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Photodetectors based on two-dimensional materials have attracted much attention because of their unique structure
and outstanding performance. The response speed of single ReS; photodetector is slow exceptionally, the heterostructure
could improves the response speed of ReS;-based photodetector, but the photodetectors responsivity is reduced greatly,
which restricts the development of ReS,. In this paper, a vertically structured ReS,/SnS, van der Waals heterostruc-
ture photodetectors is prepared, using ReS; as the transport layer and SnS; as the light absorbing layer to regulate the
channel current. The device has an ultra-high photoconductive gain of 10'0, which exhibits an ultra-high responsivity of
4706 A/W under 365-nm illumination and response speed in seconds, and has an ultra-high external quantum efficiency of
1.602x10%% and a high detectivity of 5.29x10'2 jones. The study for ReS,-based photodetector displays great potential

for developing future optoelectronic devices.

Keywords: two-dimensional material, ReS,, heterostructure, photodetector

PACS: 85.60.—q, 85.60.Gz, 73.40.Lq

1. Introduction

Transition metal dichalcogenides (TMDs) with the chem-
ical formula MX,; (X = S, Se, Te and M = transition metal)
are widely used in various fields due to their weak interlayer
coupling, good optical transparency, and large bandgap,!!=3]
such as gas sensors,/!! photodetectors,'*! inverters, and so-
lar cells. Most of the previous researches on TMDs have
focused on the Mo and W families, which summarized
the material growth and device preparation of photodiodes
and rectifiers.>®) However, the recently discovered ReS,
possesses properties quite different from MoS;, which has
aroused extensive researches.[!%11] First, due to the twisted 1T
crystal structure of ReS,, it has a direct bandgap independent
of thickness, >3] which makes the optical properties of bulk
ReS; and single-layer ReS, similar, provides a good basis for
mechanical exfoliation. In addition, ReS; has an ultra-high
light absorption rate. It has been reported in the literature that
the responsivity of multilayer ReS; photodetectors can reach
88600 A/W.!'4l However, one of the most serious problems of
ReS, photodetectors is the slow response speed, which reaches
hundreds of seconds.!'” In order to solve this problem, re-
searchers have adopted heterostructures. Two-dimensional
heterojunctions materials are combined by van der Waals

forces and not affected by lattice mismatch, and different ma-
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terials can be freely matched, and the detectors with hetero-
junctions can exhibit various interesting properties.[!>1%! For
example, the ReS,/graphene/WSe; heterojunction photode-
tector prepared by Wang et al. has a response speed of 44 ms
under 532-nm light.!!'”! The ReS,/ReSe, heterojunction pho-
todetector prepared by Cho et al. has a similar response time
of 0.4 s under 400-nm and 550-nm light.['?] Although the re-
sponse speed of the devices was been greatly improved, it is
at the expense of the responsivity. The device responsivity of
Wang et al.!'”! is 430 mA/W, and that of Cho et al.!"?! is only
21.07 mA/W.

In this paper, it is reported that the photodetector based
on ReS; has ultra-high responsivity and response speed in sec-
onds. We chose SnS, material as the light absorbing layer, and
prepared a vertical structure ReS,/SnS; heterojunction pho-
todetector. The detector has a responsivity of 4706 A/W under
365-nm light, which is higher than the previously reported de-
tectors based on ReS, heterojunction,!'>!8] and the response
speed of the detector is only 1.4 seconds. In addition, our de-
tector also had a high detectivity of 5.29x10'? Jones and an
ultra-high external quantum efficiency (EQE) of 1.602x 10°%.
The study paved the way for improving responsivity and re-
ducing response time of the ReS;-based heterostructures pho-
todetector.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experimental details
2.1. Device fabrication

The ReS,/SnS, heterostructure device was fabricated on
the SiO,/Si substrate using a dry transfer technique. The few-
layer flakes of ReS, and SnS, were mechanically exfoliated
from commercially bulk crystal. First, the thin ReS, flakes
were exfoliated on a highly p-doped Si substrate with a 300-
nm-thick SiO; layer. Then, the same method was adopted for
transferring several layers SnS; onto the ReS, under the op-
tical microscope assisted by aligned transfer system. Finally,
to fabricate the heterostructure device, the electrode patterns
were produced by electron—beam lithography system (EBL,
Raith eLINE Plus) and Ti/Au (10 nm/50 nm) metals were de-
posited by electron—beam evaporation (Ulvac Ei-5z) to form
source and drain electrodes.

