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Photodetectors based on two-dimensional (2D) materials have attracted considerable attention because of their unique
properties. To further improve the performance of self-driven photodetectors based on van der Waals heterojunctions, a
conductive band minimum (CBM) matched self-driven SnS,/WS; van der Waals heterojunction photodetector based on a
Si0,/Si substrate has been designed. The device exhibits a positive current at zero voltage under 365 nm laser illumination.
This is attributed to the built-in electric field at the interface of the SnS, and WS, layer, which will separate and transport the
photogenerated carriers, even at zero bias voltage. In addition, the Al,O3 layer is covered by the surface of the SnS,/WS,
photodetector to further improve the performance, because the Al,O3 layer will introduce tensile stress on the surface of
the 2D materials leading to a higher electron concentration and smaller effective mass of electrons in the films. This work
provides an idea for the research of self-driven photodetectors based on a van der Waals heterogeneous junction.
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1. Introduction

Since the discovery of graphene, two-dimensional (2D)
materials have been considered as promising candidates to
replace silicon-based optoelectronic devices because of their
high flexibility, excellent carrier transmission and designable
interface characteristics.!'! However, graphene is limited
in many fields due to its zero bandgap. As substitutes
for graphene, 2D transition metal dichalcogenides (TMDCs)
are two-dimensional semiconductor materials that have been
widely studied.[®!%1 The transition metal sulfide molecular
formula is MX, (M = W, Sn, Mo, etc., and X = S, Te or
Se), and the molecular structure is the sandwich-like struc-
ture of XMX. Compared with graphene, TMDCs have an ad-
justable bandgap of 1 eV-3 eV, which makes them suitable
for the preparation of photodetectors, solar cells, FETs and

[11=221 Tn particular, TMDCs have the poten-

gas sensors, etc.
tial to achieve high-efficiency photodetectors due to the high
absorption coefficients in the ultraviolet and visible regions.
SnS;, has an indirect bandgap of ~ 2.3 eV, which is stable
with the change of thickness.!>>?* It has been reported that
the carrier mobility of a SnSjbased ultra-thin transistor was
about 50 cm? /(V-s) and a high onoff current ratio of 100
has been achieved, thus making SnS, a favorable material
for the fabrication of photodetectors.!?! It has been reported
that an ultraviolet (UV) to near-infrared (NIR) photodetector
based on a SnS; nanosheet and microsphere film have been
achieved, showing remarkable performance.®>’ Tungsten
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disulfide (WS;), one of the TMDCs, is a potential candidate
for various electrical and optical applications due to its large
and distinctive tunable bandgap (1.3 eV-2.1 eV).?8) When
the thickness of WS, decreases to a single layer, the band
structure of WS, will transform from indirect to direct.[?*]
The carrier mobility of 2D WS, has been reported as high
as 232 cmz/(V-s). The band structure of 2D WS, shows
relatively large valence band splitting compared with other
2D TMDCs materials, which makes the Hall effect easier to
observe.39 In addition, WS, can be used as a lubricant in a
wide range of operating temperatures, which is attributed to
its high thermal stability.3!! However, SnS, based detectors
have a low operating speed, and the existence of surface de-
fects is one of the causal factors.!?33233 To solve the prob-
lem, the surface passivation method has been adopted. It has
been reported that the surface of 2D SnS, material can be pas-
sivated to reduce surface defects, decrease response time and

[12

improve the responsivity.['?l Meanwhile, high-sensitivity pho-

todetectors based on WS, can also be realized through inter-
face passivation. 34!

The development of energy saving and environmental
protection devices is the general trend. Under this back-
ground, one of the main challenges for the next generation
of photodetectors is to reduce the overall power consump-
tion. As a result, self-driven photodetectors are increas-
ingly attracting attention.!*>-371 Compared to conventional

photodetectors, self-driven photodetectors exhibit ultra-low
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dark current and noise, resulting in a very high signal/noise
ratio. From this viewpoint, self-driven photodetectors are con-
firmed to be the best candidates for the next generation of

