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Herein, we report for the first time, the chemical vapor deposition of 2D bismuth sulfide (BizSs). The 2D BiySs-
based field-effect transistor showed an n-type electron mobility of 12.5 em™V-!s~! with an on/off ratio of 10.
Under 785 nm illumination, the 2D Bi»Ss-based photodetector exhibited a photo responsivity of 16 AW™?, an
external quantum efficiency of 2500%, a detectivity in the order of 10'° Jones and a linear dynamic range of 35
dB with a fast response time of 100 ms. Our results suggest that BisSs could be a promising new 2D material for
the next-generation electronic and optoelectronic devices.

1. Introduction

The discovery of graphene has opened the door to explore a wide
variety of 2D materials for the next-generation ultrathin electronics and
optoelectronics device applications. The ultrathin nature of these 2D
materials brings scalability, smooth interfaces, and higher surface area
[1]. Moreover, the natural passivation of 2D materials offers special
advantage of stacking different 2D materials to create tunable van der
Waals heterostructures [2]. The realization of such heterostructures in
conventional 3D materials requires high-cost technology to create
epitaxial heterostructures [3]. The lower dimensionality leads to higher
optical response due to a prolonged carrier lifetime as a result of
quantum confinement in contrast to their bulk counterparts, however,
devices made from 0D quantum dot films suffer from severe scattering
effects due to various grain boundaries, resulting in poor electrical
performance (i.e., low carrier mobility). Moreover, the incomplete sur-
face coverage [4] in 1D materials makes 2D material a convincing
alternate for flexile optoelectronic devices application requiring ultra-
thinness, low-cost, portability, and mechanical stability with high per-
formance [5].

One such application of these ultrathin 2D materials is for infrared
(IR) photodetection. IR photodetectors have been extensively employed
for thermal imaging, biomedical imaging, night vision, information
communication, and military etc [6-8]. The bandgap in semiconducting
materials is the crucial factor for determining the photodetection
wavelength. Silicon [9] and germanium [10] have always been the first
choices for NIR photodetection but these materials face significant
challenges where the bendability is desired in optoelectronics [11]. This
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has motivated the scientific community to look for new materials of-
fering high mechanical strength, wide bandgap tunability and low-cost
processability for IR photodetection applications. In this context, 2D
materials due to their excellent electronic [6,12-14] and mechanical
properties [15-17] seem to be suitable candidates for large-area and
low-cost IR photodetecting applications. Various 2D materials have
already been exploited for IR photodetectors, these include graphene,
[6] transition metal dichalcogenides (TMDs) [8,18] and black phos-
phorus (BP) [19-21]. Unfortunately, graphene [6,22] suffers from low
light absorption and TMDs have issues with air stability needing
encapsulation [23,24] and/or functionalization [25], BP [26] and
MXenes [25] suggest towards exploration of new 2D materials.

Bi,S3, an environmentally benign n-type 2D material emerges as a
potential candidate for such applications due to its direct bandgap (1.3 —
1.7 eV) [27] and large absorption coefficient for photodetecting appli-
cation [28]. It is a typical lamella-structured chalcogenide semi-
conductor exhibiting an orthorhombic crystal structure with Pnma space
group [28]. BisS3 belongs to the stibnite family, is an anisotropic layered
material exhibiting interesting optoelectronic properties due to strong
spin—orbit coupling. In addition, the small effective carrier mass and the
low thermal conductivity in BiS3 result in excellent thermoelectric
properties. The thickness-dependent direct bandgap in BisS3 could be
tailored between 1.3 eV and 1.7 eV, making 2D Biy;S3 a promising
candidate for optoelectronic applications in the NIR spectrum. 0D BisS3
nanodots/particles, 1D BiyS3 nanorods/nanowires/nanotubes, [29] or
3D Bi,Ss hierarchical architectures have been extensively exploited for
photodetecting applications. However, due to the challenge of synthe-
sizing 2D BiySs3, there is limited literature [30] on photodetecting

Received 18 June 2022; Received in revised form 3 July 2022; Accepted 12 July 2022

Available online 16 July 2022
0009-2614/© 2022 Elsevier B.V. All rights reserved.



