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We demonstrate a high-performance photodetector with multilayer tin diselenide (SnSe2� exfoliated
from a high-quality crystal which was synthesized by the temperature gradient growth method. This
SnSe2 photodetector exhibits high photoresponsivity of 5.11×105 A W−1 and high specific detec-
tivity of 2.79×1013 Jones under laser irradiation (� = 450 nm). We also observed a reproducible
and stable time-resolved photoresponse to the incident laser beam from this SnSe2 photodetector,
which can be used as a promising material for future optoelectronic applications.
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1. INTRODUCTION
Two-dimensional (2D) layered chalcogenide materials
(LCMs) have attracted enormous interests in wide research
fields due to their unique physical and chemical properties.
In particular, transition metal dichalcogenides and group
III-VI/IV–VI LCMs are researched extensively for funda-
mental physical phenomena and various potential applica-
tions in electronics and optoelectronics due to their large
specific surface area and tunable bandgaps.1–6 As one of
group IV–VI LCMs, tin diselenide (SnSe2� is an earth
abundant and low toxic n-type semiconductor with a
hexagonal crystal structure of the CdI2-type.

7–9 Moreover,
it has been particularly studied in the fields of tunnel-
ing devices, field effect transistors, and photodetectors.9–14

Similar to other LCMs, large area SnSe2 films have been
grown with various methods, such as chemical vapor depo-
sition (CVD)13�14 and molecular beam epitaxial15 pro-
cesses. Further, thin flakes of SnSe2 could be obtained
by mechanical exfoliation from bulk single-crystals syn-
thesized by chemical vapor transport (CVT) method.10�16

∗Author to whom correspondence should be addressed.

Since bulk crystals grown by CVT method can be easily
contaminated by the transporting agent,17 the melt growth
methods, such as Czochralski and temperature gradient
growth, have been improved to obtain pure and large
bulk single-crystals.18 The previous reported results on the
SnSe2 based optoelectronic devices use either flakes exfo-
liated from bulk single-crystal grown by CVT16 method
or films grown using CVD13 process. In the present work,
we studied the optoelectronic performance of SnSe2 grown
using the temperature gradient growth method, and report
a high-performance photodetector fabricated using mul-
tilayer SnSe2. This photodetector based on the exfoli-
ated SnSe2 flakes shows a maximum photoresponsivity of
5.11× 105 A W−1 and a specific detectivity of 2.79×
1013 Jones at a wavelength of 450 nm. These photore-
sponse properties are significantly higher than the previ-
ously reported results for SnSe2 and comparable to the
previously reported photodetectors based on other LCMs.

2. RESULTS AND DISCUSSION
The bulk SnSe2 single-crystal used in this study were syn-
thesized by the temperature gradient growth method.18–21

J. Nanosci. Nanotechnol. 2018, Vol. 18, No. 6 1533-4880/2018/18/4243/005 doi:10.1166/jnn.2018.15189 4243

http://www.aspbs.com/jnn
user
강조

user
강조

user
강조

user
강조



Delivered by Ingenta to: ?
IP: 185.14.194.90 On: Sun, 10 Dec 2017 14:24:33

Copyright: American Scientific Publishers

Photodetector Based on Multilayer SnSe2 Field Effect Transistor Kang et al.

Figure 1. (a) The XRD data of the as-synthesized SnSe2 crystal. (b) The EDX spectrum of the SnSe2 crystal. The inset shows the atomic ratio of Sn
and Se (∼1.96), which is close to the expected 1:2 stoichiometric composition of SnSe2.

High Purity (99.999%) tin (Sn) and selenium (Se) powders
were used for growing the bulk material. First, weighed
powders of Sn and Se were loaded into a double-walled
thick quartz ampoule and sealed in vacuum (<10−4 Torr).
Second, the sealed ampoule was loaded into a verti-
cal furnace. Third, the temperature was slowly increased
from room temperature to 750 �C and maintained for 10
hours. At last, the temperature was slowly cooled down to
room temperature. In order to confirm the crystallinity and
composition of the as-synthesized crystals, X-ray diffrac-
tion (XRD) and energy dispersive X-ray (EDX) analysis
were performed. Figure 1(a) shows XRD data of the as-
synthesized SnSe2 crystal. The observed diffraction peaks
match well with previously reported SnSe2 powder XRD
results and indicate that the SnSe2 crystal has highly ori-
ented layers with an interlayer distance of 0.614 nm.6�8–10

We further confirmed that the ratio of Sn and Se is

approximately 1.96 by EDX analysis, which is close to
the expected 1:2 stoichiometric composition of SnSe2, as
shown in Figure 1(b).
For fabricating SnSe2 back-gated FET, the exfoliated