(3738431 Combining the advantages of 2D ma-

photodetectors.
terials, self-driven photodetectors based on 2D material het-
erogeneous junctions have been reported. [**%! For example,
a photodetector based on a monolayer MoS,/WS» heterojunc-
tion structure has shown good performance with responsiv-
ity of 4.36 mA/W and detectivity (D*) of 4.36 x 10'3 Jones
under 532 nm wavelength.!*>! It has been reported that visi-
ble phototransistors based on nanolayered heterostructures of
SnS/SnS; and SnSe,/SnS; show very high photoresponsivity
of 3567 A/W and 1793 A/W, respectively.[*®] However, het-
erostructure photodetectors with excellent self-driven perfor-
mance and good rectification effectively prepared by other 2D
materials urgently need research. Therefore, SnS; has a suit-
able bandgap and better optical absorption characteristics, but
the higher photosynthetic electron—hole composite leads to a
slow response time in the device, limiting its application in
the field of photodetectors. WS, demonstrates excellent op-
tical response performance, and also has higher electron mo-
bility due to its smaller electron effective mass. In this work,
a SnS>/WS; van der Waals heterojunction photodetector has
been fabricated on a SiO,/Si substrate. As reported, deposit-
ing a surface passivation layer reduces the surface defects of
the materials and introduces tensile stress to modify the in-
trinsic properties.[!>34 Furthermore, the device designed with
3-nm-thick Al,O3 as a passivation layer and stress liner on
the surface demonstrates better self-power and photoelectric
detection performance than the initial device. The photode-
tector shows good detection, and the photoresponsivity of the
device has been increased four times by covering the Al,O3
layer. Under illumination of 365 nm and O V bias voltage, the
SnS,>/WS, photodetector with the Al,O3 modified layer ex-
hibits high photoresponsivity of 4.57 A/W and detectivity of
8.07 x 10'° Jones (input power of 11.10 nW), which demon-
strates relatively good self-power and high photo-responsivity
performance. These results therefore provide an idea for the
next generation of photodetectors.

2. Experimental details

Firstly, WS, crystals were mechanically peeled and trans-
formed by adhesive tape onto the insulating Si wafer (with
300 nm SiO; on the Si surface). The WS, nanosheets with
a thickness of about 10 nm were found using an optical mi-
croscope, and the specific location was marked. Then, the
SnS; was transferred to the PDMS film via the same me-
chanical stripping process. Under the optical microscope, the
target SnS, was transferred to the target WS, to construct
the SnS»/WS, heterojunction. Then, electron beam exposure
(EBL, Raith EBPG 5150, Pioneer 2) was used to write the

electrode pattern, and a thermal evaporator (ASB-EPI-C6) was
used to deposit the titanium/gold (5 nm/50 nm) electrode to
prepare the devices. Finally, a 3-nm-thick Al,O3 passivation
layer (stress liner) was grown on the surface of the SnS,/WS,
heterogeneous structure at 300 °C by an atomic layer deposi-
tion (ALD) process using trimethylaluminum (TMAT1) as the
precursor.

3. Results and discussion

The self-driven photodetector is fabricated based on the
SnS,/WS; heterogeneous junction in this work. A schematic
diagram of the heterojunction photodetector is shown in
Fig. 1(a) and the preparation procedure is introduced in Sec-
tion 2. The SnS,/WS, heterogeneous junction was illustrated
by optical microscopy, as presented in Fig. 1(b). Atomic force
microscopy (AFM) is used to characterize the morphology and
structure, figure 1(c) is the height profile across the edge of the
heterojunction region and the inset is the AFM image of the lo-
cation. Confirmed by AFM, the thicknesses of the SnS, and
WS, layers are about 60 nm and 10 nm, respectively. The Ra-
man spectra of SnS,, WS,, and the heterostructure regions are
plotted in Fig. 1(d). The Raman spectra were applied to con-
firm whether the WS, and SnS; layers were effectively trans-
ferred by comparing the spectra before and after transfer. The
spectrum of isolated SnS; (red) shows one dominant peak at
314.1 cm™! attributed to the out-of-plane Ajg mode. The Ra-
man spectra of individual WS, (blue) have two typical peaks
located at 350.2 cm™! and 420.8 cm™! that can be attributed to
the in-plane E%g phonon mode and the out-of-plane Az mode,
respectively. The Raman peaks of the heterostructure region
(black) exhibit the characteristic vibration modes of both SnS,
and WS;; no obvious peak shift was observed in the hetero-
junction area, indicating that the high quality of the two ma-
terials remains in the junction region after transfer. From the
spectrum, it can be concluded that the two-dimensional lay-
ered materials were transferred and almost no defects were in-
duced during the transfer process.

