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Abstract: We reported a broadband photodetector with a spectral range of 365-965 nm, based on a SnS,/InSe ver-
tical heterojunction. In this device, InSe serves as the optical absorption layer, effectively extending the spectral
range, while SnS, functions as the transmission layer, forming a heterojunction with InSe to facilitate separation
of electron-hole pairs and enhance the responsivity. The photodetector exhibits a responsivity of 813 A/W under
365 nm. Moreover, it still maintained a high responsivity of 371 A/W, an external quantum efficiency of 1. 3 X
10°%, a specific detectivity of 3. 17 x 10" Jones, and a response time of 27 ms under 965 nm illumination. The
above investigation provides a new approach for broadband photodetectors with high responsivity.
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Introduction

Photodetectors play an important role in many fields
such as remote sensing, reconnaissance, thermal imag-
ing, and medical imaging. Narrow-spectrum photodetec-
tors are unable to meet the increasingly complex needs of

photodetection. The two-dimensional (2D) materials
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have received a lot of attention because of their unique
structural, electrical and optical properties since the suc-
cessful exfoliation of graphene in 2004, Up to now,
most of the reported photodetectors based on 2D materials
work in a narrow spectral band™, and there are relatively
few reports on broadband photodetectors, which affect the
development of 2D material photodetectors. In recent
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years, InSe has been widely reported for its wide adjust-
able band gap ranging from 1. 25 eV for bulk materials to
2.2 eV for monolayer materials'®. InSe-based photodetec-
tors are very suitable for the detection in the spectral
range of 400-1 000 nm”* , and InSe has high carrier mo-
bility and small effective mass of electrons™, all of which
indicate that InSe is a promising candidate material for
broadband response. However, the reported broadband
InSe-based photodetectors have shown relatively low re-
sponsivity. For example, the WS,/InSe heterojunction
photodetector has a responsivity of 61 mA/W under 520
nm illumination'”. The SnSe/InSe heterojunction photo-
detector has a responsivity of 350 mA/W under 808 nm il-
lumination"". SnS, is an environment-friendly material
with high carrier mobility, high switching ratio, and
strong optical absorption, which makes it very suitable
for photoelectric devices'™ ™. However, the drawbacks
of narrow spectrum response range of SnS, and the easy re-
combination of photogenerated carriers"* have hindered
its development. By combining the advantages of these
two materials, it’s promising to construct a broadband.

In this work, a SnS,/InSe vertical structure photode-
tector was prepared, in which InSe was used as the photo
absorption layer and SnS, was used as the transmission
layer. By building a Van der Waals (vdW) heterojunction
to form an effective type-Il energy band alignment struc-
ture, the electron-hole pairs can be separated effectively
to extend the carrier lifetime and improve the responsivi-
ty. The device had excellent responsivity in the 365-965
nm range, whose responsivity reached 813 A/W under
365 nm illumination with gate voltage modulation. Under
the same gate voltage, a maximum responsivity of 371 A/
W under 965 nm illumination, which was much higher
than other reported broadband photodetectors"®’ , was ob-
tained. And the device had a specific detectivity of 3. 17X
10" Jones, a high external quantum efficiency of 1.3x
10°% and a response time of 27 ms. These results demon-
strate the successful preparation of a broadband SnS,/InSe
heterostructure photodetector with high performance.

2 Experimental section

2.1 Device fabrication

The SnS,/InSe heterojunction device was fabricated
on Si0,/ Si substrates using a dry transfer technique.
Firstly, few-layer flakes of SnS, and InSe were mechani-
cally exfoliated from commercial bulk crystals, and the
exfoliated SnS, flakes were transferred onto a highly p-
doped Si substrate with 300 nm SiO,, subsequently. The
same approach was then adopted to transfer the exfoliated
InSe onto SnS, with the assistance of an optical micro-
scope (OM, BX51, OLMPUS). Finally, electrode pat-
terns were prepared by electron-beam lithography system
(EBL, Raith eLINE Plus) and then Ti/Au (10 nm/50
nm) metal stacks were deposited by electron beam evapo-
ration (Ulvac Ei-5z) to form source and drain elec-
trodes. Then Raman spectrometer (LABRAM HR, Ja-
pan Horriba-JY) and atomic force microscopy (AFM, Di-
mension ICON, American Bruker) were used to measure
characteristic peaks and heights of materials. The atomic

structure features, the composition and element distribu-
tion of the heterojunction were analyzed by high-resolu-
tion transmission electron microscopy (HRTEM, Talos)
and energy dispersive X-ray spectroscopy (EDS) , re-
spectively.

