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The properties of two-dimensional (2D) materials are highly dependent on their phase and thickness. Var-
ious phases exist in tin disulfide (SnS;), resulting in promising electronic and optical properties. Hence,
accurately identifying the phase and thickness of SnS, nanosheets is prior to their optoelectronic ap-
plications. Herein, layered 2H-SnS, and 4H-SnS, crystals were grown by chemical vapor transportation
and the crystalline phase of SnS, was characterized by X-ray diffraction, ultralow frequency (ULF) Raman
spectroscopy and high-resolution transmission electron microscope. As-grown crystals were mechanically
exfoliated to single- and few-layer nanosheets, which were investigated by optical microscopy, atomic
force microscopy and ULF Raman spectroscopy. Although the 2H-SnS, and 4H-SnS, nanosheets have sim-
ilar optical contrast on SiO,/Si substrates, their ULF Raman spectra obviously show different shear and
breathing modes, which are highly dependent on their phases and thicknesses. Interestingly, the SnS,
nanosheets have shown phase-dependent electrical properties. The 4H-SnS, nanosheet shows a current
on/off ratio of 2.58 x 10> and excellent photosensitivity, which are much higher than those of the 2H-
SnS, nanosheet. Our work not only offers an accurate method for identifying single- and few-layer SnS,
nanosheets with different phases, but also paves the way for the application of SnS, nanosheets in high-
performance optoelectronic devices.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Because of the suitable band gap, excellent carrier transport
and good light stability, the layered tin disulfide (SnS,) crystals
exhibit extensive applications in the fields of battery, photocata-
lyst, photodetector, gas sensor and field-effect transistor [1-13]. In
layered SnS, crystal, Sn atoms octahedrally coordinate with the S
atoms to form S-Sn-S layer. Typically, the 1T’, 2H and 3R phases
are found in layered transition metal dichalcogenides (TMDCs). It
is known that the properties and performance of layered materi-
als are highly dependent on their phase and thickness [14,15]. For
instance, the metallic 1T-MoS, shows excellent catalytic perfor-
mance while the monolayer 2H-MoS, is a semiconductor with di-
rect bandgap [16,17]. Therefore, accurate phase and thickness iden-
tification is very important to the practical application. Different
from layered TMDCs, it has been reported that several tens of
polytypes exist in SnS, crystals due to the different stacking se-
quence, such as 2H, 4H, 18R. Among them, the 2H-SnS, and 4H-
SnS, have been widely investigated due to their excellent prop-
erties in the applications of optoelectronic and flexible electronic
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devices [1,18-21]. However, accurate identification of 2H-SnS, or
4H-SnS, nanosheet is still a challenge due to the lack of suitable
identification technique. Therefore, it is an essential prerequisite to
identify the phase and thickness of SnS, nanosheets before extend-
ing their promising applications.

Raman spectroscopy has been considered as a convenient and
nondestructive technique to distinguish the phase of 2H-SnS, and
4H-SnS, bulk crystals [22]. Both 2H-SnS, and 4H-SnS, nanosheets
show characteristic peak located around 315 cm~! [23,24]. In addi-
tion, two weak E-mode peaks located at 200 cm~! and 214 cm™!
are the characteristic peaks for 4H-SnS, crystal. While for 2H-SnS,
crystal, there is a weak Eg mode located at 205 cm~!, which is dif-
ferent from the 4H-SnS, [23]. However, the E-mode and Eg peaks
are too weak to be measured in monolayer and few-layer 2H-SnS,
and 4H-SnS; nanosheets. Therefore, it is difficult to distinguish 2H-
SnS, and 4H-SnS, nanosheets by measuring high-frequency Raman
spectrum.

As a powerful and nondestructive technique, ultralow frequency
(ULF) Raman spectroscopy has attracted much attention for accu-
rate thickness and phase identification of 2D TMDCs nanosheets
in recent years [25,26]. The ULF Raman spectra of 2D TMDCs
and graphene are fingerprints for identifying their thicknesses and
phases [27]. It has been reported that the bilayer and few-layer
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2H-MoS; and 3R-MoS, nanosheets can be easily distinguished
by their ULF Raman spectra [26]. Moreover, single-layer to more
than ten-layer 2H-MoS, and 2H-WSe, nanosheets can be identi-
fied from their ULF Raman spectra [25]. The 4H-SnS, crystal shows
an ULF shear mode peak around 27 cm~! while 2H-SnS, crys-
tal has no ULF Raman signal at 77 K. Although the ULF Raman
spectra of single- and few-layer 2H-SnS, nanosheets have been re-
ported [24], the ULF Raman spectra of single- and few-layer 4H-
SnS, nanosheets are largely unexplored. Moreover, the photodetec-
tion ability of 2H-SnS, and 4H-SnS, nanosheets is also seldom in-
vestigated in detail.