2.2. Result and discussion

Figure 1(a) shows the schematic diagram of the ReS,/
SnS; heterojunction device. The mechanical exfoliation ReS;
and SnS; were transferred to an SiO,/Si substrate sequen-
tially. The electrodes are placed on the ReS,. In order to
obtain the interface information of ReS, and SnS, layer of
the device, the high-resolution transmission electron micro-
scope (HRTEM) was used, as shown in Fig. 1(b). The inter-
faces between SnS;, and ReS,, ReS, and substrate are clear

SHSQ
ReSz

Ti/Au
SiO,
Si

and flat. Figure 1(c) shows the energy dispersive x-ray spec-
troscopy (EDS) of the device. The distribution of each layer
element was uniform, and these elements are corresponding
to each layer material of HRTEM, indicating that no diffusion
and impurity element were introduced in the process of device
preparation. The thickness of ReS, (8 nm) and SnS; (14 nm)
is shown by atomic force microscopy (AFM) in Fig. 1(d), and
the inset is the surface topography image of the heterojunc-
tion. Figure 1(e) is the Raman spectrum of the single ReS; and
SnS, material and the ReS,/SnS, heterojunction. SnS; (the
blue line) has a main peak Ajg at 313.4 cm~ !, which is consis-
tent with the literature report.!!” Typical Raman characteristic
peaks of ReS, (the red line) are also observed at 154 cm™!
(Bze) and 215 cm™! (Ayp).[?! The black line in Fig. 1(e)
shows the characteristic peaks of the ReS,/SnS, heterojunc-
tion. The above peaks are observed in overlapping areas, in-
dicating the good quality of the heterojunction. Figure 1(f) is
the scanning electron microscope image of the device after the
preparation of the electrodes. The light absorption layer SnS;
and the transmission layer ReS, could be clearly observed, and
the electrodes are only connected on the ReS,, and the device
is regular in shape and a clean surface. The above results show
the good structure and successful fabrication of the ReS,/SnS;

heterojunction device.
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Fig. 1. Characterization of ReS,/SnS, heterostructure. (a) Schematic diagram of the ReS,/SnS; heterostructure. (b) HRTEM image. Scale bar:
10 um. (c) EDS of the corresponding elements of the photodetector. (d) Height profiles of corresponding ReS, and SnS; flakes in AFM. The
inset shows a topographic AFM image of the ReS,/SnS; device. (e) Raman spectrum of the isolated ReS,, isolated SnS,, and their overlapped
regions. (f) The SEM image of the heterostructure, where the scale bar is 5 pm.

The transport properties of the device under dark condi-
tions were measured. Figure 2(a) shows the relationship of the
source—drain current (I35) and the source—drain voltage (Vys)
when the gate voltage (V) varies from —80 V to 80 V. The

145—Vgs curves are straight lines passing through the origin, in-

dicating that ReS; forms a good ohmic contact with Ti/Au.
As V; increases, the current increases accordingly, meaning
that the device has obvious gate voltage control characteristic.
Figure 2(b) shows the I4,—V, relationship of the device when
Vas changes from —3 V to 3 V. When V;, below —30'V (Viy), Iys
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approaches 0 A, and when V; over —30 V, Iy, rises gradually.
When the V; is negative, the direction of the external electric
field is opposite to that of the built-in electric field. When
Ve < Vi (=30 V), the external electric field plays a major role,
electrons flow from ReS, to SnS, and the carrier concentra-
tion decreased, resulting in the current approaches 0 A, when
Ve > Vin (=30 V), the direction of the electric field pointed
from ReS; to SnS,, and electrons entered ReS; under the ac-

tion of the electric field, increasing the carrier concentration
in the channel, thereby increasing the drain current. The de-
vice also switched from the insulating state to the conducting
state, showing obvious n-type conductivity. Figure 2(c) shows
the logarithmic curves of Iy versus Vg, which characterizes the
on-off ratio of the device. The on-off ratio reaches 10%, indi-

cating that the device has a high current regulation capability.
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Fig. 2. The I-V characteristics of the device based on ReS,/SnS, heterostructure under non-illumination condition. (a) Igs—Vgs output char-
acteristics under various back gate voltages. (b) Igs—V, transfer curves at various drain voltages. (c) The logarithmic curves of the transfer

characteristic curves of the ReS,/SnS; heterojunction.