SnSe2 thin layers were placed onto a 285 nm-thick SiO2

layer on a heavily doped n-type Si substrate. The source
and drain electrodes were defined by photolithography,
followed by Cr (10 nm)/Au (30 nm) metal deposition in
an electron beam evaporation system and, subsequently,
standard lift-off process was carried out with acetone.
Figures 2(a) and (b) show a schematic illustration of SnSe2
FET with electrical connections and an optical image
of the SnSe2 back-gated FET, respectively. The channel
length (L� and width (W� are 5.09 �m and 5.02 �m,
respectively. The inset in Figure 2(c) shows an atomic
force microscopy (AFM) image. The thickness is mea-
sured to be 81.4 nm from the line-profile along the blue

Figure 2. (a) Schematic illustration of SnSe2 FET with electrical connections. (b) Optical image of SnSe2 back-gated FET. The channel length and
width are 5.09 �m and 5.02 �m, respectively. (c) AFM image (inset) and line-profile along the blue line on the SnSe2 FET show a thickness of
81.4 nm. (d) Output characteristics with various Vbg at room temperature. The inset shows the transfer characteristic of the SnSe2 FET in linear scale
at Vds = 3 V.
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line on the SnSe2 FET (Fig. 2(c)). We performed electrical
characterization of the device in ambient and under dark
using a Keithely 4200 semiconductor characterization sys-
tem (4200-SCS). The output (Ids–Vds� and transfer (Ids–Vbg)
characteristics of the device are shown in Figure 2(d).
The good linear relationship between the current and drain
voltage indicates a good Ohmic contact between Cr/Au
electrodes and SnSe2. The multilayer SnSe2 shows an n-
type conduction behavior with a field effect mobility (�FE�
about 28.44 cm2V−1s−1, which is comparable to the previ-
ous reported SnSe2 FETs.9–11 However, the on/off current
ratio is found to be only ∼1.23. This is because of the
high electron density (∼1018 cm−3� in SnSe2 layer, which
cannot be completely depleted by the back-gate induced
electric field.9�10 The �FE was extracted using the equation
�FE = �L/W�× �gm/CoxVds�, where gm is the transconduc-
tance, and Cox is the dielectric capacitance between the
channel and the back-gate per unit area. Here, we used
the slope of the Ids–Vbg curve to get the gm, and Cox is
calculated using Cox = �0�r /d, where �r is the relative per-
mittivity of SiO2, �0 is the free-space permittivity, and d
is the SiO2 thickness.

Raman scattering and photoluminescence (PL) charac-
terizations were carried out to study the optical property
of the SnSe2 flakes. The characteristic peaks in the Raman
spectrum, which was taken at room temperature using a
532 nm laser, as shown in Figure 3(a), confirm the flake
as SnSe2. The peak at 111.9 cm−1 corresponds to the Eg

mode (in-plane vibration) and the intensity peak observed
at 186.8 cm−1 is attributed to the A1g mode (out-of-plane
vibration) of SnSe2.

9�10�16 Figure 3(b) shows PL spectrum
of SnSe2 FET (the same device measured in Fig. 2) using
an excitation wavelength of 532 nm laser. The PL spectrum
of SnSe2 shows a sharp emission peak in the infrared region
at 1074.7 nm (∼1.15 eV) almost corresponding to the band
emission of SnSe2 film.21�22 The Raman and PL analyses
indicate the high quality of single-crystals of SnSe2 syn-
thesized by the temperature gradient growth method.

In the next step, we carried out optoelectrical character-
ization of the SnSe2 photodetector in ambient condition.

Figure 4(a) shows a schematic illustration of SnSe2 pho-
todetector under laser irradiation. Figure 4(b) shows the
output characteristics of the 81.4 nm thick SnSe2 photode-
tector (the same device measured in Fig. 2) under dark and
laser irradiation with various effective incident power (Pin�
at � = 450 nm and Vbg = −60 V. Figure 4(c) shows pho-
toresponsivity (R� and photocurrent (Iph� of the SnSe2 pho-
todetector as a function of the Pin at �= 450 nm, Vds = 3 V,
and Vbg = −50 V. R can be expressed as R = Iph/(Pin� =
�Ilaser–Idark�/(Pin�, where Ilaser is the device current under laser
irradiation and Idark is the currentmeasured indark.23�24 It can
be seen from the figure that R decreases from 5.11× 105

to 2.75× 104 A W−1 as the Pin increases from 0.096 to
9.643 nW. This decrease in R with Pin may be due to the
existence of trap states in SnSe2 or at the interface between
SnSe2 and SiO2 layers.5�6 Specifically, the dependence of
Iph on Pin can be fitted by a simple power law: Iph = AP�

in,
where A is a scaling constant and � is an exponent.21

The power equation fits (red line) to the experimental data
(solid squares) with an exponent (�= 0.44), and this non-
linear relationship suggests that a complex process related
to the trap states caused by the defects or charge impu-
rities present in SnSe2 flake and the adsorbed molecules
between SnSe2 and SiO2 interface.13 Moreover, we calcu-
lated the specific detectivity (D∗�, which is another perfor-
mance index for photodetectors relevant to the sensitivity
that a detector can distinguish from the background noise.
Figure 4(d) shows the R and D∗ of the SnSe2 photodetec-
tors as a function of Pin at �= 450 nm, Vds = 3 V, and Vbg =
−50 V. By assuming that shot noise from dark current con-
tributing to a major portion of the total noise, D∗ is given
by D∗ = RS1/2/(2qIdark�

1/2, where S is the active area of the
photodetector and q is the unit of charge.13�24 The maxi-
mum R and D∗ of SnSe2 photodetector under laser irradia-
tion (�= 450 nm) were calculated to be 5.11×105 A W−1

and 2.79×1013 Jones, respectively. These results are higher
than the previously reported results for SnSe2 and compa-
rable to the previously reported results based on LCMs.25–27

We further studied the effect of Vbg on Iph in the
SnSe2 channel. Figure 5(a) shows the Iph of the SnSe2

Figure 3. (a) Raman and (b) PL spectrum of SnSe2 flakes, respectively. The Raman peak at 111.9 cm−1 corresponds to the Eg mode (in-plane
vibration) and the intensity peak observed at 186.8 cm−1 is attributed to the A1g mode (out-of-plane vibration) of SnSe2.
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Figure 4. (a) Schematic illustration of SnSe2 photodetector under laser irradiation. (b) Output characteristics of SnSe2 photodetector under dark and
laser irradiation with various Pin at � = 450 nm and Vbg = −60 V. (c) The R and Iph of SnSe2 photodetector as a function of Pin at � = 450 nm,
Vds = 3 V, and Vbg =−50 V. The red curve is fitted according to the power law Iph =AP�

in : where A is a scaling constant and � is an exponent. (d) The
R and D∗ of SnSe2 photodetector as a function of Pin at �= 450 nm, Vds = 3 V, and Vbg =−50 V.

photodetector as a function of the Pin at � = 450 nm,
Vds = 3 V, and Vbg =−50 to +60 V. As the Vbg increases
from −50 to 60 V, the exponent of fitting curve, increases
from 0.44 to 0.5. Figure 5(b) shows the R and D∗ of the

SnSe2 photodetector as a function of Vbg with a fixed Pin

(=0.964 nW) at �= 450 nm and Vds = 3 V. In the range
of Vbg from −50 to 60 V, the photoresponsivity was var-
ied from 1.46× 105 to 1.25× 105. These variations with

Figure 5. (a) The Iph of SnSe2 photodetector as a function of Pin at �= 450 nm, Vds = 3 V, and Vbg =−50 to +60 V. The curves are fitted according
to the power law Iph =AP�

in , respectively. (b) The R and D∗ of SnSe2 photodetector as a function of Vbgwith a fixed Pin (=0.964 nW) at �= 450 nm and
Vds = 3 V. (c) The time-resolved photoresponse of the SnSe2 photodetector with a fixed Pin (=4.821 nW) at �= 450 nm, Vds = 0.1 V, and Vbg =−60 V.
(d) The time-resolved photoresponse of the device with various Pin at �= 450 nm, Vds = 0.1 V, and Vbg =−60 V.
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back gate can be explained from the complex behavior of
recombination and generation thorough traps and impuri-
ties states both in the material and at the interface. Further,
the higher charge carrier density, with the increase in the
gate voltage results in higher carrier scattering in the chan-
nel which lowers the mobility and increases the recom-
bination probability of the photoexcited carriers, leading
to the decrease of photoresponsivity.28 These results show
that we can optimize the photodetector characteristics,
such as Iph, R, and D∗, by applying an optimized Vbg.
Figures 5(c) and (d) show the time-resolved photoresponse
of the device with a fixed Pin �= 4.821 nW) and various
Pin, respectively, at � = 450 nm, Vds = 0.1 V, and Vbg =
−60 V. The SnSe2 photodetector exhibits a repeatable and
stable response to the incident laser beam as shown in
Figure 5(c), with laser irradiation (�= 450 nm) for more
than 30 minutes. Figure 5(d) also shows a clear time-
resolved photoresponse under various Pin. Such repro-
ducible response, even at a very low Pin �= 0.096 nW) and
switching stability are important characteristics for pho-
todetector operation.

3. CONCLUSION
In conclusion, we have demonstrated a high-performance
photodetector with multilayer SnSe2 exfoliated from a
high-quality crystal which was synthesized by the tem-
perature gradient growth method. We obtained photore-
sponsivity of 5.11×105 A W−1 and specific detectivity of
2.79×1013 Jones at the wavelength of 450 nm, these val-
ues are higher than or comparable to the reported values of
other individual LCMs based photodetectors. This SnSe2
photodetector also shows a clear photoresponse even at a
very low laser irradiation power of 0.096 nW. Our study
suggests that multilayer SnSe2 with high photoresponsivity
can be used as a promising material for future optoelec-
tronic applications.
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