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Abstract

In this research, we fabricate SnS films using a low-cost spray pyrolysis technique. Several parameters such as grain size, textural
coefficient, Sn concentration, root mean square (RMS), optical band gap, Urbach and dispersion energy are determined by the mean
of X-ray diffraction pattern, UV-Vis measurements, surface morphology observation by scanning electron microscopy (SEM)-energy
dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), selective area electron diffraction (SAED) and atomic
force microscopy (AFM). Furthermore, SnS thin films exhibit a polycrystalline structure having a low grain size of 6.1 nm along principal
(111) orientation. The optical band gap is around 1.9 eV and Urbach energy is of 740 meV. The dielectric parameters of chalcogenide
SnS thin film are varying with photon energy within ultraviolet-visible-infrared (Uv-Vis-IR) bands. Besides, the single oscillator £, and £,
energies are found to be 2.03 and 3.28 eV, respectively, using the Wemple and DiDomenico (WDD) model.

Electrical measurements of SnS thin films deposited onto Indium Tin Oxide (ITO) substrate are accomplished and current-voltage
(I-V) characteristics of SnO,/SnS/ITO, are shaped in dark and room temperature conditions. Photovoltaic parameters like open circuit
voltage (V, ), short circuit current (/. ), fill factor (FF) and power conversion efficiency (7) values are determined and SnO,/SnS/ITO

junction records the highest values.
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1 Introduction

Due to their outstanding characteristics and important
potential for application in optoelectronic devices, binary
compounds based on the Sn-S system have received a lot
of research over the past few decades. Tin sulfide SnS is a
chalcogenide, ABX (X = S, SeTe), semiconductor having a
place with the IV-VI family. It is perhaps the main oxide
semiconductors described by the double nature p and n con-
ductivity relying upon the tin concentration, which permits
the production of homojunctions. A few micron thick film
having a large absorption coefficient (> 10° cm™) [1-2],
e.g., can absorb all photons with energies noteworthy higher
than its gap energy comparing with CdTe and PbS chalco-
genide semiconductors. The SnS is direct and indirect semi-
conductor whose gap is ranging within (1.1-1.43 eV) [3].
Due to their electro-optical, environmental safety, and cost
characteristics — all of which are crucial for photovoltaic

applications — tin sulfide semiconductor materials (SnS )
rank among the most thoroughly investigated photovoltaic
semiconductor [4]. The p- and n-type SnS thin films via vac-
uum-free growth process are already fabricated as reported
by Mohan et al. [1]. SnS thin films are grown on glass sub-
strates using several processes as radio-frequency (RF)
magnetron sputtering [5], thermal evaporation [6], spray
pyrolysis (SP) [7, 8], successive ionic layer adsorption and
reaction (SILAR) method at high solution temperature [9],
hydrothermal technique [10] and vacuum-free growth [11].
Tin monosulfide (SnS), a suitable IV-VI semiconductor
2D material, is being investigated for potential applications
such as photocathode solar cells and a photoelectrochem-
ical (PEC) water splitting due to its good visible absorp-
tion, fast separation efficiency caused by high carrier mobil-
ity, non-toxic abundant earth constituent elements, and high
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chemical and environmental stability. A p-type conductivity
SnS semiconductor has a suitable band gap of 1.7-2.1 eV
[12]. The use of RF sputtering for making SnS/Ag/SnS films
for photovoltaic applications is previously mentioned in lit-
erature [13]. In this research, we fabricated SnS based thin
film and p-n junction diode using a low-cost spray pyroly-
sis technique onto glass and Indium Tin Oxide (ITO) sub-
strates. Up to our knowledge, many researches have been
reported on SnS thin films but no papers have reported on
SnS based thin films and SnO,/SnS pn junctions and their
physical-electrical properties.

2 Experimental procedure

The glass substrate is carefully cleaned with chromic
acid and doubly distilled water. Firstly, ITO of resistivity
2-5-Q x cm is thoroughly cleaned by agitating in trichlo-
roethylene (TCE) and acetone, with an intermittent clean-
ing by deionized and doubly distilled water. Later they
are cleaned with acetone in order to remove the residual
oxide. After drying, the substrates are transferred to the
substrate holder for thin film deposition.

