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Large area growth of SnS,/graphene on cellulose
paper as a flexible broadband photodetector and
investigating its band structure through first
principles calculationsf

Venkatarao Selamneni, ©2 Sayan Kanungo and Parikshit Sahatiya (= *

This work demonstrates the solution processed fabrication of a SnS,/graphene (Gr) heterojunction on a
biodegradable cellulose paper substrate for its utilization as a broadband photodetector. Graphene was
dip coated on cellulose paper followed by the direct growth of SnS, on Gr/cellulose paper by a hydro-
thermal method. To study the charge transport mechanism of this unique heterojunction, first principles
calculations are performed to theoretically estimate the band gap and the electron affinity values that
lead to a detailed understanding of the band alignment in this heterojunction. There are no reports
which demonstrate the direct large area growth of SnS, on cellulose paper to fabricate an efficient
broadband photodetector, complemented by a detailed theoretical understanding to understand the
underlying physics of this device. The responsivity of the fabricated photodetector was calculated to be
6.98 and 3.67 mA W1 for visible and UV light illumination respectively suggesting that the device was
more responsive towards the visible spectrum when compared to the UV region. The durability of the
photodetector was tested by subjecting it to 500 bending cycles wherein a negligible change in the
responsivity values was observed. The successful fabrication of a large area SnS,/Gr heterojunction on a
low-cost cellulose paper substrate with its performance metrics comparable to a device fabricated using
sophisticated techniques is a major step ahead in the development of low-cost photodetectors which
finds potential applications in security, visible light communication, etc.

Introduction

Even though there has been a surge of research on the fabrica-
tion of photodetectors using different materials,'® reports on
visible light detection are minimal. Some of the promising
candidates are transition metal dichalcogenides such as MoS,,
WS,, WSe,, etc. which have excellent visible absorption.”*!
Such materials have their anions packed hexagonally between
the metals which are octahedrally coordinated and bonded by
weak van der Waals (VdW) forces. Furthermore, their tunable
bandgaps offer very exciting electronic and optoelectronic
properties. In search of materials with similar exciting properties,
tin disulfide (SnS,) has recently gained interest as it exhibits a
similar 2D structural motif and a layer dependent tunable
bandgap of 2.18-2.44 eV.'? Furthermore, SnS, has already been
reported to have a visible light photon to current conversion
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efficiency of 38%."* Even though such exciting properties of SnS,
are studied, a flexible broadband photodetector utilizing SnS,
remains unexplored.

As a basis of sustainable technology, there has been active
research on the fabrication of electronic devices on a paper
substrate and is termed as papertronics.'® It offers advantages
in terms of low-cost, high availability, mechanical flexibility
and most importantly biodegradability. Furthermore, paper
based devices are highly biocompatible and find potential
applications in wearable electronics. To date, there have been
reports on paper based devices for applications in supercapa-
citors, field effect transistors, photodetectors, batteries, solar
cells, etc.'”™”

There are various reports that study the synthesis and fabri-
cation of SnS, based devices for various applications, including
the sol-gel method, chemical vapour deposition, hydrothermal
method, chemical vapour transport, etc.'*° Chemical vapour
deposition is a widely used method for the deposition of single
layer SnS,.>' But utilizing CVD, the growth of SnS, on the
desired substrate is not feasible due to its high temperature
requirement. Furthermore, it involves a tedious transfer pro-
cess which leads to variation in device to device performance.
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Among the above mentioned methods, the hydrothermal
method is more versatile as it offers the possibility of fine
tuning the morphology and phase by adding various surfac-
tants and/or adjusting the pH of the nutrient solution. Even
though there are reports which utilize the hydrothermal
method for the synthesis of SnS,, direct deposition of SnS,
on flexible substrates still remains a challenge.