2
— 1.269 mW /cm? _ (b)
(a) — 2.253 mW/cm? Ve=0V
— 4.550 mW /cm?
1t —8.290 mW/cm?
— 11.54 mW /cm?
S ~ 16.75 mW /cm?
i Dark
oSn = Or
3
oRe
—1t
_92 ! ! L L L
—1.0 —-0.5 0 0.5 1.0
Vis (V)
—1.269 mV\/'/cnn:2 V=1V (c) 4F (d)
—2.253 mW /cm? s Vie1lV
6 F—4.550 mW /cm? ds =
—8.290 mW /cm? 3t
—11.54 mW /cm? .
~ 4[—16.75 mW /cm? <
<§_ Dark = 2t
] 2
~ oF —1.269 mW /cm?
1} —2.253 mW/cm?
—4.550 mW /cm?
—8.290 mW /cm?
or —11.54 mW/cm?
. . . . ok 1675 mW/em .
—80 —40 0 40 80 —80 —40 0 40 80
Ve (V) v, (V)

Fig. 3. (a) Schematic diagram of the device measure setup. (b) Output characteristic curves under different incident power densities (Vy =0 V).
(c) Transfer characteristic curves of the device under different incident power densities (Vgs = 1 V). (d) Photocurrent (/) as a function of Vg

under different incident power densities (Vgs =1 V).

The optoelectrical properties of the device were tested un-
der 365-nm light source. Figure 3(a) is a schematic diagram
of the measurement setup, in which the gate voltage is applied
on the backside of the heterojunction, and the source—drain
voltage is applied on the ReS,. Figure 3(b) shows the output

characteristic curves under different incident power intensities

when the gate voltage is 0 V. Compared with the Iy, under
dark conditions, the Iy is significantly improved under illumi-
nation. The light absorption layer SnS, was irradiated, a large
number of photogenerated carriers were generated, and trans-
ported into ReS; under the action of the built-in electric field,

resulting in increasing the drain current. When Vg, is 1 V, the
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transfer characteristic curves of the device at different incident
power densities are shown in Fig. 3(c). I increased with the
increase of incident power densities. The gate voltage could
effectively regulate the channel current, and a higher gate volt-
age induced and promoted more carriers to pass through the
heterojunction, thereby increasing the photogenerated current.
In order to characterize the change of photocurrent with gate
voltage more intuitively, we plotted the photocurrent (/) as
a function of Vg, as shown in Fig. 3(d). At a certain opti-
cal power density and source—drain voltage (1 V), with the
increase of the gate voltage, the photocurrent increased first
and then decreased, and the peak value of each curve corre-
sponds to a different gate voltage, and the gate voltage shifted
to the right with the decrease of the optical power density. Be-
cause the photocurrent was modulated by the optical power
density and the gate voltage. When the optical power density
was high, SnS, can generate more photogenerated electrons
and holes, the concentration of photogenerated electrons in the
channel will be greater, so a smaller gate voltage is required to
achieve saturation current.

Then, we quantitatively characterized the detection per-
formances of the ReS,/SnS; heterojunction at 365 nm, includ-
ing responsivity (R), specific detectivity (D*), EQE, and noise
equivalent power (NEP), which could be calculated by the fol-

lowing functions:

R=1In/(PnA), 9]
D= RAl/z/ (zeldark) 1/2 ) 2)
EQE = hcRA e, (3)
NEP =A'/2 /D", 4)

where Py, A, e, h, ¢, and A are the incident optical power den-
sity, effective illuminated area, electron charge, Planck’s con-
stant, light speed, and incident light wavelength, respectively.