B. Chitara et al.

Chemical Physics Letters 804 (2022) 139876

~
(=
St

(104)

(@11)
(404)

(124)

Intensity (a.u.)

’E (402)

20

Fig. 1. (a) Crystal structure of Bi,S; nanosheets, and (b) XRD pattern of CVD-grown 2D Bi,S; thin film.

applications based on 2D Bi,S3. The difficulty in synthesizing 2D Bi;S3
stems from its highly anisotropic orthorhombic phase consisting of
infinite ribbon-like BisSg polymers linked together by intermolecular
attraction between Bi and S atoms. The chain-like building blocks are
parallel to the c-axis which make them preferential growth into 1D
nanostructure along [001] direction [31]. As a result, it is very chal-
lenging and significant to explore the synthesis and optoelectronic
application of ultrathin Bi»S3 nanosheets. Various synthetic routes have
been employed to grow 2D Bi,S3 such as hydrothermal synthesis, [32]
sol-gel methods, chemical bath deposition, [33] physical vapor depo-
sition techniques and so on [28]. Here we report for the first time CVD
growth of 2D Bi,S3 for NIR photodetection. In the present investigation,
ultrathin freestanding BisSs thin films have been synthesized by CVD in
contrast to hydrothermal and chemical bath deposition reported in
literature.

2. Experimental details

For the CVD growth of 2D BiyS3, we have modified a previous
method designed for the solution-processed synthesis of bismuth oxy-
selenide (BizO2Se) thin film reported by Zhang et al. [34]. The synthesis
of 2D BiyS3 is a two-step process. In the first step, 2D Bi»Os is obtained
over fluorphlogopite mica (f-mica) followed by sulfurization, which
eventually leads to the formation of BisS3 film. Briefly, the CVD growth
of 2D Bi,S3 was carried out by dissolving 1 g Bi(NO3)3-5H20 in 10 mL
ethylene glycol (CH,OH); to form a colorless transparent solution. The
resultant solution was spin-coated onto freshly cleaved f-mica at 2000
rpm for 40 sec followed by heating at 180 °C for 30 sec. Subsequently,
the Bi(NO3)s thin film converted into BiyO3 thin film by heating it at

480 °C for 30 min in air at a rate of ~ 8 °C/min. The final Bi;S3 thin film
was obtained via sulfurization of BiyOg thin film. This was achieved by
placing sulfur powder (100 mg) upstream at a distance of 15 cm from the
Biy0g thin film which was kept downstream in a 45-mm diameter quartz
tube. The CVD was performed at 200 °C for sulfur and 450 °C for BiyO3
with an Argon flow of 200 sccm under a pressure of 500 mbar. The same
steps were repeated for growing Bi»Ss films over SiO,/Si substrates.

PANalytical X’Pert Pro MRD HR XRD System was used to obtain the
X-ray diffraction data for determining the crystal structure of 2D Bi,Ss.
Raman spectra and Atomic Force Microscopy (AFM) maps of CVD-
grown BiyS; were observed using a HORIBA LabRAM Evolution
RAMAN microscope-Smart SPM atomic force microscope with a 532 nm
laser. The UV-Vis-NIR absorption spectrum of 2D Bi,S3 was obtained by
employing UV 3000 spectrophotometer. TEM characterization was
performed using a ThermoFisher Titan 80-300 probe aberration cor-
rected scanning transmission electron microscope (STEM) with a
monochromator operating at 80-300 kV. CVD-grown 2D Bi,S3 thin films
over mica were transferred over Cu TEM grids via the polystyrene (PS)-
assisted transfer method [35].

The field-effect transistor (FET) device was fabricated via trans-
ferring 2D BiyS3 over patterned gold electrode (purchased from
Amazon) over Si with a 300-nm thick oxide layer. The distance between
the two fingers was 20 pm and the width of each finger was 30 pm. The
length of the finger was~1400 pm. Briefly, PS was spin coated over f-
mica substrates containing BiS3 at 3000 rpm. for 60 s followed by
baking at 85 °C for 15 min. Thereafter, a drop of DI water was used to
peel off the PS-coated BisS3-film from f-mica. Consequently, PS-BisSs
film floating over water was transferred over patterned electrodes by
carefully placing the PS-Bi»Ss film over the electrodes. Next, the device
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Fig. 2. (a) Raman spectra of 2D Bi,S; grown on two different substrates, (b) UV-Vis-NIR spectrum of 2D Bi,Ss, and (c) AFM image of CVD-grown 2D Bi,Ss. Scale bar:

1 pm.
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Fig. 3. (a) Bright field TEM image of CVD grown Bi,S; with SAED shown as inset. Scale bar: 500 nm. (b) STEM of Bi»S; domains merged together with different in-
plane orientations. Scale bar: 5 nm. (c) Magnified STEM image illustrating the observed crystal spacing (upper image) and SAED pattern of a synthesized nanosheet

(lower image). Scale bar: 5 nm .

with PS-Bi,S3 film was then heated at 150 °C for 30 min to improve the
contact between the sample and the underlying substrate. Finally, the PS
layer was dissolved by keeping the device in toluene for overnight fol-
lowed by acetone treatment for 1 h to remove the organic residuals. The
FET device was dried using a nitrogen gun.

NIR photodetectors with dimensions of 25 um length and ~ 1.5 mm
width were realized via thermally evaporating Ti (5 nm)/Au (200 nm)
over SiO,/Si substrates containing Bi,S3 using a shadow mask. The
electrical properties of the FET and NIR photodetectors were measured
using Keysight B2902A Precision Source/Measure Unit with C-2 Mini
Station (Everbeing Int’l corp.) HORIBA LabRAM Evolution RAMAN
Microscope-Smart SPM Atomic Force Microscope equipped with 785 nm
laser was used as the light source in the present study. The intensity of
the laser was calculated using a calibrated Si photodiode. The difference
between the current under illumination and the dark corresponds to the
photocurrent.

3. Results and discussion

Fig. 1(a) illustrates the schematic crystal structure of 2D BiySs
nanosheets where Bi®* and $%* are arranged one on top of the other in
infinite chains, which are directed along the [001] axis in an ortho-
rhombic cell structure. Fig. 1(b) represents the typical XRD pattern of
CVD synthesized BiSs thin film corresponding to the orthorhombic
Pbnm space group (JCPDS No. 75-1306). The synthesis of BiyS3 films
takes place via the following reactions:

(a) Source

Drain

4Bi(NO3)3-5H,0 — 2Bir03 + 12NOx(g) + 30,(g) + 20H,0 1)
2Bir03 + 9S(g) — 2Bi»S3 + 3S0.(g) 2)

Fig. 2(a) displays the Raman spectrum of CVD-grown 2D BiyS3 ac-
quired using the 633 nm laser showing Raman intensity peaks at about
187, 236, and 260.3 cm ', which were in accordance with Raman peaks
of BisS3 nanowires.[36] We have compared the Raman spectrum of
BiyS3/f-mica with those from BiyS3/SiO5/Si, and f-mica. The Raman
spectra of both BiySs/f-mica and BipS3/SiO2/Si were quite similar,
confirming that we were able to grow 2D BisS3 over SiOy substrates, a
much-needed growth condition required for transfer-free growth of 2D
BisSs.

The devices can be easily realized without transferring the films in
case of BiyS; grown over mica substrates. For this reason, we have
fabricated the photodetecting devices from 2D Bi»S3 thin films over SiOy
substrates. The optical band gap of CVD Bi,S3 was estimated using Tauc
plot as shown in Fig. 2(b). The absorption coefficient « and optical band
gap E; are related through the Tauc relation [37] given by (ah)? = B
(ho- Eg) where h is Planck’s constant, B is the energy-independent
constant, and v is the frequency of the incident photon. The bandgap
of BiyS3 in present study was estimated to be around 1.6 eV. Fig. 2(c)
shows the AFM image of the 2D Bi,S3 with the corresponding height
profile shown as inset. The thickness of Bi,Sg is around 5 nm thus con-
firming the ultrathin nature of 2D Bi,S3 nanosheets.