Graphene, a 2D wonder material has been utilized as a trans-
port material in photodetectors due to its excellent electron and
hole mobility.>> Furthermore, the work function of graphene
plays an important role in the fabrication of highly responsive
photodetectors when used in conjunction with active materials,
as the graphene work function is less than those of most of the
active transition metal dichalcogenides which allows the transfer
of photogenerated carriers to graphene and due to its excellent
electronic properties in terms of mobility, there is an effective
capturing of photogenerated carriers. SnS, has a layer dependent
bandgap and has already been reported to have a visible light
photon to current conversion efficiency of 38%. But pristine SnS,
is not suitable for photodetection as it suffers from the issue of
recombination. Hence there is a need of a heterostructure.
Graphene has a high carrier mobility and at the same time the
work function of graphene is less than the electron affinity of
SnS, which makes graphene a good transport material for SnS,.
Furthermore, graphene is p-type which creates local heterojunc-
tions and built-in electric fields which assist in the effective
separation of photogenerated carriers.

This report is the first demonstration of a novel SnS,/Gr on
cellulose paper based wearable broadband photodetector. The
fabrication of photodetector involves two steps, first being,
the dip coating of graphene on cellulose paper followed by
the direct growth of SnS, on Gr/cellulose paper. The fabricated
photodetector exhibited broadband absorption ranging from
the ultraviolet (UV) to visible range as also evident from its
absorbance spectra. The responsivity values of the photodetector
were found to be 3.67 and 6.98 mA W~ towards UV and visible
light illumination, respectively, suggesting that the fabricated
device was more sensitive to visible light compared to UV, which
is in agreement with the absorption spectra. Also, density
functional theory (DFT) calculations were performed to under-
stand the band structure of SnS,/Gr to gain actual insight into
the charge transport phenomenon. Furthermore, since the
photodetector was fabricated on flexible cellulose paper, it not
only makes the design cost-effective but also environmental
friendly, thereby reducing electronic waste. To the best of the
author’s knowledge, this is the first report on a flexible SnS,/Gr
on cellulose paper based broadband wearable photodetector.

Experimental section

Materials and characterization

Tin tetrachloride (SnCl,) and thioacetamide (CH;CSNH,) were
procured from Sigma Aldrich. Graphene powder of flake size
~ 8 nm was purchased from Graphene Supermarket. All chemicals
were used as received. Structural characterization was performed
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using an X’Pert Pro X-ray diffractometer (XRD) with Cu Ko radia-
tion. Field emission scanning electron microscopy (FESEM)
analysis was performed using a ZEISS Ultra-55 SEM to study
the morphology. The chemical composition of the active material
was further confirmed by X-ray photoelectron spectroscopy (XPS)
using a Thermo Scientific K-Alpha XPS system. Raman spectro-
scopy measurements were taken using a SenterrainVia opus
(Bruker) spectrometer at an excitation length of 532 nm. UV-
visible-NIR spectra were obtained using a LAMBDA UV/vis/NIR
spectrophotometer (PerkinElmer). Electrical measurements were
carried out with a Keithley 2450 source meter.

Synthesis of SnS,/Gr on cellulose paper

Graphene deposition on cellulose paper. Graphene solution
was prepared by adding 0.5 wt% of graphene powder in dimethyl-
formamide (DMF). Graphene was deposited on 2 x 2 cm cellulose
paper by the dip coating method and was further used as a
substrate for the growth of SnS,.

Growth of SnS, on Gr/cellulose paper. The as-prepared Gr/cellu-
lose paper was utilized as a substrate for the direct growth of SnS,.
The growth of SnS, on Gr/cellulose paper was performed in two
steps ie. the seeding process and the hydrothermal growth. The
seed solution was prepared by mixing 17.5 mg of SnCl, and 7.6 mg
of CH;CSNH, dispersed in 10 mL of deionized water. Gr/cellulose
paper was immersed in the seed solution for 60 min followed by
drying at 70 °C for 30 min. A nutrient solution for the growth of
SnS, was prepared by mixing 262 mg of SnCl,, 114 mg of
CH3;CSNH, and 20 mg of cetyl trimethylammonium bromide
(CTAB) in 30 mL of DI water. The as-prepared nutrient solution
and the seed coated Gr/cellulose were transferred to a Teflon-lined
stainless steel autoclave and maintained at 200 °C for 7 h. The
autoclave was allowed to cool naturally and the obtained SnS, on
Gr/cellulose paper was dried at 70 °C for 30 min.