Figure 4(a) shows the gate voltage dependence of respon-
sivity under various incident power densities at Vgg = 1 V.
The responsivity decreased with the increase of the optical
power density. When P, = 1.269 mW/cm? and Ve =10V,
the detector reaches the highest responsivity of 4706 A/W,
and the responsivity of the detector is much higher than other
reported results.[!>18] In addition, the specific detectivity is
also an important parameter to evaluate the performance of
the detector, which represents the sensitivity of the detec-
tor. As shown in Fig. 4(b), when V; =0 V and Vg =1V,
D* reduce with the increase of the incident power densities,
and the maximum value 5.29x10'? Jones is obtained at the
minimum incident power densities. Figure 4(c) shows EQE
as a function of incident power densities when V, = 10 V
and Vg = 1 V. EQE reduces with the increase of the opti-
cal power density, and the maximum value is 1.602 x 10°%

when Py, = 1.269 mW/cm?, which shows that our detector has
an excellent photoelectric conversion capability. In addition,
figure 4(d) shows NEP as a function of the incident power
densities when V; =0 V and Vg = 1 V, an ultra-low noise
equivalent power of 1.2x1071 W/Hz!/? was obtained when
P, = 1.269 mW/cm?2.

To further illustrate the reason for the high responsivity of
the detector, we calculated the photoconductive gain and per-
formed the energy band analysis. The photoconductive gain G
is defined as the ratio of minority carrier lifetime 7jg to tran-
sit time T;, which can be obtained according to the following

equations:
G = Tife/ T, )
T =W?/uVa, (6)
L dly

- 7
= Wegve avy @

where W and L are the width and length of the detector chan-
nel, respectively, and Cy is the capacitance of the gate insulator
(Csio, = 1.033 x 108 F/em?). When Vg, =3 V, the field-effect
mobility p and the carrier transport time 7; of the device are
calculated to be 22.386 cm?-V—1-s~! and 0.59 ns, respectively,
and the photoconductive gain G is calculated to be about 10'°,
which provides a theoretical basis for producing high respon-
sivity. Therefore, the high responsivity of our device is due to
the built-in electric field formed by the heterojunction, result-
ing in an ultra-high photoconductive gain, and the high photo-
conductive gain allows high responsivity.

Figure 5(a) shows the band arrangement structure of ReS»
and SnS;. The minimum conduction band (E;) and the max-
imum valence band (E,) of SnS;?1 (ReS,?%)) are —5.14 eV
(—4.68 eV) and —6.73 eV (—6.19 eV), respectively, which
make the ReS,/SnS, heterojunction belong to a typical type-
II band alignment structure. Electrons transition from SnS;
the valence band to the conduction band under illumination,
generating electron—hole pairs. Figure 5(b) is a schematic di-
agram of carrier transmission under light conditions. Under
illumination conditions, photogenerated carriers in SnS, are
collected into ReS; under the action of the built-in electric
field, thus generating a higher photocurrent and greatly im-
proving the photo responsivity of the ReS,/SnS, heterojunc-
tion. Figure 5(c) shows the dark current of the single ReS;
and the ReS,/SnS, heterojunction as a function of the gate
voltage. The dark current of the ReS»/SnS, heterojunction
detector significantly reduced, because the electrons in ReS;
flowed to SnS, with a low Fermi level under dark conditions,
the carrier concentration in ReS; decreased, thereby reducing
the dark current and improving the detectivity of the device for
weak light.

Response time is also one of the key parameters to char-
acterize the detector. We compared the optical switching char-
acteristics of the ReS,/SnS; heterojunction and a single ReS,
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detector under 365-nm light source. The response time refers
to the time required for the device to generate photo-generated
carriers to change the output current when the photodetector
is irradiated. The rising time is defined as the current in-
On
the contrary, the falling time indicates the time falling from

crease from the 10% to 90% of the saturation current.