SnS, SnO, in SnS/Sn0O, thin films are prepared in the
indigenously built chemical spray pyrolysis setup. SnS
thin films are produced with SP technique onto glass sub-
strate at 350 °C with 5 mL/min for 10 min. SnS chalco-
genide film is produced from 0.08 M of SnCl, - 2H,0 and
Na_S dissolved in isopropyl alcohol. The parameters such
as the substrate-nozzle distance (SND) and the flow rate
of the solution are kept constant at 24 cm and 5 mL/min,
respectively. The solution and its pressure are kept con-
stant at 0.7 kg/cm? for all depositions. The baked films
are removed from the spray chamber after 4 h, after they
cooled to room temperature and are stored in a moist
free environment. The thickness of thin films evaluated
with gravimetric method and surface profiler are in the
range 0.4-0.5 um. Electrical contacts are made between
the film surface and the holder with carbon tape to avoid
charging. For the Sn,O/SnS junction, the solution is made
with 0.40 M of SnCl, x SH,O and 0.025 M of SnS as pre-
cursors dissolved in 100 mL of ethyl alcohol. 5 mL of
0.1 M of HCI was added to the solution as a catalyst in
order to increase the solubility and to facilitate the simul-
taneous condensation and elimination reactions. The
X-ray diffraction analysis is carried out at room tempera-
ture with an automatic X-ray diffraction BRUKER-AXS
type D2 diffractometer using the Cu, (4 = 1.5405 A)
wavelength in the 26 10—80° range at room temperature
by a step of 0.02 at 40 kV. The optical transmittance and
reflectance are measured using a Shimadzu UV-3600
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spectrophotometer. Surface morphology is character-
ised using a scanning electron microscope (SEM) from
Hitachi S-3400N, Japan. The 2D atomic force microscope
(AFM) images are obtained in contact mode. The junc-
tion characteristics in the dark and clearly A (GE-ELH)
lamp is used as light source. This lamp has a power of
300 W and runs on 120 V. It also has a reflector to pro-
duce a bright white light on the surface of the solar cell.
The spectral distribution of this lamp is nearly identical
to the solar spectrum, with the majority of the luminous
intensity distributed in the visible range (400 to 700 nm).
This intensity is measured with a Suryamapi intensity
meter in mW/cm?. The values 7 and V are measured using
PHILIPS n°341 digital multimeters. The /-V characteris-
tics in dark condition are measured by completely enclos-
ing the solar cell in a black box and polarizing it with
Aplab d.c. alimentation ranging from +2.0 V to -2.0 V.

3 Exploitation and discussion of results

3.1 SnS thin film

3.1.1 X-ray diffraction

Based upon X-ray diffraction analysis, our samples pres-
ent a polycrystalline structure according to preferential
(111), (200) and (311) orientation as seen in Fig. 1, showing
intense peaks at 28.06° 35.34° and 53.05° as tabulated in
Table 1. According to literature, the main intense peaks
of SnS films prepared by SILAR technique, are (111),
(201) and (220) [14]. Others less intense are (311), (222),
(400), (331), (420) and (422) [14]. As indicated in Table 1
and according to Af values, three main peaks are shifted
to lower 26 angle unlike (200) which is shifted to higher
ones. This fact confirms the polycrystalline structure of
SnS chalcogenide based thin film. As shown in the X-ray
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g. 1 X-ray diffractogram of SnS thin films prepared by spray pyrolysis
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Table 1 Structural parameters of SnS film"

0

Orientations (hkl) ?“? ?,? lnte;nes;;(y of (f) Peak area (niq) Tc g/lr?;; (f/o )
(111) 28.06 -0.31 175 1.40 155.21 6.10 1.02 27 0.024
(200) 35.34 2.19 176 1.51 151.5 5.84 1.05 29 0.021
(311) 53.05 -2.95 154 1.68 149.5 5.52 0.91 33 0.015
(400) 66.61 23 75 - - -

20 (°) is Bragg angle, A@ = Omeasured-fstandard, £ is full width at half height, G is grain size, Tc is the textural coefficient, ¢ is the dislocation

number and ¢ is the residual strain

pattern, a (111)-oriented cubic crystal structure is revealed
with a space group F43m(216), a = 5.445 A [15].

