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Due to their excellent carrier mobility, high absorption coefficient and narrow bandgap, most 2D IVA metal chalco-
genide semiconductors (GIVMCs, metal = Ge, Sn, Pb；chalcogen = S, Se) are regarded as promising candidates for re-
alizing high-performance photodetectors. We synthesized high-quality two-dimensional (2D) tin sulfide (SnS) nanosheets
using the physical vapor deposition (PVD) method and fabricated a 2D SnS visible-light photodetector. The photodetector
exhibits a high photoresponsivity of 161 A·W−1 and possesses an external quantum efficiency of 4.45×104%, as well as a
detectivity of 1.15×109 Jones under 450 nm blue light illumination. Moreover, under poor illumination at optical densities
down to 2 mW·cm−2, the responsivity of the device is higher than that at stronger optical densities. We suggest that a photo-
gating effect in the 2D SnS photodetector is mainly responsible for its low-light responsivity. Defects and impurities in 2D
SnS can trap carriers and form localized electric fields, which can delay the recombination process of electron-hole pairs,
prolong carrier lifetimes, and thus improve the low-light responsivity. This work provides design strategies for detecting
low levels of light using photodetectors made of 2D materials.

Keywords: two-dimensional SnS, photogating effect, low-light detection

PACS: 78.67.−n, 85.30.Tv DOI: 10.1088/1674-1056/abd7db

1. Introduction
In the fields of video imaging and optical communica-

tions, visible-light detectors that can work under poor light-
ing conditions are urgently needed. Up until now, low-light
signal detection has played an important role in space explo-
ration, etc.[1,2] However, at present, commercial visible-light
photodetectors, mainly based on Si, Ge and CdS, suffer from
with high noise levels, which hinders their application in low-
light detection. The adjacent layers of two-dimensional (2D)
layered materials are weakly bound by the van der Waals in-
teraction, which gives them special structural and physical
properties.[3,4] Their high carrier mobility, perfect switching
characteristics, strong light interaction and ease of process-
ing give 2D materials great potential for use in the fields of
electronics and optoelectronics.[5–9] The photogating effect is
a special phenomenon that exists in most photodetectors based
on 2D materials.[10,11] Devices that work by the photogating
effect usually obtain higher photoconductive gains (G) at low
incident optical densities.[12–14] Thus, two-dimensional lay-
ered materials are one of the promising candidates for man-
ufacturing high-performance low-light detectors.

In tin sulfide (SnS), one of the group IVA metal
monochalcogenide semiconductors (MX , M = Ge, Sn; X =

S, Se, Te), which is similar to puckered black phospho-
rous (BP),[15] one Sn atom bonds with three S atoms to
form S–Sn layers with a van der Waals force present be-

tween them.[16] The SnS has an indirect bandgap of 1.07 eV
and a direct bandgap of 1.3 eV, and therefore possesses
a high light-absorption coefficient (α > 104 cm−1) in the
visible spectrum.[17] Because it is stable in air, non-toxic,
and earth-abundant, SnS has been seen as a suitable can-
didate for thin-film solar cells,[18,19] photocatalysis,[20] and
photodetectors.[21–23] For example, Deng et al.[21] synthesized
SnS nanoribbons in the solution phase and then fabricated a
SnS-based photodetector for the first time; the photoconduc-
tivity gain (G) reached up to 2.3×104 when illuminated by a
532 nm laser at an optical density of 50 mW·cm−2. Zhou’s
group[22] fabricated an ultrathin SnS nanobeltbased nearin-
frared (NIR) photodetector; their device showed a photore-
sponsivity of 300 A·W−1 under the illumination of 800 nm
light at a density of 2.57 mW·cm−2, and a photocurrent tran-
sition time as fast as 43 ms.

In this work, highly crystalline 2D SnS nanosheets were
prepared by a conventional physical vapor deposition (PVD)
method. An 2D SnSbased two-terminal photodetector was
constructed using ultraviolet photolithography. The device of-
fers good lightsensing performance and cycling stability, and
in particular, a high responsivity of 161 A·W−1 and a high de-
tectivity of 1.16× 109 Jones when illuminated by a 450 nm
laser at the fairly weak optical density of 2 mW·cm−2. Com-
pared with other photodetectors in similar bands, our device
shows some advantages in weak light conditions (Table 1).
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Table 1. Comparison of the photoelectric performance of our SnS photodetector versus other 2D materials.