90% to 10% of the saturation current when the optical source
is removed. The response time of the single ReS, detector is
shown in Fig. 6(a). The rise time is 6.7 s and a fall time of
25.7 s. The long fall response time is attributed to trap states
generated in the ReS, material as a result of its preparation.
When ReS; absorbs photon energy, it generates electron—hole
pairs, and a sort of the carriers can become trapped by a trap

the conductive channel, thereby extending the response time
of the ReS, detector.!!42324] The response time of the hetero-
junction is shown in Fig. 6(b), with a rise time of 1.4 s and a
fall time of 7 s. The response speed of the device is obviously
improved. It is attributed to the fact that the built-in electric
field between ReS; and SnS; heterojunction, accelerates the
separation of photogenerated electron—hole pairs. Moreover,
the device is still stable when the device is optically switched
several times. In addition, we also tested the optical switch-
ing characteristics of the device under different light source,
as shown in Figs. 6(c) and 6(d). The device still has stable

optical switching characteristics under 460-nm and 532-nm il-

state, this impedes the recombination of electron—hole pairsin ~ luminations.
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Fig. 4. Photoresponse characterizations of the ReS,/SnS, photodetector under an illumination wavelength of 365 nm. (a) Responsivity as a
function of the applied voltage under various incident power densities (V4s = 1 V ). (b) Detectivity of as a function incident power intensities
(Vg =0V, Vgs =1 V). (c) The external quantum efficiency (EQE) as a function of incident power intensities (Vy = 10V, V4s = 1 V). (d) Noise

equivalent power (NEP) as a function of incident power intensities (V, =0V, Vgg =1 V).
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Fig. 5. (a) Band structure of ReS,/SnS; heterojunction. (b) Schematic diagram of carrier transport of ReS,/SnS, heterojunction under illumination.
(c) The dark currents of ReS;-based photodetector and ReS,/SnS; heterojunction photodetector varying with the gate voltage.
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Fig. 6. (a) The optical switching characteristic of the ReS, photodetector at A = 365 nm. (b)—(d) The optical switching characteristic of the
ReS,/SnS; heterostructure photodetector at A = 365-nm, 460-nm, and 532-nm wavelengths, respectively.

Table 1. Comparison with reported heterojunction photodetectors.

Device Laser A (nm) Responsivity (A/W) Rise/fall time (ms) Detectivity (Jones) Reference

ReS»/SnS,» 365-532 4706 1.4x103 5.29%10'2 this work
ReS,/ReSe, 400-550 21.07x1073 0.4x103 - [12]
ReS,/graphene/WSe; 532 430x1073 44 - [17]
MoTe»/ReS;> 638-1310 0.54 2.4/3%1073 108-10° [22]
Te/ReS, 632 180 5 10° [25]
t-Se/ReS, 400 98 50 6x10'0 [26]
WSe»/ReS» 532 3 5%1073 - [27]
Si/Zn0O 254 2x10% 3.97x103 6.83x10 [28]
PbS/MoS, 7801100 4.5%10* 7.8 3%10'3 [29]

To compare with other heterojunction photodetectors, Ta-
ble 1 lists the results of other research groups.!!17:22:25-29]
According to the comparison and analysis in the table, al-
though the response speed of the detector is not as fast as other
reported results, the responsivity of the detector is much higher
than other reported results, and D* is also about 2-3 orders of
magnitude higher than most detectors. In order to improve the
responsivity and the response speed of ReS,-based photode-
tector, the ReS,/SnS, heterojunction is a good choice, and it
provides a direction for improving the comprehensive perfor-
mance of the ReS;-based photodetector.

3. Conclusion

We have achieved an ReS,/SnS; heterojunction photode-
tector, which presents an ultra-high responsivity of 4706 A/W
under 365-nm light irradiation, and the response time is only
1.4 s. In addition, the device also has a high specific detec-
tivity of 5.29x 10! Jones, an ultra-high EQE of 1.602x10%%
and an ultra-low noise equivalent power of 1.2x107'%. From

the energy band analysis, such a high responsivity is obtained
due to the effectively separated electron—hole pairs, which pro-
longs the lifetime of the carriers, thereby increasing the pho-
tocurrent. In conclusion, our ReS,/SnS; heterostructures pho-
todetector provides a new way to improve the responsivity of
ReS;-based photodetector and shorten the response time of a
single ReS, photodetector.
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