The relation between the inter-planar distance d,
the lattice parameter a, and the Miller indices (4,k,[) is
given by [16],

2 2 2
1 =[h +k2 +1 j 0

& a

A0 is the difference between the measured value of 6 (where
26 is from X-ray analysis), and its value given by stan-
dard JCDPS card. G is the grain size given by Eq. 5 for the
main peak by using a gaussian fit parameters. o is expressed
in Eq. 4, ¢ is expressed in Eq. 3. and T is given by Eq. 2.
Table 1 lists the structural parameters of SnS chalcogenide
material based thin film. Grain size is found to be within
5.52-6.10 nm. Such findings are nanoscaled as confirmed
by SEM, AFM, TEM microscopic observations. The textural
coefficient of SnS film is ranged within 0.9—1.05. This fact
confirms the good crystallinity of SnS film for the high value
of T . The dislocation number is ranging between 27 x 10"
and 33 x 10" 1/m?, residual strain varying 0.015-0.024 are
the obtained values of SnS film from X-ray pattern analy-
sis. It is reported that SnS orthorhombic exhibits the lattice
parameters a = 11.20 A, 5 =3.99 A and ¢ = 4.34 A, p-type
semiconductor is revealed [17].

Based upon the X-ray pattern, the intense orientations
of cubic SnS are located at 26 26.58, 30.77 and 31.68, and
less intense at 35.47, 39.47, 44.13, 48.38, 50.37 and 57.07.
The resulting peaks have a good match with the cubic SnS
diffraction peaks with lattice constant a of 11.6 A that
have been described previously [18—19]. The (111), (131),
(141), (112) and (122) orientations of orthorhombic SnS
phase are located at 31.5°, 39.0°, 44.8°, 51.1°and 53.1° are
reported as cited by Olgar et al. [5].

It is reported that orthorhombic SnS phase demon-
strated a polycrystalline structure recording (201), (011),
(111) and (400) planes situated respectively at 26.45°
30.69°, 31.60° and 32.15° as Nouri et al. cited before [7].

The textural coefficient (7)) is considered to define the pref-
erential orientation (/k7) using the following relation [20],

I(hkl) / IO(hk/)

1 ' @
ﬁzl(hk/) /]O(hkl)

Where /

(hkl)
Lo is the standard intensity according to cubic SnS
77-3356 JCPDS card while orthorhombic SnS structure
obeys to card No: 01-071-3679 [7] and N is a reflection

number. Residual stress () expresses as follows [21],

= p .
4tan 6

is the measured intensity of the plane (hk/),

©)

p is the full width at half height of the intensity peak, and
20 is Bragg angle.
Dislocation density J, as a function of grain size G,

is given by [21],
1
5= el )

where G is the grain size given by Eq. 5.

It is confirmed that grain size of SnS film is increasing from
14.01 nm for (002) orientation to 88.18 nm for (103) orien-
tation while strain value is insignificant for (103) direction.
These results reveal as well as the X-ray pattern reveal the
high crystalline quality of the film. Structural data of SnS
film extracted from X-ray analysis are gathered in Table 1.
The grain size of SnS chalcogenide material based thin
film, G, is calculated using Scherrer formula as [21],

G- 0.941 .
B cosO

®)

Where 4 is the X-ray wavelength used (1.54 A). Grain size
values 8-20 nm of SnS prepared by sputtering are found
as reported by Olgar [5]. As reported in previous works,
SnS thin films in cubic SnS and orthorhombic SnS,,



and Sn,S, are produced and others phases like cubic SnS
and orthorhombic SnS,, Sn,S, are obtained as cited in
reports [18]. cited in reports [18]. Such phases are formed
in Pnma, F43m, P3m space groups and cubic crystalline
structure exhibits a lattice parameter of 6.5 A [22].