Device λ (nm) Power (mW/cm2) Gate voltage (V) Rλ (mA/W) D∗ (Jones) Literature
2H-MoTe2 1060 0.8 Vds = 10, Vbg = 10 24 1.3×109 [24]
1T′-MoTe2 1000 16.4 Vds = 35 96 – [25]

SnTe 980 21.5 Vds = 0.5 698 3.89×108 [26]
Bi2O2Se 808 1.41 Vds = 1 7.5×103 8.3×1011 [27]

2H-MoTe2 637 0.56 Vds = 10, Vbg = 10 50 3.1×109 [24]
α-In2Se3 500 0.36 Vds = 5 5.9×103 3.37×1011 [28]

Ga2S3 350 7.07 Vds = 1 61.3×103 1.52×1010 [29]
SnS 808 2.1 Vds = 3 4.56×103 1.16×109 this work
SnS 450 2 Vds = 3 161.08×103 1.15×109 this work

2. Materials and methods
2.1. Growth and characterization of 2D SnS nanosheets

Two-dimensional SnS nanosheets were prepared using
the physical vapor deposition (PVD) technique in a horizon-
tal double-zone tube furnace (AnHui HeFei KeJing materials
technology Co, Ltd.). For the growth process, 0.05 g of bulk
SnS powder (99.5%, Alfa Aesar) in a quartz boat was used
as the evaporation source and placed at the center of the high-
temperature (HT) zone. Silicon substrates with a 300 nm-thick
SiO2 buffer layer were placed 15–20 cm away from the source
in the low-temperature (LT) zone. Before heating commenced,
the quartz tube was purged four times using high-purity Ar
gas to drive off oxygen, then the HT zone and the LT zone
were heated to 750 ◦C and 550 ◦C, respectively, at a speed of
20 ◦C/min. When the HT zone reached 750 ◦C, the tempera-
ture was maintained for 10 minutes in this area, ensuring the
full evaporation of the SnS powder, and the temperature of LT
zone was kept at 550 ◦C at the same time. The Ar gas pres-
sure in the quartz tube was fixed at 80 Torr with a flow rate of
70 standard cubic centimeters (sccm).

The morphology, size, and distribution of the synthe-
sized 2D SnS nanosheets were characterized by an optical
microscope (OM; Zeiss Primo Star) and field-emission scan-
ning electron microscopy (FESEM; JSM-6700F). Powder X-
ray diffraction (XRD; Rigaku Ultima IV) was used to ana-
lyze the chemical composition, and high-resolution transmis-
sion electron microscopy (HRTEM; JEM 2100F) was carried
out to confirm the single crystallinity of the samples. The
TEM samples were prepared by the liquid-phase ultrasonic
method. First, we put the SnS/SiO2/Si samples into a beaker
which contained 10 mL ethanol, then the mixture was treated
with ultrasonic oscillation for 20 minutes to exfoliate the SnS
nanosheets from the SiO2/Si substrate, after which the SnS
was suspended on the ethanol. Finally, the dispersion liquid
was dropped onto a Cu grid and dried. UV-Vis diffuse re-
flectance spectroscopy (PerkinElmer 950) was used to mea-
sure the light-absorbing properties of SnS powder. The thick-
ness of the nanosheets was measured by atomic force mi-
croscopy (AFM; Asylum Research MFP-3D Infinity). The
collection of Raman spectra was carried out by a Renishaw

inVia system with an excitation wavelength of 532 nm and a
power of 500 µW. The laser was focused on the top surface of
a single SnS nanosheet.

2.2. Fabrication and characterization of the 2D SnS-based
photodetector

Ultraviolet photolithography was applied to fabricate
the 2D SnS-based two-terminal photodetector. Two Au–Ti
(20 nm : 10 nm) electrodes were deposited on an individual
SnS nanosheet. Electrical measurements were carried out at
room temperature using a semiconductor analyzer (Agilent
B1500A) equipped with a four-channel probe station (EB).
The photoresponse of the device was measured under 450 nm
laser illumination.

