 1 summarizes the R;, EQE and D* of the
photodetectors based on the single GeSe micro-sheet and the single GeSe micro-belt. Figure
7a and b show the dependence of R; on the power of the light and the bias voltage for the
photodetectors based on the single GeSe micro-sheet and the single GeSe micro-belt. The R,
increased with increasing the bias voltage and decreasing the power of the light. Under
irradiation at 532 nm and bias voltage at 9 V, the R; reached up to 734 A/W (single GeSe
micro-sheet) and 5562 A/W (single GeSe micro-sheet). The R, of the photodetectors based on
the single GeSe micro-belts was also as high as 1546 A/W even under 980 nm. At lower
frequencies of infrared regime, in general, the energy of the single photon is too low to
produce photogenerated carriers. Due to much higher carrier concentration (Table S1),
however, the GeSe micro-belts generated more photo-generated carriers than GeSe micro-
sheets. As a result, the R; of the photodetector based on the single GeSe micro-belts could be
calculated to be about 8 times (980 nm) and 92 times (1319 nm) as much as that of the
photodetector based on the single GeSe micro-sheet. Moreover, the higher EQE and D*
values (Table 1) also confirmed the excellent detection performance of the photodetector
based on the single GeSe micro-belt.

The photodetectors based on the single GeSe micro-sheet and the single GeSe micro-belt
also presented a fast photoresponse time in NIR. Figure 8a and b show the time-resolved
photoresponse of the photodetectors based on the single GeSe micro-sheet and the single
GeSe micro-belt under 980 nm laser illumination. When the applied voltage was 5 V (with an
incident light density of 106.2 mW-cm2), the current of the photodetector based on the single

GeSe micro-belt dramatically increases from 2.43 pA (OFF state, dark condition) to 11.29 pA
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(ON state, light illumination). The light response remained the same after multiple cycles,
demonstrating the excellent stability of the photodetectors based on the single GeSe micro-
sheet and the single GeSe micro-belt. To extract the exact response time, one of the response
periods in Figure 8a and b were magnified, as shown in Figure 8c and d. In the time domain,
the speed of a photodetector was often characterized by the response time (Trise, the time
interval for the response to rise from 10% to 90% of its peak value) and the recovery time
(Tdecay, the time interval for the response to decay from 90% to 10% of its peak value). The
much shorter response time (0.027 s) and recovery time (0.029 s) of the photodetector based
on the single GeSe micro-belt could be observed in comparison with the photodetector based
on the single GeSe micro-sheet (Tiise=0.2 S, Tdecay=0.117 s).

Table 2 summarizes the key parameters of our photodetectors based on the single GeSe
micro-sheet and the single GeSe micro-belt, compared to various low dimension materials-
based photodetectors reported in the literature. Both photodetectors based on the single GeSe
micro-sheet and the single GeSe micro-belt demonstrated considerable or much better
photoelectric performance, especially for the photodetectors based on the single GeSe micro-
belt. For the visible light, the R, of the photodetectors based on the single GeSe micro-belt
(5562 A/W) was higher than MoS, CVD layer (2200 A/W) 3%, For the NIR light, the R; at
980 nm (1546 A/W) is much higher than that (6.21 A/W) of Sn doped Sb,Ses-based
photodetector at 850 nm 8. Moreover, the response time (0.027 s) of the photodetector based
on the single GeSe micro-belt was the faster than GaS-based photodetector (0.03 s) %), GaTe-
based photodetector (0.054 s) *%], GeS-based photodetector (0.11 s) °) and 2D GeSe-based
photodetector (0.2 s) 2°! or phototransistor (0.28 s) [?!]. At the same time, both photodetectors
based on the single GeSe micro-sheet and the single GeSe micro-belt also presented
photoresponse at longer wavelength (1319 nm). These excellent performances make the
photodetector based on the single GeSe micro-sheet (belt) a promising material/concept for

designing highly sensitive photodetectors, especially in NIR photodetection.
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3. Conclusion

In conclusion, the GeSe micro-sheets and the GeSe micro-belts were synthesized by one-pot
wet chemical method in 1-octadecene solvent and oleic acid solvent, respectively. The larger
adsorption of oleic acid molecules on the (002) plane of the GeSe micro-belt promoted the
growth along [010] direction. Owing to the limitation of carrier transport in one direction
along [010], the GeSe micro-belts exhibited much higher carrier concentration and mobility
(31.2 cm?*>V'ls! 1.601x 10" cm?) than the GeSe micro-sheets (7.75 cm?V'!-s
2.447%10'? cm™). As a result, the photodetector based on the single GeSe micro-belt showed
remarkable broadband response with a high responsivity (5562 A/W at 532 nm, 1546 A/W at
980 nm) and detectivity (3.01x10'? Jones at 532 nm, 8.38x10'! Jones at 980 nm), short
response/recovery times (0.027/0.029 s), and long-term durability. These excellent
performances make the photodetector based on the single GeSe micro-belt very interesting as

highly efficient photodetectors, especially in NIR region.