3.2 Textural analysis of SnS based thin film

3.2.1 SEM and EXD analysis

The surface morphology of SnS film is observed by SEM
as seen in Fig. 2a. The profile of SnS film shows a homo-
geneous, compact and dense aspect. Nanograins look like
sheets are displayed in surface. This result is in good agree-
ment with that obtained by X-ray pattern. Quasi-spherical
forms are present in surface as shown by arrows. The chem-
ical composition of SnS thin films and its statistical data of
Sn and S atoms are given by EDX study as illustrated in
Fig. 2b. Sn and S are two elements analyzed by EDX with
different intensities with high amount of Sn. EDX obtained
values are gathered in Table 2. Similar tendency is already
reported for orthorhombic phase of SnS crystal because S
atom is more volatile than Sn atom. This finding corrob-
orates with previous results of orthorhombic SnS [23-24].
This research also demonstrates that our SnS film is com-
posed entirely of tin and sulfur, and that the glass substrate

0000 1246 SEI

20kV  X1,500 10pm

Fig. 2 Scanning electron microscope images, arrows show nanograins

Table 2 Data obtained from EDX

Element Net counts \N(e;)g)ht /32221)‘[1
Sn 2837 18.66 56.09
S 17782 775 13.28
Sn 87124 60.17 25.20
S 18176 13.42 5.43

Total 100.00 100.00
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has no effect on the film. Curved lines and grains looking
like dots are observed in SEM picture of SnS film as shown
by arrows in Fig. 2a. The surface is homogeneous with a
few voids. Grain tangling is seen on the surface, giving the
film a compacted aspect. As it has already reported, the
nanoflakes shaped like grains of SnS with pinholes and a
crack-free surface are presented [19]. EDX diagram shows
56 atom% for Sn and 13 atom% for S recording a S/Sn ratio
less than Y4 as sketched in the inset of Fig. 2b.

Although the SEM pictures of as-deposited and
annealed SnS thin films indicated low crystallinity, the
thin film displayed greater grain size. This outcome is
consistent with the film results given by X-ray diffracto-
gram and Raman spectroscopy [5].

In the SEM micrographs needle-shaped grain mor-
phology was discovered in sprayed SnS film as cited by
Jeganath [8]. Using vapor phase deposition technique,
platelet crystals of SnS thin films are produced as con-
firmed by SEM images [25].

The SnS film surface morphology at various substrate
temperatures are already studied. Grains look like rice as
seen by SEM analysis. Rice grains are distributed nearly
uniformly on the surface of the SnS film, with a few holes
that can alter in size. Sn and S cations are found to be 50
and 49.9% as revealed by EDX analysis [26].

3.2.2 2D and 3D-AFM scanned images

Fig. 3 A-C display the 2D histogram and 3D AFM pictures
of SnS films produced onto glass. The analyzed (2um x 2um)
surface reveals the uniform distribution of grains, compact
with micro-crystallites which confirm the presence of sheets.

02 !
0.1

0 200 400 60 800
Fig. 3 2D (A), histogram (B), and 3D-scanned AFM (C) 2um X 2um)
picture of SnS film. Arrows show the nanograins (A)
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This result supports that demonstrated by SEM analysis. The
root mean square (RMS) given by the horizontal cross section
at 1000 nm is ranging in 0.1-0.7 um as depicted in Fig. 3B. As
reported in previous works, AFM images confirm that grain
growth is dependent on film thickness for 7-SnS films grown
by varying the number of deposition cycles using chemical
bath deposition [27]. Moreover, the grain boundaries become
more visible as both film thickness and grain size increase.
The occurrence of larger grains as film thickness increases
could be attributed to the coalescence or agglomeration of
smaller grains during a chemical bath deposition (CBD)
growth [27]. Effect of molar concentration on tricthanolamine
(TEA) added SnS thin films grown by SILAR route is inves-
tigated. Surface roughness and surface height are found to be
0.16-0.93 nm and 0.44-3.72 nm, respectively for an electron
microscope magnification of 10 and 5 wm as mentioned by
Mani et al. The particle height ranges from 0.44 to 1.27 nm,
and the particle size is irregular. The smoothness improves as
the maximum particle height decreases [28].