In this work, the 2H-SnS, and 4H-SnS, crystals were success-
fully prepared by chemical vapor transport (CVT) method. The
2H and 4H polytype structures were confirmed by X-ray diffrac-
tion (XRD), ULF Raman spectroscopy and high-resolution trans-
mission electron microscope (HR-TEM) measurements. After single-
and few-layer 2H-SnS, and 4H-SnS, nanosheets were deposited on
90 nm SiO,/Si substrates, optical microscopy (OM), atomic force
microscopy (AFM) and ULF Raman spectroscopy were used to char-
acterize them. The thickness-dependent optical contrast plots and
ULF Raman spectra of single- to ten-layer 2H-SnS, and 4H-SnS,
nanosheets were well established to facilitate the accurate thick-
ness and phase identification. In addition, the electrical properties
of 2H-SnS, and 4H-SnS, nanosheets were also measured to in-
vestigate their optoelectronic performance. The 4H-SnS, nanosheet
shows an on/off current ratio of 2.58 x 10°, which is three orders
of magnitude higher than that of the 2H-SnS, nanosheet. In addi-
tion, the photosensitivity of 4H-SnS, nanosheet is around two or-
ders of magnitude higher than that of 2H-SnS, nanosheet, indicat-
ing the 4H-SnS, has much better optoelectronic performance than
2H-SnS,. Our work can not only offer an accurate method for iden-
tifying SnS, nanosheets with different polytypes and thicknesses,
but also demonstrate a promising candidate for high-performance
optoelectronic device.

Synthesis of SnS, crystals: The growth of SnS, single crystals by
CVT method was carried out in a closed quartz tube. High-purity
tin (3 mm, 99.99%, Aladdin) and sulfur powders (99.95%, Aladdin)
with a molar ratio of 1:2 were placed at one end of the quartz tube
as the source zone, while the other end of the quartz tube was
the growth zone. The distance between the source zone and the
growth zone is 14.5 cm. After the quartz tube was sealed with oxy-
hydrogen flame at 10~ Torr, it was placed into a double-heating
zone tube furnace. The source and growth zones were maintained
at 900 °C and 880 °C for 7 days, respectively. The average rate of
increase and decrease of temperature was approximately 5 °C/min.
Thus, the 4H-SnS, crystal was obtained.

Similarly, after the sealed quartz tube with high-purity tin and
sulfur powders was placed into a double-heating zone tube fur-
nace, the source and growth zones were maintained at 580 °C and
560 °C for 7 days, respectively. After that, the 2H-SnS, crystal was
obtained.

Mechanical exfoliation of SnS, nanosheets: The 2H-SnS, and
4H-SnS, crystals were mechanically exfoliated into monolayer and
few-layer nanosheets on 90 nm SiO,/Si substrates.

Characterizations: The phase-structural composition of SnS,
single crystal was investigated by X-ray diffraction using a
Rigaku SmartLab diffractometer (Cu-radiation) at scanning speed
of 10°/min in the 26 range of 5°—85° The detailed atomic structure
of SnS, nanosheets was further investigated by HR-TEM (JEOL JEM-
2100F, Japan) operated at an accelerating voltage of 200 kV. Optical
microscope (ECLIPSE LV100ND, Nikon) was used to initially iden-
tify thin SnS, nanosheets. AFM (Dimension ICON with Nanoscope
V controller, Bruker) equipped with a scanner (90 x 90 pm?) was
used to measure the thickness of exfoliated SnS, nanosheets in
tapping mode. The number of layers as well as polytypes of SnS,
nanosheets were further confirmed by ULF Raman spectroscopy,
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Fig. 1. (a) Optical image of 2H-SnS, and 4H-SnS, crystals grown at 580 °C and
900 °C. (b) XRD patterns and (c) Raman spectra of 2H-SnS; and 4H-SnS, crystals.

which was carried out on a Raman spectrometer (LabRAM HR Evo-
lution, Horiba Jobin Yvon) with a 532 nm laser focused through a
100 x objective lens. The Raman band of a Si wafer at 520.8 cm™!
was used as a reference to calibrate the spectrometer.