Fabrication of the photodetector. The as grown SnS,/graphene
was cut into a 7 mm x 7 mm dimension and the electrical contacts
were established using copper tape. The complete schematic illus-
trating the synthesis and the fabrication process is shown in Fig. 1.

Results and discussion

The hydrothermal process provides the feasibility of tuning the
morphologies by adjusting the pH and upon addition of the
surfactant. Herein, CTAB was used as a surfactant to increase
the surface area. The structural characterization of the as grown
SnS, on Gr/cellulose paper was performed using Field Emission
Scanning Electron Microscopy (FESEM). Fig. 2a shows the low
magnification FESEM image that reveals the formation of a 3D
micro-flower (2-3 pm) like morphology with individual SnS,
nanoflakes. Fig. 2b shows the high magnification FESEM image
wherein each 3D micro-flower consists of many individual SnS,
nanoflakes 8-10 nm in size. These individual nanoflakes aggregate
and self-assemble to form an intertwined morphology thereby
leading to a micro-flower like morphology. The temperature and
pressure inside the hydrothermal chamber are suitable such that
the micro-flower morphology of SnS, attains a stable energy level

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the synthesis and fabrication of SnS,/Gr on cellulose paper.

C) 3 JCPDS No: 23.0677| )
g + SnSy —_

-~ 3
s « Cellulose paper 5

5 ]
: =
= &
S g Sn3pqp2
s S2p snad
e K CisS2s
= c
o =

0 20 40 60 80 100 1000 800 600 400 200 O

20 (degree) Binding Energy (eV)
e
) f) S 2p3j2
= snlV3dsi2 161.6 eV,
s snlVad3j2 486.6 eV 3
3‘ 495.2 eV s S2pq2
K 2 162.9 eV
g 2
€ 2
- £
500 495 490 485 480 168 166 164 162 160 158 156
Binding Energy (eV) Binding Energy (eV)
g) —_ A1g SnSy h) ; ‘:\ Eg=232eV
S © 8
s o =4
> o H
= s S 18 21 24 27
g 'E Energy (eV)
£ Eg 2
= E-]
<
200 300 490 50?1 600 300 450 600 750
Raman shift (cm-1) Wavelength (nm)
Fig. 2 (a and b) Low and High magnification FESEM images of SnS, on

cellulose paper, (c) XRD pattern of SnS, on cellulose paper, (d) XPS spectra of
SnS, on cellulose paper, (e) deconvolution spectra of Sn 3d, (f) deconvolution
spectra of S 2p, (g) Raman spectra of SnS,, and (h) UV-visible spectra of SnS,
grown on paper, inset is the Tauc plot showing the bandgap of ~2.32 eV.

and hence even after removal of SnS, the stability of the synthe-
sized SnS, is intact.

Based on the observations from FESEM, the 3D SnS, micro-
flower morphology can be explained by the formation of 2D

© 2021 The Author(s). Published by the Royal Society of Chemistry

nanoflakes and subsequent aggregation of individual SnS,
nanoflakes into 3D SnS, micro petals. It is already known that
the concentration of sulphur plays a crucial role in the growth
and assembly of SnS, nanostructures. The seeding process can
be defined as

CH;CSNH, + H,0 — CH;COOH + H,S
H,S — 2H' + §>~
sn™ + 8>~ - SnS,

The precipitation of the metal sulphides by thioacetmaide
occurs via the hydrolysis reaction at a relatively low pH which is
due to the utilization of thioacetamide. The reaction yields
hydrogen sulphide (H,S) followed by the formation of SnS,
nuclei. This supersaturated solution under hydrothermal condi-
tions nucleates further, growing into 2D nanoflakes due to the
anisotropic crystal structure of SnS,. The nucleation converts
into self-assembly and eventually the aggregation of 2D nano-
flakes of SnS, yields SnS, with a micro flower like morphology
under prolonged hydrothermal conditions (200 °C, 24 h).