2.2 Result and Discussion

Figure 1(a) shows the schematic diagram of a SnS,/
InSe heterojunction photodetector. The mechanically ex-
foliated SnS, and InSe were sequentially covered on the
Si0,/Si substrate, and the Ti/Au electrodes were placed
on the SnS,. Figure 1(b) shows the Raman spectrum of
the single SnS, and InSe as well as the region where the
two were stacked to form a heterojunction. The single
SnS, " (blue line) had a typical Raman feature main
peak A, at 313.4 cm”, and the single InSe ! (red line)
had four Raman feature peaks at 116 cm™, 178 ecm™, 200
em”, and 227 c¢m’, corresponding in turn to A", E "
(TO), E" (LO), and A,. All the above peaks were ob-
served in the overlapping region of the SnS,/InSe hetero-
junction (black line) , indicating the formation of a Van
der Waals heterojunction. The thicknesses of the SnS,
and InSe were measured by AFM, as shown in Figure 1
(¢). The thicknesses of SnS, and InSe were 12 nm and
10 nm, respectively, and the inset shows the surface to-
pography of the heterojunction. Figure 1 (d) shows the
surface scanning electron microscope (SEM) image of
the device, which had a regular shape and a contamina-
tion-free surface. The HRTEM characterized the inter-
face of each layer of the device, as shown in Figure 1
(e). The interface of each layer of the device was clearly
discernible and flat. Figure 1(f) shows the energy disper-
sive x-ray spectroscopy (EDS) of the device. The ele-
ments In, Se and S were uniformly distributed and no dif-
fusion. Weak Sn elements signals was detected in the
InSe layer, because Se and In are in adjacent positions
in the periodic table, and the Sn-La peak overlaps with
the In-LB peak, so the In-Lf peak is sometimes mistak-
en for the Sn-La peak when detecting Sn element, so
that it can be detected in the InSe layer. In fact, the Sn
element was only detected in the bottom layer. All the
above results indicate the successful fabrication of the
high-quality SnS,/InSe heterojunction.

Photoelectric characteristics of the SnS,/InSe hetero-
junction photodetector was tested. Figure 2 (a) shows
Schematic diagram of the device measure setup. Bias
voltages were applied to the electrodes connected to the
SnS,. Gate voltage (V,) were applied through the highly
doped silicon substrate. Figure 2 (b) shows the output
characteristic curves of the photodetector as the gate volt-
age varied from -60 V to 60 V under dark conditions.
The inset was the output characteristic curves of SnS,.
Source-drain current (I,) increased with increasing gate
voltage, indicating that the photodetector had effective
gate voltage modulation. We thought that the nonlinear
output curves of the SnS,/InSe photodetector is mainly
due to the additional barrier of heterojunction'®. Figure 2
(¢) shows the transfer characteristic curves of the photo-
detector. As the gate voltage changed from -80 V to 80
V, the device switched from the insulating state to the
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Fig. 1 (a) Schematic diagram of SnS,/InSe heterostructure. (b) Raman spectrum of the single SnS,, single InSe and their overlapped

regions. (c) Height measurement maps of SnS, and InSe flakes in AFM, with insets showing the topographic views of SnS,/InSe devic-
es. (d) The SEM image of the SnS,/InSe device. (e) HRTEM image, scale bar: 1 um. (f) EDS image of each layer element.
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conducting state. Figure 2 (d) shows a plot of the loga-
rithmic curves of I, versus V, when source-drain voltage
(v,
the photodetector, and the switching ratio could reach
10°, which indicated the device had good current regula-
tion capability. Figure 2(e) shows the output characteris-
tic curves at different incident optical power densities un-
der 365 nm illumination when the gate voltage was 0 V.
L,
creased. Because with the increase of incident optical
power density, more photogenerated carriers are generat-
ed in the channel, which lead to I,
the gate voltage modulation capability of the device more
intuitively, we tested the transfer characteristic curves at

) was 5 V, which characterized the switching ratio of

increased as the incident optical power density in-
increase. To examine

V,=5V for different incident optical power densities. As
shown in Figure 2 (f), I, increased with increasing gate
voltage, indicating that the gate voltage could effectively
modulate the channel current, and a large gate voltage
drive more photogenerated carriers through the hetero-
junction. In addition, I, increased with larger incident
optical power density at the same gate voltage. There-
fore, the large 1, current was a result of the combined
modulation of the gate voltage and the incident optical
power density.