4. Experimental Section

Materials: Germanium (VI) iodide (Gels, 99.999%, Sigma Aldrich), selenium dioxide
(SeO., Alfa Aesar, 99.4%), 1-octadecene (Aladdin, 90%), 1-Hexadecylamine (Aladdin, 90%)
and oleic acid (Sigma-Aldrich, 90%). Cyclohexane (99.5%) and absolute ethyl alcohol
(99.7%) were purchased from Sinopharm Chemical Reagent Co., Ltd. All reagents were used
for the synthesis without further purification.

Synthesis of GeSe micro-sheets: For the synthesis of GeSe micro-sheets, Gels (0.29 g),
SeO, (0.05548 g), 1-octadecene (6 ml) and 1-Hexadecylamine (3 g) were added into a three-
neck flask. The mixture was heated at 120 °C for about 15 minutes under vacuum at the
stirring speed of 400 r/min until the selenium dioxide was completely dissolved in 1-

octadecene (solution became transparent brown). And then Ar gas was introduced into the
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flask and the solution was heated to 320 °C. The solution was stirred at 320 °C for 6 h and
then cooled down to room temperature. The obtained solid GeSe micro-sheets were
precipitated using an ethanol/cyclohexane mixture (ethanol: cyclohexane =1:1) and then were
collected by centrifugation, washed with ethanol for several times, and finally dried at 60°C.

Synthesis of GeSe micro-belts: The preparation process is same as for micro-sheets except
that the 1-octadecene as solvent was replaced by oleic acid.

Hall effect measurement: the obtained GeSe micro-sheets or micro-belts powders were put
in a round mould for pressing. Then the powder-filled mould was put into the tablet press and
the GeSe powders were punched into a round film at a pressure of 40 MPa for about 30
seconds. After coating four Ag electrodes on the film, the GeSe micro-sheets or micro-belt
films for Hall effect measurement were fabricated. Then the film was put into the device
(BID-RAD HL5500PC) for Hall effect measurement.

Fabrication of the photodetector devices: Two photodetectors were fabricated from micro-
sheets and micro-belts, respectively. The as-synthesized GeSe micro-sheets (micro-belts) were
ultrasonically dispersed in ethanol solution. Subsequently, a capillary was used to drop the
ethanol solution containing GeSe micro-sheets (micro-belts) on a clean silicon wafer. Then
some micro-sheets (micro-belts) were picked up by PDMS (Polydimethylsiloxane) under the
microscope. After that we selected a single micro-sheet (micro-belt) stuck under PDMS,
aligned it with the gold electrode on SiO2/Si, and then moved PDMS down to connect the
selected single micro-sheet (single micro-belt) to the gold electrode. After heating at 180 °C
for 5 minutes, PDMS was lifted and single micro-sheet (single micro-belt) stayed on the
electrode. Figure S4 shows fabrication schematic diagram of the photodetector.

Characterization: X-ray diffraction (XRD) measurements were performed on Daojin XRD-
6000, using Cu Ka radiation (A=1.54 A). Transmission electron microscopy (TEM) images
and high resolution TEM (HRTEM) images were obtained from Titan ChemiSTEM. Samples

were prepared by dropping a diluted GeSe sheets or belts solution onto carbon coated copper
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grids. S-4800 scanning electron microscope (SEM) and MultiMode atomic force microscope
(AFM) were used to observe the morphology of the GeSe micro-sheets and micro-belts. The
electrical properties of GeSe micro-sheets and micro-belts were investigated by the Hall
measurement with (BID-RAD HL5500PC). The reflectance spectra were acquired using a
Hitachi U4100 spectrophotometer. The photoresponse performance of the devices were
measured by a Keithley 4200 SCS. The 532 nm, 980 nm and 1319 nm laser diodes were used
as the light source for the photocurrent measurements. FTIR spectra was measured by Nicolet