Fig. 3(a) shows a TEM image of 2D Bi,Ss for investigating the
nanosheet morphology. We performed top-view TEM characterizations
of the as-synthesized 2D BiyS3 by transferring it onto a holey carbon
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Fig. 4. (a) Schematic of a 2D Bi,S3-based FET, (b) Output characteristics, and c) Transfer characteristics of a 2D Bi,Ss-based FET device.
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Fig. 5. (a) Current-voltage (I-V) characteristics of 2D Bi,Ss-based photodetector under dark and under different illumination at 785 nm. Inset: The optical image of
the photodetector. (b) Current-time (I-t) characteristics of the device under dark and 785 nm with varying light intensity. (c) Photocurrent measured as a function of
incident light density at a bias voltage of 0.5 V. The empty circles are the experimental points, and the solid line is a linear fit to the data.
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Fig. 6. (a) Photodetection mechanism for 2D Bi,S; device. (b) Time response of photocurrent growth and decay (in insets) for Bi,S; photodetector. The empty circles
are the experimental points, and the solid lines are fits to the exponential equations.

supported Cu grid. Fig. 3(b) depicts the STEM image showing domains
with different crystal orientations merge together with a lattice spacing
of 0.32 nm. Fig. 3(c) illustrates the magnified STEM image (upper
image) and the selected area electron diffraction (SAED) pattern (lower
image) of the as-grown 2D BisS3. The presence of several sets of
diffraction patterns on a ring suggests the polycrystalline nature of CVD-
grown 2D BiyS3 thin films.

To explore the electronic application of 2D BiyS3, we have investi-
gated the output and transfer characteristics of 2D BiySs-based FET.
Fig. 4(a) shows the schematic diagram of a 2D Bi,S3-based FET. Fig. 4(b)
demonstrates the output characteristics of BiaS3 nanosheet FET device
with inset showing the transfer characteristics of 2D Bi,S3 based FET.
The device exhibited a typical n-type transfer characteristic with an on/
off ratio of ~ 10. The electron mobility was estimated using u= L/W*1/
Cox*dIgs/dVpg*1/Vgs from transconductance vs back-gate voltage (Vig)
in the range of — 35 V < Vg < 35V, where L is the length of the channel,
W is the channel width, Cyy is the capacitance of 300 nm SiOg, dIgs/dVyg
is the measured transconductance of the channel, and Vpg is the back-
gate voltage.

The dielectric capacitance Cox can be obtained via Cox = gper/dox,
where the oxide thickness doy is around 300 nm, the relative permittivity
g of 8103 is 3.9, and the free space permittivity ¢, is 8.87 x 10 ?Fm™.
The mobility of the as-grown 2D Bi»S3 was determined to be about 12.4
em? V1 571 at room temperature, which is comparable to that of other
2D materials such as GaS, [38] MoS,, [39] ReS,, [40] and InyS3 [41].

The NIR photoconducting response (under 785 nm) of the CVD-
grown 2D Bi,S3 with varying light intensity is presented in Fig. 5(a)
with an optical image of the photodetector shown as inset. Fig. 5(b)

demonstrates the switching behavior of the photodetector under
different light intensities. The stability and the reproducibility of the 2D
BiySs-based photodetector were confirmed by switching on and off the
NIR laser source. The electrical conductivity of the device increases with
increasing light intensity. This can be attributed to the absorption of
more photons resulting in a larger photocurrent. The variation of
photocurrent vs intensity is plotted in Fig. 5(c).

The mechanism behind the photodetection is presented as inset in
Fig. 6(a). Upon illuminating the device with a NIR light source, the
absorption of the NIR light generates electron-hole pairs, [8,42,43]
which in turn can be extracted on applying bias voltage across the de-
vice. The photoresponsivity, the external quantum efficiency (EQE), the
detectivity (D*) and the time response of the photodetector play a
crucial role in determining the application in commercial applications
[8,44,45]. The photoresponsivity is defined corresponding to photo-
current generated per unit power of the incident light, the EQE, i.e. the
number of electrons is detected per incident photon and the detectivity
(D*) can be calculated as R; = I,/P;S, EQE = hcR,/e/. and D*=(SAf)?/
NEP respectively, where I, corresponds to photocurrent (Lijght-Idark), P; is
the intensity of light, S is the device effective area under illumination, h
is Planck’s constant, e is the electronic charge, c is the velocity of the
light, A is the illumination wavelength, Af is electrical bandwidth in Hz
and NEP is the noise equivalent power. D* can be deduced to D*=I,S/?/
P,S(2elg1)'"? by assuming dark current to be the major contributor to
the shot noise to get a fast approximation of the D* [46]. However, it is
worth noting that by choosing shot noise as the major noise source
overestimates the value of D* [47,48].