The crystal structure of the as synthesized SnS, was studied
using X-ray Diffraction (XRD). Fig. 2(c) shows the XRD graph of
SnS, wherein all the crystal planes are well matched with the
JCPDS no 022-09511.%3

To further study the chemical composition and the oxidation
states of the as synthesized SnS,, X-ray photoelectron spectro-
scopy (XPS) analysis was performed. Fig. 2d shows the survey
spectra of SnS, wherein the presence of Sn, S, O and C elements
was observed. Carbon is present due to the stub used for
performing the XPS measurements wherein oxygen is present
due to the partial oxidation of SnS, upon exposure to atmo-
spheric conditions. Fig. 2e shows the deconvolution spectra of
Sn wherein intense peaks at 486.6 and 495.2 eV are observed
which are the characteristic peaks of Sn 3ds/, and Sn 3d;/,. The
two peaks are separated by an energy difference of 8.4 eV, which
clearly defines the oxidation state of Sn*" in SnS,. Fig. 2f shows
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the deconvolution spectra of S 2p wherein two spin orbital
coupling peaks at 161.6 and 162.9 eV were observed, which
suggests the S~ state of S. In the XPS survey spectra, the
deconvoluted graph of both Sn and S are in good agreement with
the reported literature.>* To study the chemical composition,
Raman spectroscopy was performed for SnS, grown on cellulose
paper as shown in Fig. 2g. Two peaks are visible, one intense peak
at ~315 cm ™" and a weak broad peak at ~210 cm ™, representing
out-of-plane A, and in-plane E, modes, respectively, of 2H-SnS,.
Furthermore, the A;, peak at ~315 cm ' suggests that the SnS,
grown is a trilayer SnS,.”> The optical bandgap of SnS, was
evaluated using UV-vis spectroscopy. Fig. 2h shows the UV-vis
spectrum of SnS, where it exhibits strong absorbance in the visible
range (~420 nm to 630 nm) and a weak absorption in the UV
range. The bandgap of the synthesized SnS, was calculated using
the Tauc plot and it was found to be ~2.32 eV, as shown in the
inset of Fig. 2h.

Fig. 3a and b show the current-voltage (I-V) characteristics
of SnS,/graphene with the contacts fabricated on graphene and
as can be seen from the figure the fabricated device exhibited
excellent ohmic characteristics. The devices were kept in the
dark for 12 h before the photodetection measurements were
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Fig. 3 (a and b) IV characteristics of SnS,/Gr under different visible and UV

illumination, (c and d) temporal response of SnS,/Gr under different inten-
sities of visible and UV illumination, (e and f) temporal response of SnS,/Gr
under constant intensity visible and UV illumination (0.35 mW cm™?), and
(g and h) a graph showing the rise time under visible and UV illumination.
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performed so as to stabilize the device. The wavelengths of the
ultraviolet and visible light utilized were 365 and 554 nm,
respectively. As can be seen from Fig. 3a, an increase in the
photocurrent was observed as the visible light illumination
intensity increased. This can be attributed to the generation
of the electron-hole pairs and the effective separation of the
same. Similar observations were observed for UV light illumi-
nation, as shown in Fig. 3b. It should be noted that at the
visible and UV illumination intensity of 0.198 mW cm™2, 84%
and 38% increment in the photocurrent was observed, respec-
tively, suggesting that the fabricated device was more respon-
sive towards visible light when compared to UV light. Fig. 3c
shows the temporal response of the fabricated device towards
visible light illumination wherein upon increasing the intensity
of the incident light, increment in the photocurrent was
observed, which is consistent with the I-V data. A similar
experiment was repeated for UV light illumination and obser-
vations were consistent with the I-V measurements, as shown
in Fig. 3d. Furthermore, to verify the repeatability of the
fabricated sensor the temporal response of the SnS,/Gr device
under visible light illumination, the light source was turned
“ON” and “OFF” repeatedly 6 times. As can be seen in Fig. 3e,
as the illumination source was turned “ON”, an increase in the
photocurrent was observed and as the light source was turned
“OFF”, the photocurrent started to decrease in an exponential
manner and reached its initial state. A similar experiment was
performed for UV light illumination and the results are as
shown in Fig. 3f. The experiments were repeated for 3 inde-
pendent devices and similar results were observed. The
response time of the sensor is one of the important figures of
merit in analysing how fast the sensor is able to respond to the
stimuli and is calculated as the time taken by the sensor to
reach from 10% to 90% of the final value. Fig. 3g shows the
graph which displays the response time of the fabricated
photodetector under visible light illumination and as can be
observed, the calculated value is ~4.53 s which is comparable
and even better than some of the photodetectors fabricated in a
sophisticated cleanroom environment. Similarly, a rise time of
~5.41 s was calculated for the device under UV light illumina-
tion, Fig. 3h. This further suggests that the fabricated sensors
are not only more responsive towards visible light but also
respond more quickly when compared to UV light illumination.