1S10 FT-IR spectrometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. XRD patterns of (a) GeSe micro-sheets and (b) GeSe micro-belts.
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Figure 2. SEM images of (a) GeSe micro-sheet and (d) GeSe micro-belt. SAED patterns of
(b) GeSe micro-sheet and (e) GeSe micro-belt. HRTEM images of (c) GeSe micro-sheet and

(f) GeSe micro-belt.
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Figure 3. Formation mechanism of (a) GeSe micro-sheets and (b) micro-belts.
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Figure 4. GeSe morphologies with different oleic acid/1-octadecene ratios: (a) 0:100; (b)

20:80; (c) 40:60; (d) 60:40; (e) 80:20; () 100:0.
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Figure 5. Reflectance spectra of (a) GeSe micro-sheets and (b) micro-belts. Indirect bandgap

by KM function of (¢) GeSe micro-sheets and (d) micro-belts.
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Figure 6. Diagrams of photodetectors fabricated by (a) single micro-sheet and (b) single
micro-belt, respectively. I-V curves of the photodetectors based on (c) single GeSe micro-

sheet and (d) single micro-belt under 980 nm. Inset: Optical images of the single GeSe micro-

sheet (single micro-belt) on the Au electrodes.
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Figure 7. Power-dependence responsivity (R;) of the photodetectors based on (a) single GeSe
micro-sheet and (b) single GeSe micro-belt at different bias voltage (under 980 nm).
Wavelength-dependent responsivity (R;) of the photodetectors based on (c) single GeSe

micro-sheets and (d) single GeSe micro-belts at different bias voltage.
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Figure 8. Time-resolved photoresponse (980 nm) of the photodetectors based on (a) single
GeSe micro-sheet and (b) single GeSe micro-belt at the bias of 5 V with an incident light
density of 106.2 mW cm™. Response time and the recovery time of the photodetectors based

on (c) single GeSe micro-sheets and (d) single GeSe micro-belts at a bias of 5 V.



10.1002/cphc.201901217

Table 1. R;, EQE and D" of the photodetectors based on single GeSe micro-sheet and single
GeSe micro-belt under 532 nm, 980 nm and 1319 nm.

Micro-sheet Micro-belt
532nm 980nm 1319nm 532nm 980nm 1319nm
Ry, (A/W) 734 184 1.94 5562 1546 179
EQE (%) 1.72x10° 2.33x10* 1.82x10? 1.30x10° 1.96x10° 1.68x10%
D*(Jones) 3.20x10"? 8.02x10" 8.46x10° 3.01x10"? 8.38x10!! 9.71x1010

Table 2. Comparison of key parameters between this work and various low dimension
materials-based photodetectors.

Materials  Wavelength R; EQE  Response time Reference
(nm) (A/W) (%) (s)
MoS; 473 2200 220 30
MoS; 561 880 0.6 31
MoS; 635 2570 0.0018 32
Black phosphorus 640 4.8x103 0.001 33
Sn-doped black phosphorus 635 15.33 2.993 0.3 34
GaS 254 42 2.05x10° 0.03 35
GaTe 473 0.03 8 0.054 36
GeS 633 206 4x10% 1 37
GeS 405 173 5.32x10* 0.11 19
SbaSes 850 6.21 906 0.04 38
GeSe 405 870 2.67x10° 0.15 19
GeSe 808 3.5 537 0.1 18
GeSe(nanosheet) 350  2.3x1073 816 0.2 20
GeSe(nanosheet) 532 1.6x10°  3.9x107 0.28 21
GeSe(nanoflake) 532 4.25 39
GeSe (sheet) 532 734 1.72x10° 0.194 This work
980 184 2.33x10* 0.117
1319 1.94 1.82x10? 0.138
GeSe (belt) 532 5562 1.30x10° 0.031 This work
980 1546 1.96x10° 0.027
1319 179 1.68x10* 0.025
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Table of contents: GeSe micro-sheets and micro-belts were synthesized by a chemical
orientation growth method in 1-octadecene solvent and oleic acid solvent, respectively. The
photodetectors based on single micro-belt showed a broadband spectral photoresponse with
high responsivity (5562 A/W) and detectivity (3.01x10'% Jones). It demonstrates significant

application potential in the visible and NIR photodetection.
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Surface adsorption of the ligands induces GeSe to grow into micro-belts with high

photoelectric performance.
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