By considering the band structure and the thickness of
SnS, and WS»,>*47] an energy band alignment diagram of the
SnS;,/WS; heterogeneous junction is presented in Figs. 2(a)
and 2(b). The electron affinities of WS, and SnS, are nearly
matched, which makes the SnS,/WS, heterogeneous junc-
tion suitable for design and fabrication as photodetectors.
The photogenerated carriers can be well separated in the de-
pletion region due to the existence of AE., and the elec-
trons can be smoothly transported because there is almost no
electronic barrier in the conductive band. As a result, the
SnS;,/WS;-based heterogeneous junction presents self-driven
performance. In our previous reports, the Al,O3 layer can
be used to improve the performance of photodetectors, which
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is also applicable in this work.[!>4849 Figure 2(c) exhibits
the comparative Raman spectra of the SnS>/WS, heteroge-
neous junction region and the heterostructure with the Al;O3
capping layer after the ALD process. In contrast with the
control SnS>/WS; heterojunction and the heterostructure de-
posited with the Al,O3 capping layer, the Raman intensity and
the shift of each characteristic phonon mode peak of the two

samples are the same. Obviously, the SnS,/WS; heterostruc-
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ture modified by the Al,O3 layer has shown red-shifts of the
Raman characteristic vibration modes peak, attributed to the
strain effect introduced by the tensile stress liner as well as
the changes in bond lengths and angles in the lattice struc-
ture. It is proved that the existence of Al,O3 brought neither
a compositional evolution nor a microstructural change in the

heterostructure.
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Fig. 1. (a) A schematic diagram of the self-driven SnS,/WS, UV photodetector. (b) An optical microscopy photograph of the device. (c) The
thickness of the WS, and SnS; layers; the inset shows the morphologies of the heterojunction region measured by AFM. (d) The Raman spectra of
WS, (blue line), SnS; (red line) and the SnS,/WS; heterojunction (black line).

We then characterized the performance of the SnS,/WS,
heterogeneous junction as a photodetector and the improve-
ment of the photocurrent by the deposited Al,O3 capping
layer. Firstly, the heterojunction is constructed by dry trans-
fer. Then, EBL technology is used to write four-electrode
patterns, as shown in Fig. 1(b). The A and B electrodes are
placed on both ends of the SnS; sheets, and the C and D elec-
trodes are placed on both ends of the WS, sheets. Finally, the
electrical properties are tested before and after the deposition
of the Al,O3 layer. Figures 2(d)-2(f) show the I-V curves
of the photodetectors based on SnS; (C-D), WS, (A-B), and
the SnS,/WS; heterogeneous junction (A—C) with/without an
AlLO3 layer that were exposed to the light of laser wave-
lengths (365 nm) and in the dark, respectively. The I-V
curves of the WS, and SnS; under 365 nm light are pre-
sented in Figs. 2(d) and 2(e); the dependence of the current
and voltage shows a linear relationship, which indicates the

ohmic contact is formed between the layered semiconductor
It is ob-

served that the photocurrent significantly improves after de-

and metal electrodes (Ti ~ 5 nm, Au ~ 50 nm).

positing the Al,O3 modified layer. As reported in our previous
reports, 124841 the enlarged photocurrent can be attributed to
the Al,O3 layer and will introduce tensile stress in the surface
of layered TMDCs, which causes a higher electron concentra-
tion and smaller effective mass of the carriers. From the /-
V rectification characteristics of the SnS,/WS; heterogeneous
junction indicated in Fig. 2(f), it can be observed that the het-
erojunction device has rectification characteristics but, due to
the matching of the conduction band minimum, the reverse
current is large and the rectification ratio is low. For the de-
vice with Al,O3 layers, the rectification effect is insignificant
and almost eliminated under the dark state, which is attributed
to the lowering of the potential barrier difference in the hetero-
junction due to the introduction of strain. However, the pho-
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tocurrent with the Al,O3 modified layer is improved compared
to the control under 365 nm incident light at 0 V bias voltage.
Moreover, as shown in Fig. 2(f), the photodetector based on
the WS»/SnS, heterogeneous junction shows a very low dark
current of about 0.01 nA and remains at a low level of 1011 A,
indicating the low-noise features of this device. Meanwhile,
the photocurrent of the device reaches a level of 108 A under
365 nm light illumination at zero voltage, which is hundreds
of times higher than the dark state current. The device shows
an obvious rectification effect and excellent self-driving per-
formance. This is attributed to the built-in electric field at the
interface of the WS, and SnS; layer, where the photogenerated
carriers will separate and transport, even at zero bias voltage.
Although this inhibits the recombination of the electron—hole
pairs, it will extend the lifetime of the carriers, resulting in an