3. Results and discussion
High-quality SnS nanosheets were synthesized in a

double-zone tube furnace, as shown in Fig. 1(a). We found
that lower temperatures in the deposition area facilitated large-
scale nanosheet growth, mainly by weakening the thermal mo-
tion of the Sn and S atoms. Therefore, when they reached
the LT zone, they were more easily able to nucleate on the
substrate.[30] In Fig. 1(b), a typical optical image (center) and
an SEM (bottom left) image of the SnS nanosheets on a mica
substrate are clearly shown; the lateral dimensions of the SnS
nanosheets range from 2 µm to 40 µm. Almost all of the
nanosheets are near-rectangular in shape, and consistent with
the shape of orthorhombic SnS crystals, as demonstrated in
previous 2D SnS studies.[17,23,31] On the right side of Fig. 1(b),
EDS images of the nanosheet reveal the distributions of S and
Sn elements within a single SnS nanosheet, indicating the uni-
formity of a single SnS nanosheet. The EDX spectrum in
Fig. 1(c) further illustrates that the ratio of S and Sn atoms
in a single nanosheet is 1:1, which proves the high purity of
SnS. The Si elements originate from the silicon substrate.

To support the structural analysis of the SnS nanosheets,
Raman spectra were obtained to provide molecular rotation
and vibration information. According to previous reports, SnS
has two major active modes, Ag and B3g.[17,32] As illustrated
in Fig. 1(d), three peaks located at 94.5 cm−1, 194.6 cm−1,
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and 219.0 cm−1 belong to the Ag mode, while the peak at
165.2 cm−1 belongs to the B3g mode. These results con-
firm the pure orthorhombic phase of the synthesized SnS
nanosheets. The AFM image in Fig. 1(e) shows an individual
SnS nanosheet with a height of 7.3 nm and a flat surface, cor-
responding to thirteen SnS monolayers. To further investigate
the crystal structure of the sample, a TEM test was conducted.
As shown in Figs. 1(f) and 1(g), the selected area electron
diffraction (SAED) pattern shows sharp diffraction spots, and
the HRTEM image shows that the lattice spacing is 0.34 nm,
which is a good match for the (120) plane of the SnS. These
results confirm the single-crystalline quality of the rectangular
SnS nanosheets.
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Fig. 1. (a) Schematic of the double-zone tube furnace used for 2D SnS
growth, (b) optical image of large-scale SnS nanosheets with uniform
shapes; lower left: SEM image of SnS nanosheets; upper right: S and Sn
elemental mapping of a single SnS nanosheet; (c) EDX spectrum of an
SnS nanosheet; (d) Raman spectrum of an SnS nanosheet at room tempera-
ture; (e) AFM images and height information of the sample; (f) SAED and
(g) HRTEM pattern of the corresponding SnS nanosheet.

To study the photoelectric properties of SnS, measure-
ments of the SnS powder were made by UV-Vis diffuse re-
flectance spectroscopy (DRS), as illustrated in Fig. 2(a). The
weak reflection at wavelengths of 400–900 nm indicates the
strong light-absorbing properties of SnS in the visible light

range. By adding a tangent line for the linear part of the re-
flection in Fig. 2(a), we confirm that the edge of the SnS light
absorption is located at about 1000 nm and close to an indirect
bandgap of about 1.1 eV (1100 nm). The SnS-based photode-
tector was fabricated using a series of processes as described
in the experimental section. A schematic of the structure of
the device is visualized in Fig. 2(b), and figure 2(c) exhibits
an optical image of the top surface. From the optical image,
we can easily conclude that the SnS conductive channel length
is 8 µm. The I–V curves of the device under different optical
laser powers are shown in Fig. 2(d), at a laser wavelength of
450 nm. When the incident optical power is increased from
0.5 to 44.3 mW, the photocurrent of the device increases from
405 nA to 5.048 µA, showing an obvious response to 450 nm
blue light. The blue to red lines correspond to dark current
and photocurrent at different optical powers, respectively. It is
noteworthy that Fig. 3(a) shows the dark current of the pho-
todetector at bias voltages of −3 to 3 V, for which the zero
dark current area lies in a low voltage range, indicating an
energy gap between the SnS nanosheet and the Ti/Au elec-
trodes. Nearly symmetrical I–V characteristic curves in the
positive (V > 0) and negative areas (V < 0) illustrate the non-
rectifying effect of the metal-semiconductor junction. Accord-
ing to previous research, P-type semiconductors made of SnS
have a work function of 4.2 eV, smaller than that of titanium
(4.33 eV), and the hole concentration in solution-phase syn-
thesized SnS nanoribbons is larger than 1019 cm−3. A dark
current larger than 100 nA at a bias voltage of 1 V also con-
firms the huge hole concentration in SnS. The items mentioned
above indicate an ohmic contact between the SnS nanosheet
and the Ti–Au electrodes. The investigation into the photode-
tector was performed at room temperature, and the room was
kept dark during the test.[10,33–35]
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Next, we tested the cycling performance of the device, as
shown in Fig. 3(b). The current of the device rose to a high
value in the light absorption period (with the laser on), but
remained at a low value in the dark (with the laser off). In de-
tail, the photodetector was illuminated by a 450 nm laser with
an optical density of 47 mW·cm−2; the laser was switched on
and off repeatedly at 10 s intervals at a bias voltage of V . As
shown, the device current in the laser’s ‘off’ state was below
1 µA while it was larger than 2.2 µA in the laser’s ‘on’ state,
making a good identification of photoswitching performance
of device. In particular, there is no obvious reduction in the
photocurrent during the testing period. In addition, the photo-
switching rate of the device is vital for practical applications.
To our knowledge, the response and recovery time τ is calcu-
lated as