Responsivity and external quantum efficiency are two impor-
tant metrics for a photodetector and are a measure of the
photocurrent generated per unit area upon incident light of
per unit power. The responsivity and EQE are given by following

equations®®*’
I.
R, = -
P). x A
R
EQE = /ic x —~
el
R, x A2

D=——"
(2 X e X Idark)l/z
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Fig. 4 (a and b) Responsivity vs. intensity of the fabricated photodetector

under visible and UV illumination, (c and d) graph of EQE vs. intensity under
visible and UV light illumination, (e) graph displaying the specific detectivity
(D*) of the fabricated SnS,/Gr based photodetector at different intensity
UV and visible light illumination and (f) the response spectrum of the
fabricated photodetector over UV and visible regions.

where, I, P,, A, Isarc and e are photocurrent, incident power,
active area of the device, dark current, and electron charge,
respectively. Fig. 4a and b show the responsivity graph of the SnS,/
Gr photodetector under both visible and UV light illumination,
the responsivity value calculated for visible light illumination was
6.98 mA W ! and for UV light illumination was 3.67 mA W ',
Therefore, it can be inferred that the fabricated photodetector was
90% more responsive towards visible light when compared to UV
light which is consistent with the temporal response data. Fig. 4c
and d show the EQE vs. intensity graph wherein the observed value
for EQE is 0.016%. As the intensity increases, both responsivity and
the EQE decreases which can be attributed to the fact that the
difference in the photocurrent and the dark current is less than
the difference in the intensities utilized and is consistent with the
previous reports.””>° Specific detectivity of the fabricated photode-
tector was calculated to be 5.26 x 10° Jones and 1 x 10'° Jones, for
UV and visible light illumination, respectively, as illustrated in
Fig. 4e, wherein a decreasing trend is observed with an increase in
intensity similar to the responsivity graph shown in Fig. 4a and b.
Furthermore, stability of the fabricated device was studied for few
days and negligible change in the responsivity value was observed, as
shown in Fig. S1 (ESIf), suggesting that the fabricated devices
possess excellent stability. Also, the response spectrum is a key para-
meter of the photodetector. The response spectrum (responsivity vs.
wavelength) of the fabricated photodetector is shown in Fig. 4f.
The reason for the higher responsivity towards visible light of
the fabricated device can be attributed to the higher absorbance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in the visible region when compared to the UV region as evident
from UV-visible spectroscopy. Compared to the other photo-
detector fabricated using sophisticated techniques on highly
smooth and defect free substrates, the responsivity value calcu-
lated for the fabricated photodetector was found to be low.**!
The reason for the low responsivity value can be attributed to the
extremely rough surface of cellulose paper which hinders the
mobility of the photogenerated carriers thereby leading to a
lesser collection of the carriers at the metal, decreasing the
overall responsivity. The other reason is the lack of highly
crystalline nature of the SnS, grown on Gr. The crystallinity,
however, can be increased by increasing the processing tempera-
ture which will not allow the direct growth of SnS, on Gr/
cellulose paper. However, it should be noted that even though
the calculated value was less it was found to be comparable and
even higher than those in the reports available on photodetectors
on flexible substrates.