Device fabrication and photodetection: 50 nm thick gold
(99.99%, Zhong Nuo New Material Technology Co., Ltd.) and 10 nm
thick chromium (99.99%, Zhong Nuo New Material Technology Co.,
Ltd.) films were deposited on SnS, nanosheets by using TEM grid
(300 meshes) as mask in thermal evaporator.

A probe station (model TTPX, Lake Shore Inc.) and Keithley
4200 semiconductor characterization system were used to moni-
tor the real-time current change of as-prepared devices. The photo-
detection test was recorded under blue (405 nm), green (532 nm)
and red (633 nm) lasers. The power of laser was measured with a
laser power meter (Laser power meter LP1, SanWa).

For 2H-SnS, and 4H-SnS, crystals, the covalently bonded S-Sn-
S sandwich layers have different stacking sequence along the c
axis, as shown in Fig. S1 (Supporting information). Previous re-
port suggested that low-temperature synthesis produces the 2H-
SnS,, while the crystal grown above 800 °C shows the 4H poly-
type [23]. As shown in Fig. 1a, the as-grown 4H-SnS, crystal is
yellow and the 2H-SnS, crystal is brown with size of 3-4 mm. The
crystalline structure of 2H-SnS, and 4H-SnS, crystals was firstly
explored by XRD (Fig. 1b). The XRD pattern of 2H-SnS, crystal
grown at 580 °C shows obvious diffraction peaks at 15.06°, 28.15°,
30.37°, 32.13°, 41.94°, 46.16°, 50.06°, 52.44°, 60.56° and 63.02°, re-
spectively, which are well consistent with the standard PDF card
(JCPDS No. 23-0677). The dominant (001) peak indicates that the
2H-SnS, single crystal grows preferably along this orientation. In
addition, the XRD pattern of SnS, crystal grown at 900 °C also con-
firms the 4H polytype (JCPDS No. 89-3198). The strong diffraction
peak located at 14.96° can be indexed to the (001) plane of 4H-
SnS,, while those weaker diffraction peaks at about 29.04°, 46.02°
and 49.98¢° can be indexed to the (002), (003) and (110) planes, re-
spectively, which are consistent with literature [28]. Moreover, the
ULF Raman spectra of as-grown SnS, crystals also confirm their
2H and 4H polytypes. As shown in Fig. 1c, the Raman spectrum of
SnS, crystal grown at 900 °C shows two E mode vibration peaks
at 198 cm~! and 216 cm~! as well as a strong peak at 315 cm~!
in the high frequency region, which are consistent with the Raman
peaks of 4H-SnS, crystal [23]. Meanwhile, there is a strong peak
located at 27 cm~! in the ultralow frequency region (< 50 cm~1),
further confirming the 4H polytype [29]. In terms of SnS, crys-
tal grown at 580 °C, there is a weak peak at 205 cm~! besides
a strong peak at 315 cm~! in the high frequency region. Moreover,
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Fig. 2. Simulated structures of the (a) 2H-SnS; and (e) 4H-SnS, crystals. The SAED
patterns, top-view and cross-section HR-TEM images of (b-d) 2H-SnS; and (f-h) 4H-
SnS,.

there is no peak in the ULF region, indicating the structure of 2H-
SnS; [24]. Apart from aforementioned peaks, the A;¢-LA (M) mode
was also observed both in 2H-SnS, and 4H-SnS, crystals, locating
at ~140 cm~! [30].