improvement in photoconductivity gain and responsivity. And
the device has good rectification characteristics due to the ex-
istence of the built-in electric field, which inhibits the diffusion
of electrons, reducing the dark current and noise power. It was
further proved that the SnS>/WS, heterojunction is excellent
for use as a self-driven photodetector. Therefore, the photocur-
rent of the heterojunction device with the Al,O3 capping layer
has been greatly improved under 365 nm light illumination at
zero voltage. However, the tensile stress from the Al,O3 mod-
ified layer also leads to an increased dark current (~ 0.05 nA
at 0 V) due to a reduction in forbidden bandwidth and bar-
rier height. As shown in Figs. 2(d)-2(f), it can be proved that
the Al,O3 modified WS, layer, SnS, layer and SnS,/WS; het-
erogeneous junction all show higher a photocurrent than those
without the Al,O3 capping layer.
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Fig. 2. (a)—(b) The energy band alignment diagram of the SnS,/WS; heterogeneous junction. (c) The Raman spectra of the SnS,/WS; heterojunction
(black line) and the sample with the Al,O3 capping layer (red line). (d)—(f) The I-V curves of the samples under dark (black lines) and 365 nm light
illumination (blue and red lines) (d) for the WS, (blue line) and Al,O3/WS, (red line) samples, (e) for the SnS, (blue line) and Al,O3/WS, (red
line) samples and (f) for the SnS,/WS, heterogeneous junction with (red line)/without (blue line) the Al,O3 capping layer.

Based on the -V characteristics, the essential perfor-
mance parameters related to the photodetectors are calcu-
lated. The photodetector based on the SnS,/WS, heteroge-
neous junction is hereinafter referred to as the control sample,
while the photodetector with the Al;O3 modified layer is here-
inafter referred to as the Al,O3; modified sample. The respon-
sivity (R), normalized detectivity (D*), the noise equivalent

power (NEP) of the photodetectors and external quantum effi-

ciency (EQE) is calculated using the following formula: %!

_ |Ilight| - |Idark|

R 1
P ; (D
NEP = Y 2qlgaik A f : )
1
= YA 3
NEP
1240
EQE = Ry X x 100%, (@]

A
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where jjon and Igqrk are the photo-current and dark-current, re-
spectively. Here, P,, is the effective power of the incident light,
which is calculated by the total input power divided by the ac-
tive area (A); and Ry means the responsivity at certain incident
laser illumination (4). The parameter Af is defined as 1 in this
work. As we know, the higher value of R, D*, and EQE, while
the NEP should be as low as possible, means better perfor-
mance of the devices. The time-dependent photocurrent under
365 nm light irradiation with the bias voltage of 0 V was taken
for the control sample and the Al,O3 modified sample, as pre-
sented in Fig. 3(a). The photocurrent of both samples shows
an increasing tendency with the higher input light power. The
photocurrent and the incident laser power conform to the for-
mula Iy, o< Plg where the calculated value of 0 is great than 1;
thus, the responsivity shows an increasing trend with the light
power, as shown in Fig. 3(b). It can be attributed to the fact
that the light absorption in the heterogeneous junction region
has not reached saturation, which can be attributed to the traps
of the surface defect states that have captured a large number
of photogenerated carriers. Therefore, the value of the respon-
sivity increases with the increase in incident light power. From
the curves presented in Fig. 3(b), it can be concluded that the
performance of the Al,O3 modified sample was better than the

80
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control sample, and the performance of the photodetectors will
be better with higher incident laser power. Figure 3(c) shows
the relationship between D* and NEP of heterojunction-based
devices with/without the Al,O3 capping layer under different
illumination power at 0 V bias voltage. It is observed that
the device has low NEP, the D* can reach 3.36 x 10'! Jones
and the EQE reaches 15.4 at 0 V bias voltage with 365 nm
light radiation (11.10 nW) for the Al,O3 modified sample in
Figs. 3(c) and 3(d). Therefore, it can be proved that the Al,O3
modified WS, layer, SnS; layer and SnS»/WS, heterogeneous
junction can reach more effective optical detection than that
without the Al,O3 modified layer. The better performance of
the Al,O3 modified sample is considered to be attributed to the
passivation of the 2D materials’ surface states and the tensile
stress generated from the Al,O3 layer.[!24947] The passivation
of the surface states will enhance the transport of carriers be-
cause the surface states will induce charge scattering. Further-
more, as reported in our previous reports,[1>447] the Al,03
modified layers induce tensile stress leading to a higher elec-
tron concentration and smaller effective mass of electrons in
the films. As a result, the conductivity of the layered materials
will be increased and further enlarge the photocurrent.
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Fig. 3. The self-driven SnS,/WS, van der Waals heterojunction photodetector with an Al O3 layer and the control device under 365 nm illumination
at zero bias voltage, for different input light power. (a) The time-dependent current under different incident power of the device with the Al O3 layer
(red line) and the control device without the Al,O3 layer (black line); (b) the responsivity (black lines) and photocurrent (red lines); (c) the NEP
(black lines) and detectivity (red lines); and (d) the EQE of the Al,O3 layer device (red line) and the control (black line).
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Table 1. Comparison of important performance parameters of the device in this work with other reported performance parameters of photodetectors based

on 2D materials.