Similar experiments were repeated for pristine SnS, and the
responsivity and the EQE graphs for the same can be found in
ESIT Fig. S2. It was observed that for pristine SnS,, responsivity
and the EQE values were ~30% less when compared to
the SnS,/Gr device under visible and UV light respectively.
The reason for the lower responsivity can be attributed to the
recombination of the photogenerated carriers due to the lack of
sufficient electric field for effective separation. For pristine
SnS,, the electric fields are present only at the SnS,/metal
junction and hence only the photogenerated carriers generated
in the vicinity of the SnS,/metal junction will be effectively
separated. For the regions away from the SnS,/metal contact,
due to the lack of electric field, the photogenerated electron-
hole pairs tend to recombine thereby reducing the responsivity
and the EQE. Hence the need for a transport material arises
(graphene) which can effectively capture the photogenerated
carriers and transport them towards the metal for collection.

To demonstrate the robustness of the fabricated SnS,/Gr
flexible photodetector on cellulose paper, it was subjected to
bending cycles, and the responsivity values were calculated. It
should be noted that the device was bent and then bought to its
initial position and the responsivity value was measured. As can
be seen in Fig. 5, negligible changes in the responsivity and the
EQE values were observed, which suggests that the fabricated
device performance does not deteriorate with external bending.
Digital images of the fabricated sensor in the bending state are
included in the ESI,{ Fig. S3.

To fully understand the band structure of these heterostructures
and charge transport mechanism, it is very important to extract the
electronic properties through first principles simulations. Most of
the reported research on photodetectors makes use of the
available values of electron affinity and the work function
thereby creating an estimated band diagram which affects the
physical understanding and also the hypothesis of the charge
transfer mechanism. In this report, to study the electronic
properties of the Gr/SnS, heterostructure and to gain a detailed
understanding of the charge transfer mechanism, first principles
calculations were performed using the commercially available
Atomistix ToolKit (ATK) and Virtual NanoLab (VNL) simulation

Mater. Adv,, 2021, 2, 2373-2381 | 2377
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and (b) EQE vs. intensity graph under different bending cycles.

package from Synopsys QuantumWise.*> Graphene (Gr) and tin
disulfide (SnS,) have a hexagonal crystal lattice structure and are
considered in their bulk and tri-layer (3L) configurations. The 3L
configurations are considered as the experimentally studied
materials in this work. To avoid the artificial interactions from
the periodic images in the out-of-plane directions, a vacuum of
40 A was considered in these directions. Initially, the individual
configurations were relaxed using geometry optimization with
LBFGS methods within the force and pressure tolerance of
0.01 eV A~ and 0.0001 eV A, respectively. For density functional
theory (DFT) calculations, the linear combination of atomic orbitals
(LCAO) basis set has been considered with the density mesh cut-off
of 125 Hartree, and the Brillouin zone was sampled using a
Monkhorst-Pack grid of 12 x 12 x 1. For structural optimizations,
the Local Density Approximation (LDA) method is considered with
the Perdew-Zunger (PZ) exchange correlation functional. The
detailed results of structural optimizations are tabulated in
Table 1. In this context, it should be noted that no significant
change in the in-plane lattice constants has been observed for Gr
and SnS, in their bulk and tri-layer configurations. Table 1
clearly indicates that because of the LDA-PZ based structural
optimization, the in-plane lattice parameter (a) values are in very
good agreement with experimental results, whereas, the out-of-
plane lattice parameter (c) values are slightly (<5%) under-
estimated. However, the overall results also closely match the
previously reported lattice parameters of graphite and bulk-SnS,
based on LDA.

Next, DFT calculations are performed on the optimized
structures using the Generalized Gradient Approximation
(GGA) method using the Perdew, Burke and Ernzerhof (PBE)
exchange correlation functional. Furthermore, the empirical
correction based on Grimme’s DFT-D2 methods was incorpo-
rated to account for the weak van der Waals forces between the
layers."? In this context, it should be noted that no spin-orbit

Table 1 Calculated and reported lattice constants of graphite and bulk
SI’]SZ

Reported Reported
Lattice lattice Lattice lattice
DFT constant, constant, constant, constant,

Material ~ method a (A) a(A) c(A) c(A)
Graphite LDA-PZ 2.45 Exp. 2.46°  6.48 Exp. 6.71%%