In order to further understand the detailed structure of as-
synthesized SnS, crystals, their atomic arrangement was charac-
terized by HR-TEM and selected area electron diffraction (SAED)
pattern, as shown in Figs. 2a-h. The simulated atomic arrange-
ments of Sn and S atoms in 2H-SnS, and 4H-SnS, are shown in
Figs. 2a and e, respectively. It is known that the 2H-SnS, and 4H-
SnS, crystals have trigonal prismatic and octahedral coordination.
High-quality single crystal structure without other diffraction spots
and diffraction rings was clearly indicated by the SAED patterns
of 2H-SnS, and 4H-SnS,, as shown in Figs. 2b and f. Diffracted
spots of the SAED pattern were recognized as (100), (200) and
(110) planes, indicating the well-defined layered structure oriented
along the (001) plane of SnS, [31]. The 4H-SnS, has four sulfur
layers in one unit cell (Figs. 2e and h, Fig. S1), and two Sn atom
layers are situated between the two nearest-neighbor S atom lay-
ers, respectively. However, the 2H-SnS, has two sulfur layers in
one unit cell (Figs. 2a and d, Fig. S1), and the Sn atom layer locates
at bilevel S atom layers [28]. Due to the larger atomic number than
S atoms, the brighter atoms are identified as Sn atoms, as shown in
Figs. 2¢, d, g and h. Therefore, the HR-TEM images clearly revealed
the trigonal and hexagonal arrangements of the atoms in 2H-SnS,
and 4H-SnS, crystals. According to the side-view HR-TEM images

2613

Chinese Chemical Letters 33 (2022) 2611-2616

8 ¢ » H-5n5, |Blue Channel
& « 4H-SnS,
¢ g 4H-Sns,
H &t R*=0.998
g =
- =
- Fu
= =
H ]
© S
4 . L
[] ¥ 4 [; s 10 0 2 1 6 s 10
Layer number Layer number
b 4H-SuS, d Red Channel | o 2H-508,
g wf H = + 4H-5a8,
£ 8 R?=0.995
E wl | i
: 2
k-] & -]
E -0k
=.20f -] 3
g g R=0.994
vl ]
> s 10 0 ] 10

4 s 1 3
Layer number Layer number

2H-SnS,

Green

2.6 nln'|
v

4L

Fig. 3. Plots of optical contrast of 1-10 L (a) 2H-SnS; and (b) 4H-SnS, nanosheets
in red (Cpr), green (Cpg), and blue (Cpg) channels on 90 nm SiO,/Si substrates. Plots
of (c) Cpp and (d) Cpg values of 1-10 L 2H-SnS, and 4H-SnS, nanosheets on 90 nm
SiO,/Si substrates. Optical microscopy, AFM topography, grayscale green channel im-
ages, and the corresponding contrast profiles of 4 L (e-h) 2H-SnS, and (i-1) 4H-SnS,
nanosheets on 90 nm SiO,/Si substrates, respectively.

of 2H-SnS, and 4H-SnS,, the well-defined sandwich-like layered
structures were visually presented. The HR-TEM results are consis-
tent with the XRD patterns, which further confirmed that the SnS,
crystals grown at 580 °C and 900 °C were assigned to 2H-SnS, and
4H-SnS,, respectively.

Similar to other TMDCs materials, the thickness of SnS,
nanosheets can be easily and reliably determined by measuring the
optical contrast [25,32,33]. As shown in Fig. S2 (Supporting infor-
mation), 1-10 L 2H-SnS, and 4H-SnS; nanosheets were deposited
on 90 nm Si0,/Si substrates. The monolayer 2H-SnS, and 4H-SnS,
nanosheets are difficult to be found due to their weak contrast on
90 nm SiO,/Si substrate. As the thickness of 2H-SnS, and 4H-SnS,
nanosheets increases, the optical contrast in blue channel increases
while that in red channel decreases (Figs. 3a-d). Moreover, the 2H-
SnS, and 4H-SnS, nanosheets have almost same optical contrast
in blue channel (Fig. 3c). The AFM characterizations indicate that
the 1 L to 10 L 2H-SnS, and 4H-SnS, nanosheets also show simi-
lar thickness (Figs. S3 and S4 in Supporting information). Thus, it
is difficult to distinguish them by using AFM and optical contrast
in blue channel. The 1-3 L 2H-SnS, and 4H-SnS, nanosheets have
similar optical contrast in red channel (Fig. 3d). While the 4-10 L
2H-SnS, and 4H-SnS; nanosheets show different optical contrast in
red channel, which could be used to distinguish them. In addition,
the 1-10 L 2H-SnS; and 4H-SnS,; nanosheets show quite different
optical contrast in green channel, which can also be used to distin-
guish them. For 1 L to 5 L 4H-SnS, nanosheets, the optical contrast
in green channel is negative. It turns to positive when the thick-
ness of 4H-SnS, exceeds 6 L. While for 2H-SnS; nanosheet, the
optical contrast in green channel turns to positive once its thick-
ness exceeds 4 L. As shown in Figs. 3e, f, i and j, the 4 L 2H-SnS,
and 4H-SnS, nanosheets show similar color and height in OM and
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Fig. 4. ULF Raman spectra of 1-10 L (a) 2H-SnS, and (b) 4H-SnS; nanosheets. Peak position as a function of layer number of 1-10 L (c) 2H-SnS, and (d) 4H-SnS; nanosheets.