τ = τr + τf, (1)

in which τr refers to the time required for the current to rise
from 10% of the maximum photocurrent to 90%, while, on the
contrary, τf denotes the time required for the current to decay
from 90% of the maximum photocurrent to 10%.[36–39] The re-
sponse and recovery processes of the device have been inves-
tigated and the results are shown in Figs. 3(c) and 3(d), from
which τr and τf are deduced to be 96 ms and 87 ms, respec-
tively. In summary, the SnS nanosheetbased photodetector ex-
hibits an excellent photoresponse and stable photoswitching.
These features benefit from the high crystalline quality of the
nanosheets and the large specific surface areas, which help to
bring about fast photo-excited carrier diffusion.

According to previous reports,[36] the dependence of the
photocurrent on the incident optical density fits the law Iph ∝

Pθ
light. Significantly, there are several key parameters used to

assess the properties of photodetectors. First, the photorespon-
sivity (Rλ ) is used to estimate the photoelectric switching abil-
ity, as calculated by the formula

Rλ = ∆I/(Pλ S), (2)

where the photocurrent, ∆I = Iphoto− Idark, while Pλ refers to
the power density of the incident light, and S is the effec-
tive illuminated area of the device. Figure 2(c) shows that
the channel area of the SnS photodetector is about 80 µm2.
To be specific, the area of the incident light spot reaches
24 mm2, which is much larger than the channel’s surface
area, so here, S = 80 µm2. Taking the 0.5 mW incident light
power and 3 V bias voltage into account, ∆I = 0.403 µA and
P∗

λ
S = 2.5×10−6 mW, thus Rλ is calculated to be 161.08 A/W.

The external quantum efficiency (EQE) is obtained using the
following equation:

EQE = hcRλ/eλ , (3)

where h is Planck’s constant, c is the velocity of light, λ is the
wavelength of the light used for excitation, and e is the electron
charge. After calculation, the EQE reaches up to a surprising
4.45× 104%, which exceeds that of many other IV–VI group
compounds reported previously. The detectivity (D∗), an index
used to estimate the sensitivity of light signals, is expressed as

D∗ = Rλ S1/2/(2eIdark)
1/2. (4)

According to this formula, the D∗ of the device is calculated
to be 1.15× 109 Jones. Figure 4(a) presents Rλ and EQE
versus the optical power density. When the incident optical
power density rises from 2 to 177 mW·cm−2, both Rλ and
EQE clearly decrease. Figure 4(b) shows Rλ and D∗ versus
power density; the detectivity of the device also drops from
1.15× 109 to 1.63× 108 Jones with increasing power den-
sity under light illumination at 450 nm. We also measured
the photoresponse performance of the device at a wavelength
of 808 nm (in Fig. 5). Under light at 2.1 mW/cm2, Rλ is
45.6 A/W, which is lower than at a wavelength of 450 nm.
At 808 nm, the Rλ , EQE and D∗ also show a tendency to de-
crease rapidly as the optical power increases. Zheng et al.[40]

reported that the photoresponsivity of a SnS nanowire pho-
todetector reached its maximum at 700 nm, and when the
wavelength was greater than 800 nm, the photoresponsivity
decreased rapidly. Their result is consistent with our experi-
mental observations.