3.2.3 TEM and SAED analysis

High resolution TEM image of SnS film is accomplished
at 20 nm scale as displayed in Fig. 4A, while Fig. 4B
displays the selected area electron diffraction (SAED)
images of the as-grown sample showing halo rings. The
five circles of the layered SnS structure correspond to the
(111), (200), (220), (311), (400) intense peaks in the X-ray
diffractogram. SAED images, hence, confirm improved

20 nm)
—

Fig. 4 High resolution TEM image of SnS film. 20 nm scale is displayed
at bottom, Nano-aggregates are displayed by arrows (A). Selective area
electron diffraction SAED (B). 2 1/ nm scale is displayed at bottom.
Circles 5, 4, 3,2 and 1 correspond respectively to (111), (200), (220), (311),
(400) directions extracted from X-ray diffractogram.

ordering or crystallinity with increasing grain size,
explaining the trend in electron diffraction with grain
size. Both sample types showed a thick and consistent
surface microstructure, as was already indicated.

It is observed from the TEM image that the average size
of these particles is approximately 10 nm. So, grains look
like semicircular and circular forms as indicated by open
circle and rectangle and arrow in Fig. 4A.

The film surface shows two different contrasts neighbor-
ing each other. Assembled circular objects confirm cubic
SnS phase occurrence and dispersed ones might corre-
spond to the other SnS phase in being present very small
amount. In the SAED analysis of SnS film the rings 1-5
are related to the intensive peaks. Analyzed by TEM micro-
scope, the a-SnS phase is dominant in the sample, a small
amount of 7-SnS is also detected [29]. Several planes corre-
sponding to p-SnS are observed by SAED analysis as cited
by Rodriguez-Guadarrama et al. [30]. In this work (400),
(410), and (222) orientations are identified by TEM analysis.
According to SAED, the p-SnS (221), (222), (400), (410),
(421), and (440) planes are the primary diffraction spots,
which are in agreement with the X-ray diffractogram [30].

3.3 UV-Vis-IR measurements

The transmittance 7 and reflectance R versus photon wave-
length A within the UV-Vis-IR range of sprayed SnS thin film
at 350 °C are depicted in double Y-axis in Fig. 5. A drastic
increase of transmittance profile from UV is observed with the
highest point of 73.7% at 1093 nm. The transmittance shows
a slight peak of 13.7% in the UV range whereas R a decay
in UV and reaches roughly a plateau from 600 to 1100 nm.
Transmittance in terms of absorption coefficient o and film
thickness e is expressed by the Beer-Lambert law [31],

A (nm)

Fig. 5 The transmittance (left) and reflectance (right) versus photon
wavelength of SnS thin film produced by spray pyrolysis route.

Inset shows SnS raw material
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Where R is the reflectance coefficient and o depends on e
and T as follows [32],

a :ém[%) . %)

It is noted that the films are highly transparent in the vis-
ible region and poorly in the ultraviolet region. The trans-
mittance profile does not exhibit oscillations. Similar growth
in transmittance 7-Inl curve was found by Kafashan et al.
[33]. Orthorhombic SnS presented a band gap of 1.09 eV and
1.32 eV for indirect and direct transition semiconductors [34].

Such features open to our device, having z-cubic crys-
tal structure, many applications such as optical window in
solar cell. Such optical properties could be interpreted by
the high crystalline structure and the morphology of films
due to their increase in grain size. Because the number of
photons absorbed by the materials rose as the crystallinity
and thickness of the SnS thin films grew due to the grow-
ing pressure, the transmittance spectrum shifted to the
long infrared wavelengths. Highest values of transmittance
are recorded in the 1200-2000 nm region and the band gap
E, is ranged within 1.47-1.56 eV as written before [35].

Fig. 6 demonstrates the profile of absorbance A in the
200-1100 nm range. A strong absorbance of our film within
A < 300 nm, which defines the near band edge in UV, is
clearly observed. So, a transition inter-band may cause
this strong absorbance which explains its use for optical
bandgap determination. Consequently, the SnS material is
transparent in such high wavelength bands.

The gap energy of SnS film is calculated by theoretically
adjusting the above cited curve of (a4v)"3 [35] as a function

4. j
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Fig. 6 Absorbance profile vs. photon wavelength of as-grown SnS films
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of the input photon energy /v as displayed in Fig. 7. The esti-
mated bandgap is 1.9 eV for SnS film. Due to its high optical
absorption coefficient (higher than 104 cm™) tin sulfide has
attracted the most interest among various semiconducting
metal chalcogenides [2]. The SnS thin film displays the best
gap energy 1.52 ¢V as Nouri reported [7].