AFM images. After the green channel images are extracted from
their color OM images (Figs. 3g, h, k and 1), it is clear that the
4 L 2H-SnS, nanosheet has an optical contrast of 4 while that of
4 L 4H-SnS; nanosheet is —8. Thus, the 4 L 2H-SnS, and 4H-SnS,
nanosheets can be easily distinguished by measuring their optical
contrast in green channel.

It is well known that the ULF Raman spectroscopy can be used
to identify the stacking sequence (i.e., crystal phase) and thickness
of atomically-thin 2D materials [25,29]. Previously, monolayer and
few-layer 2H-SnS, nanosheets have been characterized by ULF Ra-
man spectroscopy [24]. The thickness-dependent ULF shear and
breathing modes were observed, which could be used to iden-
tify the thickness of 2H-SnS, nanosheets. Although the ULF Ra-
man spectrum of 4H-SnS, crystal has been reported in 1980s [29],
that of 4H-SnS, nanosheet has not been explored. As shown in
Figs. 4a and b, the ULF breathing (B) and shear (S) mode peaks
of 1-10 L 2H and 4H-SnS;, nanosheets are measured. Fig. 4a shows
the ULF Raman spectra of 1 L to 10 L 2H-SnS,. The 2 L 2H-SnS,
nanosheet has only one S peak (S1) at the position of 18.3 cm~1.
With the increase of thickness, the S1 peak gradually red-shifted
from 2 L (183 cm™!) to 6 L (71 cm~!). The S1 peak is beyond
the measurement range of our instrument for 7 L to 10 L 2H-SnS,
nanosheets. When the thickness increases to 3 L, a new breath-
ing mode (B1) was observed. The B1 peak gradually red-shifted
from 3 L (21.8 cm~!) to 10 L (7.3 cm™!). Since a new B2 peak ap-
pears, there are three peaks in the ULF Raman spectrum of 6 L
2H-SnS, nanosheet, which is different from other layers. With the
increasing thickness, the B2 peak gradually red-shifted from 6 L
(18.8 cm™1) to 10 L (11.2 cm~!). The shear and breathing mode
peaks of 2H-SnS, gradually red-shift as the thickness increases.
However, with the increasing thickness of 4H-SnS, nanosheets, the
S1 peak gradually blue-shifts while the B1 peak gradually red-
shifts. These phenomena are similar to those of 2H-MoS, and
2H-WSe, nanosheets [25]. As shown in Fig. 4b, monolayer 4H-
SnS, nanosheet has no peak in the ULF region, while 2 L 4H-
SnS, nanosheet has only one S peak at the position of 19.3 cm~1.
The S peak gradually blue-shifted from 2 L (19.3 cm™!) to 10 L
(26.7 cm~1). For 3 L 4H-SnS,, the B and S might be mixed to-
gether to show a broad peak, which is similar to that of 3 L 2H-
MoS, [24]. When the thickness increased to 4 L, a weak breathing
mode was observed. The B1 peak of 5 L 4H-SnS, becomes obvi-
ous and gradually red-shifts as the thickness increased to 10 L. The
shear and breathing mode peaks can be distinguished by using po-
larized Raman measurement, as shown in Fig. S5 (Supporting in-
formation). Figs. 4c and d show the evolution of ULF shear and
breathing modes as a function of the thickness of 4H-SnS, and 2H-
SnS, nanosheets. Since the Raman shifts of high-frequency Raman
peaks of SnS, nanosheets are insensitive to the layer numbers (Fig.