At low optical densities, the high optical responsiveness
of SnS photodetectors may be caused by the photogating ef-
fect. Figures 4(c), 4(d) and 4(e) show schematic diagrams of
carrier distribution in a semiconductor channel in the dark and
under different illuminations. The photogating effect of the
device is due to two mechanisms: (i) In two-dimensional SnS
photodetectors, the local electric field caused by nanoparticles
or defects traps some of the carriers and acts as a gate.[2,41–44]

Huang et al.[45] and Liu et al.[46] proposed that SnS defects
may be caused by S vacancies. Under light conditions, pho-
togenerated electron-hole pairs are generated in the channel.
Because of the structural defects in SnS nanosheets or disorder
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at the interface, band tail states inevitably appear in the con-
duction and valence bands.[24] When the photodetector is illu-
minated, the electron-hole pairs excited by the light are firstly
separated by an external bias voltage, and then the electrons
are likely to be trapped in a localized state. They can be re-
garded as partial gates. Because the photocurrent generated is
determined by Iphoto = gm×∆Vg (Iphoto is the photocurrent, gm

is the transconductance, ∆Vg is the gate voltage), the presence
of local gates increases the photoresponse.[41] (ii) In addition,
one type of carrier is captured, which extends the life of an-
other type of carrier. Since the total charge remains neutral,
then ∆p = ∆n+ nt (∆p and ∆n are the densities of photogen-
erated holes and electrons, respectively, nt is the trapped elec-
tron carrier concentration), and the additional photoconductiv-
ity can be expressed as follows:

∆σ = q
(
µn +µp

)
∆n+qµpnt, (5)

where µn and µp stand for the mobilities of electrons and
holes, respectively. Obviously, the separation effect due to
local states increases the photoconductivity.[24] Since nt are
limited by the number of defects, the photogenerated electron-
hole pairs cannot effectively be separated when the local state
is fully occupied. Therefore, continuing to increase the optical
power will shorten the carrier lifetime, resulting in a decrease
in Rλ , EQE and D∗.
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Fig. 4. (a) Induced Rλ and EQE, (b) Rλ and D∗ properties of the device for
a range of optical power densities; (c) band alignment of the SnS channel
connected by two Ti–Au electrodes under external bias in the dark. The blue
dotted circles represent the local state in the conduction band edge; (d) the lo-
cal state captures the photogenerated electrons, and the electrons are trapped
at the edge of the band as a local gate; (e) when the local state is full.

We further analyzed the dependence of photocurrent on
optical power. As shown in Fig. 6, under different voltages, the
relationship between the photocurrent and the optical power
in the device is nonlinear. This phenomenon may be caused
by the combination of two mechanisms: the photoconductive
effect and photogating effect.[24] The process of the photocur-
rent change can be divided into three stages: (i) When the op-
tical power is fairly weak, the photogating effect plays a major

role; qµpnt (the gain in photoconductivity caused by defect-
trapped carriers) increases with the optical power, so that ∆σ

and the photocurrent increase rapidly; (ii) With an increase of
the optical power, more carriers are generated in the channel.
Defects that are filled reduce the separation effect of electron-
hole pairs, so that the photocurrent growth slows down. But
at the same time, the defecttrapped carriers form a local gate,
making the photocurrent increase; (iii) Both qµpnt and ∆Vg

reach a maximum when the defects are full; an increase of
the optical power will lead to a further reduction in the pho-
tocurrent growth rate. At this stage, the photocurrent is mainly
produced by the photoconductivity effect.
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4. Conclusion
In summary, we fabricated a 2D SnS-based two-terminal

photodetector. At a low optical density of 2 mW·cm−2,
the photodetector obtained a high responsivity (Rλ ) of
161.08 A·W−1, while the external quantum efficiency (EQE)
and detectivity (D∗) reached up to 4.45× 104% and 1.15×
109 Jones, respectively. These results show that the two-
dimensional SnS has the potential to be applied in low-light
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detection. When the optical power density increases, Rλ , EQE
and D∗ all show a downward trend. This phenomenon is ex-
plained by the photogating effect. The defects in the SnS
nanosheets or the local electric field formed in the interface
can trap electrons and extend the life of holes. When the opti-
cal power density increases, the local states are filled, and the
local electric fields have a reduced effect on electron-hole pair
separation, resulting in a shortened carrier lifetime. Therefore,
Rλ , EQE and D∗ show a decreasing trend with an increase in
optical power density.
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