To characterize the detection performance of the
SnS,/InSe heterojunction photodetector under 365 nm il-
lumination, the responsivity (R) , specific detectivity
(D*) , external quantum efficiency (EQE) , and noise
equivalent power (NEP) were calculated according to the
following equations :

R=1,/P,A) , (1)

D" = RAV/(2el,,,)"” . (2)
EQE = hcRA™'e™ , (3)
NEP = AVY/D’ , (4)

where P,, A, e, h, ¢, and A are the incident optical
power density, effective illuminated area, electron
charge, Planck’s constant, light speed, and incident
light wavelength, respectively.

Figure 3 (a) shows the photocurrent L,-V, curves of
the device. I, increased first and then decreased with in-
creasing gate voltage. Figure 3(b) shows the responsivi-
ty dependence of the gate voltage under various incident
power densities at V,, =5 V. The responsivity decreased
with the increase of the incident optical power density.
The highest responsivity of 813 A/W was obtained for the
photodetector at P,=1.269 mW/cm® and V=12.5 V.
The high responsivity of the device is due to the large
number of photogenerated carriers generated in InSe un-
der illumination, which are attracted to the SnS, layer by
the gate voltage, thereby increasing the current in SnS,
and improving the responsivity of the photodetector. Fig-
ure 3(c) shows the specific detectivity and noise equiva-
lent power of the photodetector at V, =5 V and V,=0 V.
The specific detectivity reached a maximum value of
6.74x10" Jones at P,=1.269 mW/cm’ and the noise
equivalent power reached a maximum value of 9.1X
10" W/Hz" at P,=16.75 mW/cm’. Figure 3 (d) shows
the external quantum efficiency of the detector at V =
12.5 V and V,=5 V, reaching a maximum of 2. 8x10°%
at P,=1.269 mW/cm’.

The response time is an important parameter for
evaluating the performance of the photodetector. Figure 4
(a) showed the optical switching characteristic curve of
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Fig. 2 (a) Schematic diagram of the device measure setup. (b) I,-V output characteristic curves for different gate voltages under dark
conditions (The inset was the output characteristic curves of SnS,). (¢) I,-V, transfer characteristic curves for different source-drain volt-
age under dark conditions. (d) The logarithmic curves of I -V, when the source-drain voltage (V,,) is 5 V. (¢) Output characteristic curves
for different incident optical power densities under 365 nm illumination (V,=0 V). (f) Transfer characteristic curves for different incident
optical power densities under 365 nm illumination (V=5 V).
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times of optical switching, which indicated that the de-
vice had good stability. Figure 4(b) showed the response

the SnS,/InSe heterojunction photodetector under 365 nm
illumination. I, did not decay significantly after several
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Fig. 3 SnS,/InSe heterojunction photodetector under 365 nm illumination. (a) I, as a function of incident optical power density and
gate voltage (V,=5 V). (b) Responsivity as a function of gate voltage for different incident optical power densities. (c) Detectivity and
noise equivalent power as functions of incident optical power density. (d) External quantum efficiency as a function of incident optical

power density.
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time of the detector, where the rise time was about 27 ms
and the fall time was about 54 ms.

In addition, the device had a high optical responsiv-
ity and sensitivity from UV to NIR. Figure 5(a) showed
the optical switching characteristic curves of the device
under the incident wavelength of 365-965 nm. I of the

device could change stably after several times of optical
switching under different wavelength irradiation, which

R A5 A ST 1 R ROE & L (d) A TAR 5 A 8Dk

proved that the device had good detection for broadband,
and the response time was also stable at about 27 ms.
What’ s more I, was negatively correlated with wave-
length, which is due to the fact that shorter wavelength
light had higher energy. To verify the reliability of the ex-
periment, we plotted the 2D image of the variation of re-
sponsivity with gate voltage at the same light power, as
shown in Figure 5(b). The responsivity could also reach
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Fig. 4 (a) Optical switching characteristic curve under 365nm illumination. (b) Rise and fall time of photocurrent under 365nm illumi-
nation.
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371 A/W at V=12.5 V under 965 nm illumination,
which was much higher than other 2D broadband photo-
detectors''™™. The specific detectivity and noise equiva-
lent power versus different incident light wavelengths
were shown in Figure 5(c). The detectivity of the device
were of the order of 10" Jones in the spectral range of
365-965 nm, and also 2-3 orders of magnitude higher
than other 2D broadband photodetectors'® **'. And the
noise equivalent power were as low as 10"°W/Hz". Fig-
ure 5(d) showed the external quantum efficiency versus
the incident light wavelength, and a photovoltaic conver-
sion capacity of 1.3X10°% was also obtained under 965
nm illumination. Therefore, our device had a good opti-
cal response performance in the 365-965 nm broadband
spectral range.