2614

a 2H.-SnS, b sf 4H-SnS,
] - 3 4
2 r1s
2 9 = of
= 2 S
r # el
P Vg bias-50 10 30 V V, bias-S0to 30V
in steps of 10V -8F in stepsof 10V
0.4 £ 00 A 04 -0.4 0o 04
A & W) "d! A
c 2H-5n8, 4H-SnS,
90 2
—. 60 Low/olf ratio=T9 ~. 8 }onolf ratio = 2.58+10°
=+ 4
3 =
30 il A4t e
ok
0 ' .7 ‘ -t
T B W0 -60 20

T 20 0
V. W) L\Y)
Fig. 5. 14-V4 curves of (a) 2H-SnS; and (b) 4H-SnS, at V; ranging from —50 V to
30 V. I4-Vy curves of (c) 2H-SnS; and (d) 4H-SnS, at bias of 0.5 V.

S6 in Supporting Information), their ULF Raman peaks can be fin-
gerprint for accurately determining not only the thickness but also
the phase of monolayer and few-layer 2H-SnS, as well as 4H-SnS,.

To further explore their electrical properties, 2H-SnS, and 4H-
SnS, nanosheets-based field effect transistors (FETs) were fabri-
cated. As shown in Figs. 5a and b, both 2H-SnS, and 4H-SnS,
nanosheets based devices show linear and symmetric I4-Vy curves
when the gate voltage increases gradually from —50 V to 30 V,
indicating good Ohmic contact between the Cr/Au electrodes and
SnS, nanosheets. The transfer characteristic curves of FET devices
based on 2H-SnS, and 4H-SnS, indicate that they are n-type semi-
conductors (Figs. 5¢ and d). The mobility and Ion/lof ratio were
measured to demonstrate the performance of 2H-SnS, and 4H-
SnS, FETs. When the bias is 0.5 V, the Io, and I, of 2H-SnS, de-
vice were 100.8 nA and 1.27 nA, and the Ion/I ratio is 79. How-
ever, the Ion and Iy of 4H-SnS, device were 13.75 pA and 53.3 pA
at the same bias, and thus the Ion/l g ratio is 2.58 x 10°. The mo-
bility is 1.61 cm? V-1 s~1 for 2H-SnS, FET device. While the 4H-
SnS, FET device has a mobility of 12.95 cm? V-! s-1. Aforemen-
tioned results suggest that 4H-SnS, nanosheet shows much bet-
ter electrical performance than 2H-SnS, nanosheet. Following the
electrical measurement, the photodetection performance of 2H-
SnS, and 4H-SnS, devices was investigated under the 405, 532 and
633 nm lasers with different incident power density, respectively.
The photocurrents of 2H-SnS, and 4H-SnS, were dependent on the
incident power density. Photosensitivity is usually described by the
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ratio of photocurrent to dark current (PDR) [34-37], which is used
to evaluate the performance of optoelectronic device and defined
as:

PDR = Iphoto/ldark (l)

where Ippo is the photocurrent under illumination, and Iy, is the
baseline current without illumination.

The photodetection performance of 2H-SnS, and 4H-SnS,
nanosheets under lasers with different wavelength and power den-
sity was shown in Figs. 6a-c and Figs. S7 and S8 (Supporting
information), respectively. The photodetectors based on 2H-SnS,
and 4H-SnS, nanosheets exhibited quite stable characteristics af-
ter multiple illumination-dark cycles. Fig. 6a shows the photosensi-
tivity of 2H-SnS, and 4H-SnS, photodetectors under 405 nm laser
with a power density of 3.52 mW/mm?. The corresponding PDRs of
2H-SnS, and 4H-SnS, are about 87 and 3165, respectively. Mean-
while, the PDRs of 4H-SnS, are about 856 and 664 under 532 nm
(power density of 0.56 mW/mm?2) and 633 nm (power density
of 8.46 mW/mm?) lasers. The corresponding PDRs of 2H-SnS, are
about 25 and 15 at the same condition, respectively, as shown in
Figs. 6b and c. The PDR of 4H-SnS, photodetector is several tens
of times higher than that of the photodetector based on 2H-SnS,,
indicating the excellent photosensitivity of 4H-SnS, photodetector.
As shown in Fig. S8 (Supporting information), both the 2H-SnS,
and 4H-SnS, photodetectors have good photoresponse to the 405,
532 and 633 nm lasers with various power densities. The photo-
sensitivity declines with the decreased power density of the inci-
dent light, indicating the photocurrent has a strong dependence on
the laser power density. Under the fixed bias, a larger laser power
density will lead to an increase of photo-induced carrier, result-
ing in larger photocurrent. As show in Figs. 6d-f, the PDRs of 2H-
SnS, and 4H-SnS, were plotted as a function of the power den-
sity under various lasers. By fitting the data, the I,poeo/lgark €an
be expressed by a power-law equation Ijp/lgarkocP*, Where P is
the laser power intensity and « is an exponent. The linear rela-
tionship with a power dependence of ~1 existed in 4H-SnS,, in-
dicating that the absorbed photons can be effectively transformed
into photoinduced carriers during laser illumination [8,38]. How-
ever, the sublinear relationship with a power dependence less than
1 existed in 2H-SnS,, indicating defects and charge impurities may
be filled by photoexcited carriers, which result in photocurrent
saturation through recombination losses as the laser intensity in-
creased [8]. This phenomenon has also been observed in other
layered material-based photodetectors [39,40]. The time-resolved
photoresponse of the 2H-SnS, and 4H-SnS, photodetectors were