Urbach energy £ is determined by plotting Ina against
energy /v according to the following equation [6],

E, - dhv .
dino

®)

The Urbach energy £ (meV) can be obtained by plotting the
linear component of the Ina vs. iv curve as shown in Fig. 8.
E value is found using the slope of the linear component of
Ina vs. hv value as indicated by Eq. 8, within 1-6 eV energy
range. From curve Ino—hv, slope is found to be 1.35 as
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Fig. 7 Plotting of («hv)*® vs. photon energy of as-grown SnS films.
Inset indicates the straightline to v axis evaluating the optical bandgap
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Fig. 8 Plotting of « as a function of photon energy /v of SnS thin

film (disorder determination). Linear part of curve is indicated

by open circle
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indicated by the open circle in Fig. 8 and £, = 740 meV. £
is much less than, and the ratio of £ to E, is approximately
E /E,~0.4. This minor value is due to a decrease of defects
and an increase of grain size which explains the drop of dis-
order inside the SnS crystalline structure. SnS, one of the
few inherent p-type semiconductor materials, has drawn a
lot of attentions due to its exceptional and distinctive char-
acteristics of high conductivity and enormous absorption
coefficient (> 104 cm™) [10]. The orthorhombic SnS crys-
tal structure is deformed like the structure of sodium chlo-
ride. The direct and indirect bandgaps for SnS are found
to be 1.32 eV and 1-1.3 eV, respectively [10]. Cu-doped
SnS thin film present an optical band gap ranging from 1.83
to 1.90 eV. All films reveal high electrical resistivity (10—
10° Q cm), low hole concentration (10""-10"> cm), and
p-type conductivity, according to Hall-effect experiments as
mentioned earlier [10]. A transmittance of sprayed SnS film
reaches 55% at 1400 nm as Sarica reported [36].

A bandgap within 1.84-1.45 eV is confirmed by SnS
film produced by chemical spray pyrolysis (CSP) tech-
nique and a highest optical absorption coefficient of
10° cm™ in the visible band is recorded [1, 37].

3.4 Dielectric parameters and single oscillator model

According to the theory the electron oscillation excitation
between the conduction and valence bands (inter-band
transitions in and around the band edge) is responsible for
the refractive index of the materials in the visible range.
In order to explore the dielectric behavior of chalcogenide
SnS based thin film, the extinction coefficient k4, and
refractive index are plotted as a function of photon wave-
length A using R = 100—7-4 and expressed as [38—40],

K(D)=-"In {(14(1))2}\/[(1%(1))“+(R(/1))2J :

Azt 27(2) 4(r(R))
©)]
~ (1+R(l))} 4R(2) 2
n(l)_[l—R(/l) +\/[(1_R(;L))2 (k(l))j, (10)

1 (1-R(2))’ (1-4R(1) )
o {{ 27(7) }\/( aay j}

(11)

where ¢ is the layer thickness.
Fig. 9 depicts the variation of £ of SnS chalcogenide film
versus the photon energy. It is noted that & is decreasing from

-

I <

0.4
0.3 5.8 eV
0.2

0.1 5.2eV
1 2 3 4 5 [

hv (eV)

Fig. 9 Extinction coefficient k£ of SnS film vs. photon energy.

Minimum of & at 5.2 eV is marked

low photon energy to higher energy showing a minimum at

5.2 eV as seen in Fig. 9, while a Gaussian shape curve is

found for the refractive index » as dispkayed in Fig. 10. This

curve reaches a maximum of 2.6 at 3.12 eV within visible

range. Glass exhibits a value of 1.5, and for SnS, n = 2.49—

2.8 [39]. Lower values of n 1.35-1.66 are reported before [5].
R in terms of n and £ is expressed as [40],

2 2
R:w’ (12)
(n+1)" +&°
P (13)
4z

The expression is used to fit the refractive index in terms
of the photon energy Av, the energy of the effective disper-
sion oscillator £, and the dispersion energy £, Wemple 's

3.