LDA 2.47%% LDA 6.53%
Bulk-SnS, LDA-PZ 3.65 Exp. 3.64"% 5.61 Exp. 5.88"2

LDA 3.63" LDA 5.69"?
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interaction was incorporated as it shows insignificant influence
on band structures of Gr and SnS,.'> Furthermore, for calculat-
ing electron affinities, additional LCAO basis functions above
the surfaces as well as multi-grid Poisson solver with the
Dirichlet boundary condition for the out of plane directions
has been considered to ensure smooth decay of the surface
charge density into the vacuum.? Subsequently, the calculated
electron affinity values for SnS, and Gr were found to be 4.06
and 4.478 eV, respectively, which are in good agreement with
the experimentally reported values of 4.16' and 4.514 eV,**
respectively. The detailed results of electronic band-gaps
obtained for bulk and trilayer (3L) SnS, are tabulated in Table 2.

It is well known that the GGA-PBE method underestimates the
experimentally observed energy band-gaps of semiconductors
principally due to the self-interaction of electrons.”***> Sub-
sequently, in this work, the calculated direct (1.60 eV) and indirect
(1.27 eV) band-gaps using the GGA-PBE-D2 method are found to
be well below the experimental values of SnS,. To address this
limitation, the meta (M)-GGA method with Tran-Blaha (TB09)
exchange—correlation functional has been incorporated which
significantly improves the band-gap estimation capacity for a wide
range of materials without any significant computational cost.**
Subsequently, in this work, the band-gap values of bulk-SnS, is
calibrated with the experimental results by carefully adjusting the
‘c’ parameter in the MGGA-TB09 method. The same c-parameter is
used to obtain the electronic band-structure of 3L-SnS,. Further-
more, the MGGA-TB09 method is also adopted for Gr that shows
no observable change in energy band-profiles compared to those
in the GGA-PBE method.

Fig. 6a indicates that pristine Gr exhibits a semi-metallic
nature with a zero energy band-gap, and the electronic states
near the conduction band minima (CBM) and valence band
maxima (VBM) are populated by the p-orbitals of carbon. On
the other hand, pristine SnS, shows a clear semiconducting
band-gap where the p-orbitals of sulfur and s-orbital of tin
populate the states near the CBM, and the s-orbital of tin and
p-orbitals of sulfur populates the states near the VBM, as shown
in Fig. 6b. Such trends are also consistent with the previous first
principles based reports on Gr and SnS,.***>*° The theoretically
calculated energy band-gaps and electron affinities of Gr and SnS,
can be exploited to visualize the energy band profile of the SnS,/Gr
heterostructure. The as-grown SnS, and Gr show n-type and p-type
characteristics, respectively, forming an n-p heterojunction

Table 2 Calculated and reported energy band-gaps of bulk and trilayer
(3L) SnS;

Reported
Indirect indirect Direct  Reported
DFT band band band direct band
Material method  gap (eV) gap (eV) gap (eV) gap (eV)
Bulk-SnS, Meta-GGA 2.18 Experimental 2.87 Experimental
(TB09) 2.18" 2.88"
DFT (HSE) DFT (HSE)
2.18" 2.61"
3L-SnS, Meta-GGA 2.26 DFT (HSE) 2.68 DFT (HSE)
(TB09) 2.29" 2.54"

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The calculated band structures and projected (orbital) electronic
density of state profiles of the tri-layer: (a) Gr, (b) SnS,, and (c) band-
diagram of the SnS,/Gr heterojunction.