According to our experimental results, R) and EQE of Bi,S; are 16
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Table 1

NIR detection performance of different 2D materials.
2D Materials Wavelength (nm) Photoresponsivity Detectivity Response time Reference

Aawh (Jones)

GeSe 808 3.5 - 100 ms [50]
SnSe, 1064 2 x 107 2x 10 0.38s [51]
Sb,yTes 980 21.7 1.2 x 10%° 238 s [52]
snS 808 1 10° - [53]
BiySs 780 4.4 2 x 10! 10 ps [30]
Bi,0,8 785 4 2 x 10'° 100 ms [3]
BiyS3 785 16.5 10'° 100 ms This work

AW ! and 2500 %, respectively for an incident wavelength of 785 nm at
0.5 V. CVD-grown 2D Bi,S3 in the present study shows superior per-
formance as compared to hydrothermally-grown 2D Bi,S3 nanosheets (a
photoresponsivity 4.5 AW ! and an EQE of 860%) [30] and 2D BiyS3
nanosheets synthesized by a liquid metal-based technique (a photo-
responsivity 8 AW ™) [49]. The detectivity of 2D BiSs.based photode-
tectors was found to be in the order of 10'° Jones, which is much higher
than those observed in graphene, BP, MoTey, BisSes and MoS; etc [3].
Moreover, the linear dynamic range (LDR) estimated by LDR = 20 log
(Ipn/Tqark), Where Ipy, is the photocurrent, measured at a light intensity of
4mW cm 2. The LDR in 2D Bi,S3 was estimated to be 35.5 dB. All these
results clearly demonstrate that CVD-grown 2D Bi,S3 can be a promising
candidate for use as high-selectivity, high sensitivity, and high-speed
nanometer-scale photodetectors and photoelectronic switches.

To investigate the time response to the IR illumination being turned
on and off, we have shown photocurrent growth in Fig. 6(b) with decay
response shown as inset. The transient photocurrent response of 2D
BiySs photodetector to NIR has been obtained via the following equa-
tions I (t) =1 dark + A [exp (-(t-t5)/71)] + B [exp (-(t-t,)/12)] and I (1) =
Tdark + A [exp(-(t-t,) /71)] + B [exp (-(t-t,)/72)] for growth and decay,
respectively, where 7 is the time constant and ¢ is the time when IR is
switched on or off, Iy, is the dark current, and A and B are scaling
constants. The experimental data has been presented as circles and a
solid red line as the linear fit of the experimental data points. The time
growth takes place via two-time constants where the 2D BisSs photo-
current rises within 0.1 s followed by a slower time constant of 4.8 sec.
On the other hand, the photocurrent decays abruptly within 0.02 sec
with a slower time constant of 2 sec. We have compared the photo-
detection performance of our device with other 2D materials as depicted
in Table 1. As evident from Table 1, the photodetection performance of
our 2D BiySs-based photodetector is comparable to those made by other
2D materials.

4. Conclusion

To summarize, we demonstrate for the first time, large-area CVD
growth of freestanding 2D BiyS3 nanosheets and their utilization for
high-performance NIR photodetection. A typical 2D BiySs exhibits a
thickness of ~ 5 nm. The as-grown 2D Bi,S3 exhibited a field-effect
mobility of 12 em?vV ! sfl which is comparable to some popular 2D
materials such as MoS,, GaS, GaSe, and WS, etc. The CVD-grown 2D
BisSs-based NIR photodetector shows a photoresponsivity of 16 AW},
an EQE of 2500 %, a detectivity in the order of 10'° Jones, an LDR of
35.5 dB and a time response of 100 ms, which are comparable to those
observed in other 2D materials-based IR detectors such as TMDs, BP, and
Biy04Se etc. This study puts forward CVD-grown 2D Bi,S3 in conjugation
with other 2D materials for exploitation in future optoelectronics over
large areas.
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