2.5
2.0

<
1.5
1.0
1 2 3 4 [
hv (eV)

Fig. 10 Refractive index n of SnS film vs. photon energy. Max 2.62

is indicated



and DiDomenico's single oscillator model presents the fol-
lowing expression between n and Av [41-42],

1 E, (W)

= : (14)
n-1 E, E,E,

The ratio E/E, = 0.62 is the intercept and the slope
1/EE, = 0.15. So, the obtained values are £, = 3.28 €V,
E;=2.03 eV from the linear fit of 1/(n*~1) curve against
(hv)? of SnS film within 1.8-2 eV? as indicated in Fig. 11.
Compared to the optical band gap, the ratios Eg/E ,0.6 and
Eg/EO 0.9 indicated the difference. Variation of the param-
eters £, and £ for the single oscillator model proposed
by Wemple and DiDomenico vary with the grain size.
While E, rises with increasing grain size, £, follows the
same trend as the band-gap as reported earlier [43]. £ and
E =12-2.6¢eV and 1.8-2.2 eV, respectively, when grain
size goes from 10 to 30 nm [43].

3.5 Photoelectrical properties of SnO,/SnS junction

A schematic cross-section of the Ag/SnO,/SnS/glass and
Ag/Sn0O,/SnS/ITO junction diodes is drawn as seen in
Fig. 12. In aim to explore electrical behavior of devices,
of SnO,/SnS/glass  and
SnO,/SnS/ITO are achieved. Here, the electrical prop-

electrical ~characterizations
erty evaluations of our devices based on SnO, and SnS are
performed in the dark and at room temperature as shown
in Fig. 13 (a, b). Such figures exhibit the transport mech-
anism of thin films from solar cells (SnO,/SnS/glass and
SnO,/SnS/ITO) in dark, where the current increases as the
bias voltage changes. We notice that the variation of current
vs. voltage is nearly linear, indicating that the contacts of
silver are ohmic. It is displayed roughly a curve growing
from —1 pA to 1 pA within -0.3 V-0.3 V and 4 V4 V

0.34

o 1(n3-1)
0.340 <. —-—-Linear fit

i y = Intercept + B1*xM N,
Equation N
0.320 Weight No Weighting Y

Residual 0.00218
Sum of \N

0.315 [R5 RSqua 097274 oS
Value  Standard Err N,

” . Intercept 0.6209 0.0016
0.310] |70PA=1 g 01553 8.41921E-4

1.80 1.85 1.90 1.95 2.00
hvZ(ev?)

Fig. 11 The curve of 1/(n*-1) against (hv)? of SnS film. The intercept
and slope are 0.62 and —0.15, respectively
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Ag contact»
Sn02 film

SnS film
Glass or ITO d

Fig. 12 A schematic cross-section of the Ag/SnO,/SnS/glass and
Ag/Sn0O,/SnS/ITO junction diodes
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Fig. 13 [V characteristics of SnO,/SnS/glass (a) and SnO,/SnS/ITO

(b) junctions

voltage range, respectively, for both junction onto glass
and ITO substrates. Ag contacts based on films and sub-
strates have an ohmic character, and the interface provides
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no potential barriers to charge carriers. The current — volt-
age (I-V) characteristics of solar cell under light SnO,/SnS/
glass and SnO,/SnS/ITO are studied as shown in Fig. 14.
The findings show the electrical transport mechanism
of our PN junctions where the current increases with volt-
age. A good rectification is shown and the absence of a
reverse current (leakage current) are noted. The presence
of a potential barrier formed by heterojunction is con-
firmed by the direct polarization. The saturation current

220
20.0

18.0 - onto Glass
16.0/15.98
14000

12.0

100 1}11'35

gd JIM
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40

20 Vm 200.27 45
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(b)
Fig. 14 Photovoltaic parameters extraction of SnO,/SnS/glass (a) and
Sn0O,/SnS/ITO (b) using approximative method of rectangle

1, is extracted from the graph /-V forward voltage side
and the photovoltaic parameters like the short circuit cur-
rent density (J, ), open circuit voltage (V, ), maximum
current density (J, ), maximum voltage (V) ), fill factor
(FF), efficiency (1) and saturation current (/) are listed
in Table 3. The fabricated heterojunctions using n—SnS
and p—c—Si demonstrated the reverse saturation current
(J,) of 1.7 uA as mentioned previously [37].