between these materials. The optoelectronic behaviour of the
SnS,/Gr can be better understood by analysing the band diagram
of the heterojunction and also the charge transfer schematic
shown in Fig. 6c. At the interface of SnS, and Gr, the flow of
electrons from SnS, to Gr results in the alignment of the Fermi
level at equilibrium and thereby the development of built-in
potential that prevents further electron transfer. Under visible
light illumination, when the illumination energy is greater than or
equal to the bandgap energy of SnS,, electron-hole pairs are
photogenerated in SnS,. For pristine SnS,, the photogenerated
electron-hole pairs tend to recombine due to the lack of sufficient
internal electric field for effective separation or an intermediate
energy level. Hence the need for Gr arises, which not only assists
in creating the internal field effect but also creates an inter-
mediate energy level. In the case of SnS,/Gr, since SnS, is n-type
and Gr is p-type, there is a creation of an internal electric field
which assists in the effective separation of the photogenerated
carriers. It should be noted that pristine Gr is semi-metallic in
nature but it reacts with the atmospheric oxygen and moisture
which leads to the oxidation of Gr, thereby making it p-type.
Also, in the case of SnS,/Gr, the separation not only happens at
the metal-SnS, junction but also at SnS,/Gr junction which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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further increases the responsivity. Upon visible light illumina-
tion, due to the creation of intermediate energy levels by Gr
which are lower than the conduction band levels of SnS,, the
photogenerated electrons and holes transport to Gr and because
of the high mobility of Gr there is an effective collection of
photogenerated carriers. It should be noted that the contacts are
only on Gr and hence due to the application of external electric
fields, the photogenerated carriers transport to their respective
electrodes thereby generating current. Due to the work function
difference of SnS, and Gr, local electric fields are created which
favours carrier separation. Since SnS, is n-type and Gr is p-type,
there is a formation of a strong electric field which is enough to
separate the carriers. If one of the contacts is taken from SnS,
then the photogenerated holes would be trapped in SnS, which
leads to the enhanced recombination due to the increased
concentration of holes in SnS, thereby decreasing the responsivity
and eventually leading to the failure of the device.

There are various reports on SnS, based photodetectors
because of their low-cost, environmental friendly nature, and
excellent optoelectronic properties and the wide variety of
synthesis approaches they offer.”*® Huang et al., performed
the exfoliation of the SnS, monolayer and demonstrated it as an
efficient photodetector.>® Song et al., fabricated a high perfor-
mance top gate monolayer SnS, based transistor using
chemical vapor transport method for next generation flexible
optoelectronic applications.*® Xiang et al., developed a process
for a large area growth of SnS, using the chemical vapour
deposition technique and projected its application as a
photodetector.> Su et al., studied the dielectric screening effect
and concluded that it enhances the photogenerated carrier
mobility leading to higher responsivity.*" Even though there
are reports on SnS, based photodetectors, the fabrication
technique involved is highly sophisticated which not only
makes it expensive but also energy inefficient and not suitable
for mass production. Furthermore, the use of pristine SnS, has
the issue of recombination which affects the performance of
the fabricated device. Chen et al., demonstrated the use of SnS,/
Gr for photodetection application.*” But SnS,/Gr was drop cast
which is a very facile method and leads to device to device
variation in performance. Furthermore, no detailed transport
mechanism was studied to understand this unique heterostruc-
ture. To date, there are few first principles calculation based
reports on Gr/SnS, heterostructures and to the best of authors’
knowledge none of these reports explored Gr/SnS, for photo-
detection application.**** There are no reports on utilizing the
direct growth of SnS, on a flexible substrate with high repeat-
ability and Gr as a transport layer to enhance the photodetec-
tion performance. In this work, we demonstrate the large area
growth of SnS, on Gr/cellulose paper and its utilization as
a broadband photodetector. Also, detailed DFT simulations
were performed to thoroughly understand the band structure
and charge transport mechanism. Furthermore, the process is
generalized and can be applied to any functional material or
substrate of choice. The overall cost for the fabrication of a
single SnS,/Gr device was ~0.3 $. The entire fabrication
process is scalable and can also be used for large area synthesis.

Mater. Adv,, 2021, 2, 2373-2381 | 2379
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Conclusion

This report is the first demonstration of large area growth of
SnS, on a Gr dip coated cellulose paper substrate and its
application as an efficient broadband photodetector. Detailed
DFT based first principles calculations were performed to
understand the band structure and the charge transport
mechanism of this unique heterojunction. The responsivity
was calculated to be 6.98 and 3.67 mA W™ for visible and UV
light illumination, respectively, suggesting the device to be
more responsive towards the visible region which might be
attributed to the higher absorption in the visible spectrum. The
fabricated device was highly durable as it was noted that there
was a negligible change in the responsivity values after 500
bending cycles. The successful fabrication of such a low-cost,
simple yet highly effective SnS,/Gr heterojunction on bio-
degradable cellulose paper opens up avenues of research on
wearable broadband photodetectors.
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