To compare with other broadband heterojunction
photodetectors, table 1 lists the results of other research
groups ' ?" According to the comparison and analysis
in the table. SnS,/InSe has excellent photoelectric perfor-
mance, and it provides a direction for improving the com-
prehensive performance of the broadband photodetector.

3 Conclusion

In summary, we have successfully prepared a SnS,/

the photodetector could detect the spectral range from
UV to NIR. The device achieved a high responsivity of
813 A/W and 371 A/W under 365 nm and 965 nm illumi-
nation, respectively, which was higher than some other
reported 2D broadband photodetectors. And the detectiv-
ity were the order of 10" Jones in the spectral range of
365-965 nm. The photodetector also had an external
quantum efficiency of 1. 3X10°% and a response time of
27 ms under 965 nm illumination. The SnS,/InSe hetero-
junction photodetector provides a new way for developing
broadband and high responsivity photodetectors.

Acknowledgment

This work is supported by the National Natural
Science Foundation of China (No. 61574011,
60908012, 61575008, 61775007, 61731019,
61874145, 62074011, 62134008) , the Beijing Natural
Science Foundation (No. 4182015, 4172011, 4202010)
and Beijing Nova Program (Z201100006820096) and
International Student related expenses-Department of
Information (040000513303). The authors would like to
thank the Nano Fabrication Facility, Vacuum
Interconnected Nanotech Workstation at Suzhou Institute
of Nano-Tech and Nano-Bionics, Chinese Academy of

InSe photodetector. Using the wide band gap of InSe, Sciences, and Laboratory of Nanodevices and
a b R (A/W)
@) V=10V — 365um — 660nm — 965nm ( )80 isoo
15} Vg=0 v = 532nm - 820 nm .
_ 400
< 1.0} -~
2 3
o~ N I100
0.5}
0.0} I-400
0 27 54 81 108 400 600 800 1000
T (s) Wavelength (nm)
(c) (d)
2 . _ B = EQE
= {2.0 £
=3 ° N
= 6f Q -
a Vg=0V E .'?\a 2.4
S | vssv 'S
" ds— e T
S L X0t
.‘? - NEP 1.5 ,; =
2 "’ < 8
S 4 = = 1.6}
g 4
3t . . 10 12 _ _ _
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Fig. 5 (a) Optical switching characteristics under different incident light wavelength irradiation. (b) 2D images of responsivity as a func-
tion of gate voltage and incident light wavelength. (c) Detectivity and noise equivalent power as a function of incident light wavelength.
(d) External quantum efficiency as a function of incident light wavelength.

s
FHEHR M RECER (AN FRCR 5 ASHEHE K B R B &

(@) LA GG B BT T BETT SRR , ()i L S5 BIEA H TR A0 AR G A 2D rRAL PR, ()R IR AN AR SE AL R 5 A



5 18] WANG Bing-Hui et al: High performance and broadband photodetectors based on SnS,/InSe heterojunction

665

Table 1 Performance indicators comparison of this work with other typical photodetectors based on Se materials

F1 ATESHAMAAZMEBRNZFEREERXILL

Device quer A Responsivity Rise/fall time Detectivity Reference
(nm) (A/W) (MAX) (ms) (Jones)
MoS,/BP/Si 532-1550  22.3/153.4x10° 15x10° 3.1x10"/2.13x10 [21]
quasi-2D tellurium  520-3000 354/1.36x10° 52.3x107/64x107 7.69x10" [22]
Bi,Se, 1456 2.7 500 3.3x10" [23]
2D-Te 1000-3500 27 ~200 2.6x10" [24]
MoS,/Si 532-808 0.975 6.8/6.7 6.56x10" [25]
BP/MoS, 280-660 77.16 >50 6.5%10’ [26]
Graphene/BP 655-980 55.75/0.66 36 [27]
bismuth selenide  532-1064 300 2x10° 7.5%10 (28]
SnSe/InSe 405-808 0.35 260/170 5.8x10" [11]
SnS,/InSe 365-965 813/371 27/54 6.74x10" This work

Applications, Suzhou Institute of Nano-Tech and Nano-
Bionics, Chinese Academy of Sciences for their technical
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