A transparent photovoltaic device built on thin films
of n-Ga203/p-SnS heterojunction is reported [44].
The manufactured devices showed an optical transmit-
tance of 70% and 50% in NIR and visible bands, respec-
tively. The Ga,0,/SnS heterojunction quality was greatly
enhanced by adjusting the film thickness of the thin-
film Ga O

2732
1.15 mA/cm? and an open-circuit voltage of 0.527 V. Under

resulting in a high photocurrent density of

UV light exposure, such heterojunction power conversion
efficiency was 2.9% [44].

In previous work, Al/ITO/i-ZnO/CdS/SnS/Mo/SLG is
soda-lime glass, is fabricated by RF sputtering process by
changing the working pressure from 0.6 Pa to 2.6 Pa as
reported by Son et al. [35]. SnS film is used as absorber,
while CdS is the buffer and ZnO is the window [35]. Under
several pressures, the photovoltaic parameters are changed
as: V is 0of 0.12-0.14 V, J _is of 7.3-10.3 mA/cm?, FF is of
35-39% and PCE is of 0.32—0.58% [35].

TiO,/SnS/Ag solar cells are fabricated by spin coating
route and heated within 25-85 °C. The V, ,J_, FF and PCE
parameters are found to be 0.33-0.42 V, 1.92-2.21 J/cm?,
0.46-0.52 and 0.29-0.47% as a result of temperature for
TiO,/SnS/Ag junction as mentioned earlier [45]. The effect
of Cu doping on the properties of the sprayed SnS films was
reported [36].

The values of / and V, are taken directly from the image,
while the values of / and V', are represented by a large rect-
angle drawn in the direction of the characteristic I~V [46-47],
as shown in Fig. 14. The extracted curve parameters are used
to calculate FF'[46—47] according to,

_Ime
1V, —

sc’ oc

FF 1s)

Table 3 Photovoltaic parameters of SnO,/SnS/glass and SnO,/SnS/ITO junctions

oo Ve I Ve FF U Iy

(mA/cm?) (mV) (mA/cm?) (mV) (%) (%) (nA)

SnO,/SnS/glass 15.98 450 11.35 200.27 0.32 227 10
SnO,/SnS/ITO 19.37 473.26 14.37 235.84 0.37 3.38 1




J and V are marked in figure 14 a and b in annexe file
values are comprised between 0.32 and 0.37, respectively,
for our junction based SnS film on glass and ITO substrate
as indicated in Table 3. Efficiency in terms of V| and FF'is
given as follows [46—47],

V.1 FF

— _oc”se s 16
== (16)

where P, is the light power per surface unity (1000 mW /cm?).
As confirmed by findings, the best efficiency is obtained for
SnO,/SnS/ITO which shows that junction deposited onto
ITO substrate delivers an open circuit voltage of 473 mV and
a short circuit current of 19 mA/cm? and fill factor of 0.369.
It is reported that Al/SnO,/n-Si/Au exhibited /, of 100 nA.
Besides, a junction based on SnS film exhibits photovoltaic
parameters such as J and PCE 17.13 mA/cm? and 5.24%,
respectively, as reported by Nguyen [13].

As reported earlier, under AML.5 spectrum with light
of 100 mW/cm? conditions, 1TO/ZnO/CdS/SnS/Ag and
ITO/ZnO/Cd(S,0)/SnS/Ag diodes are fabricated via RF sput-
tering route and exhibit, respectively, 0.22 V, 9.52 mA/cm?,
0.26, and 0.55% and 0.28 V, 11.74 mA/cm?, 0.34, and
1.12% [48]. Light and dark /-F characteristics of the
as-grown SnS thin film photodetectors are previously inves-
tigated. The current is increases by light exposure and
reaches microamperes as cited earlier [26]. It is noticed that
the photovoltaic parameters of FTO/CdS/p-SnS/C solar cells
are 354 mV, 1.16 mA/cm?, 0.32 and 0.13% [30]. The as-de-
posited p-SnS films fabricated at various pH values present
the electrical conductivity values in light of 110 pS/cm and
of 53 nS/cm and high photoresponse is found to be 17.4 [30].
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