Devices R (A/W) D* (Jones) Response time EQE (%) Self-driven Ref.

WS,/Ge 0.635 4.30 x 101 5.3 ms 50.80 Yes [34]
GaSe/MoS, 0.670 2.30 x 101 155 ps - Yes [44]
MoS,/WS, 436x1073 436x 103 4 ms - Yes [45]

MoTe,/WTe, 0.220 3.00 x 10! - - Yes [51]
2D-WS,/GaAs 0.527 1.03 x 10 21.8 s 8 Yes [52]
GaSe/MoSe; 0.169 6.60 x 10! 16 ms 39 Yes [53]
SnS»/WS» 1.15 2.37 x 1010 0.559 s 0.39 .
10 Yes this work
Al O3/SnS,/WS, 4.57 8.07 x 10 0.302s 1.34
(a) also beneficial for improving electron mobility. It is proved
80+ — AL,O;/SnS,/WS, (365 nm) . . . .
——SnS,/WS, (365 nm) that a rapid response can be achieved with the Al,O3 modi-
60| V=0V fied layer, which is suitable for improving the response time
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Fig. 4. (a) The time-dependent photocurrent curves of the photodetector with
(red line)/without (black line) Al,O3 for light power of 11.10 nW. (b)—(c)
The single period of the time-dependent photocurrent curves of the control
(black line) and with the Al, O3 layer (red line) samples with P, = 11.10 nW.

The time-dependent photocurrent property is an impor-
tant indicator of photodetector performance. However, the
photocurrent of the Al,O3 modified sample shows a better lin-
ear relationship with the increase of P, than that of the control
sample, which proves that the Al,O3 modified sample is more
sensitive to the change in input light power. Figure 4(a) ex-
hibits the time-dependent photocurrent curves of the two sam-
ples under 365 nm light at the bias voltage of 0 V with the
P, of 11.10 nW. The rise and decay time of the two samples
are extracted in Figs. 4(b) and 4(c). It is found that the de-
cay time of the two samples is similar but the rise time of
the Al,O3 modified sample is shorter than that of the con-
trol sample. The shorter rise time could be attributed to the
fact that there are fewer surface states for the Al,O3 modified
sample. As a result, the photogenerated carrier will be trans-
ported as soon as possible without being trapped in the surface
states. Further, the smaller effective mass of electrons in 2D
materials caused by the tensile stress introduced by Al,Os is

of photodetectors. Table 1 shows the comparisons of essen-
tial performance parameters of the heterojunction photodetec-
tors in this work with some self-driven devices with similar
structures. It can be seen that the performance of the detector
with the Al,O3 layer is improved more than the control device,
which proves that the Al,O3 layer can optimize the perfor-
mance of the heterojunction detectors. The photo-responsivity
of the SnS,/WS; heterojunction photodetector with the Al,O3
layer demonstrated in this work is relatively higher than some
of the reported results. Although our work has not achieved
rapid response time and detectivity, it can provide a new idea
for self-driven photodetectors with an oxide layer to further

improve the performance.

4. Conclusion

A conductive band minimum matched self-driven
SnS;/WS;-based van der Waals heterojunction photodetector
with an Al,O3 capping layer has been designed and fabri-
cated in this work. Moreover, we systematically revealed the
mechanics of energy band alignment at the interface of the
SnS,/WS; heterostructure. However, in our previous reports,
it has been proved that the Al,O3 stress layer can be used to
improve the performance of the photodetectors. As a result, by
applying the Al,O3 layer on the two-dimensional semiconduc-
tor materials, the performance of the self-driven photodetector
has been increased. This is considered to be attributed to the
Al,O3 modified layers introducing tensile stress, leading to
a higher electron concentration and smaller effective mass of
electrons in the films. The fabricated heterostructure photode-
tector with the Al,O3 modified layer shows better detection
performance than that without Al,O3 ata 0 V bias voltage with
365 nm light radiation. Moreover, the self-driven behaviour
can be attributed to the fact that there is nearly no electronic
barrier in the SnS>/WS; junction and the potential difference
(AE,) in the heterogeneous junction can be effectively adjusted

by applying the bias voltage on the substrate.
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