Table 1

Comparison of the photodetector performance based on few-layer (FL) SnS,

nanosheets.

Device Responsivity (mA/W) Response time Refs.
FL SnS, 1.1 x 103 20s [21]
FL SnS, 8.8 5ps [5]
FL SnS, 1.2 x 10 1 ms [1]
FL SnS, 1.8 x 103 43.4 ms [43]
FL SnS, 2 x 10% 42 ms [7]
FL SnS, 2.1 x 103 34s [42]
FL SnS, 2.6 x 10° 20 ms [8]
FL SnS, 3.5 x 10° 0.4 ms [41]
FL 4H-SnS, 2.18 x 10° 113 s This work

illustrated in Fig. S9 (Supporting information), in which a rising
time (T;) of 1.13 s and a decay time (T4) of 2.96 s were measured in
4H-SnS, photodetector under 405 nm laser at a power density of
3.52 mW/mm?2. Meanwhile, T; of 1.31 s and T4 of 1.97 s were ob-
tained for 2H-SnS, photodetector. Moreover, the 4H-SnS, and 2H-
SnS, photodetectors can fastly respond to 532 and 633 nm lasers
with power density of 0.56 mW/mm?2 and 8.46 mW/mm?, respec-
tively. Furthermore, we also studied the photoresponsivity (R) of
4H-SnS, and 2H-SnS, by the following equation,

R = In/PS (2)

where I, is the photocurrent, P is the incident light intensity,
and S is the effective illuminated area. Interestingly, the photore-
sponsivity of 4H-SnS, photodetector is up to 2.18 x 10° mA/W
(P = 3.52 mW/mm?2), which is about an order of magnitude
higher than that of 2H-SnS, photodetector (432 x 10* mA/W).
The promising performance of 4H-SnS, is compared with previous
works and listed in Table 1 [1,5,7,8,21,41-43]. The aforementioned
results illustrate that 4H-SnS, shows much better optoelectronic
performance than 2H-SnS,, implying the influence of crystalline
phase on the performance.

In summary, 2H-SnS, and 4H-SnS, crystals have been suc-
cessfully synthesized by CVT method. The as-synthesized 2H-
SnS, and 4H-SnS, have been distinguished by XRD, ULF Ra-
man spectroscopy, and HR-TEM. The ULF shear and breathing
Raman modes of 2H-SnS, and 4H-SnS, nanosheets have been
clearly observed, which can be used as fingerprint to identify
the thickness and phase of mechanically exfoliated 1 L to 10 L
nanosheets. Although the optical contrasts of 1 L to 10 L 2H-SnS,
and 4H-SnS, nanosheets in blue channels are indistinguishable,
their optical contrasts in red and green channels can be used to
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identify the thickness. Both of them show n-type behaviors, while
4H-SnS, nanosheet shows much higher on/off current ratio and
mobility than 2H-SnS, nanosheet. Impressively, photodetectors
based on 4H-SnS, exhibited excellent performance under blue,
green and red lasers, which is much higher than that of 2H-SnS,.
This work could draw attention to the exploration of SnS, with
various phases for their potential applications in optoelectronic de-
vices.
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