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Research Highlights:
e Successfully synthesized SnS/SnO nanostructured material using successors ionic layer absorption and reaction (SILAR) technique.
e Granular nanocrystals were visible in the materials, and they were strewn unevenly and randomly throughout the glass surface.
e [t was found that the sample processed at room temperature had the largest energy band gap.
e The transmittance in the visible area of the spectrum was stable and SnS/SnO was at its maximum in the UV region
In this research, the SILAR method was used to synthesize environmentally-friendly SnS/SnO material for photovoltaic application,
where 0.1 M of tin (I) chloride dihydrate (SnCl2.2H20) was used to create the cationic precursor solution, and 0.01 M of thioacetamide
(C2HsNS) was used to create the anionic precursor solution. The X-ray diffraction patterns of SnS/SnO material deposited on glass
substrate at various deposition temperatures recorded a major peak at 45°C at 2 theta of 31.8997°, which corresponds to the face-
centered cubic crystal structure (FCC). Diffraction peaks are visible in the pattern at planes 111, 200, 210, 211, and 300, which
correspond to angles of 26.58°, 31.89°, 39.61°, 44.18°, and 54.85°, respectively. It was discovered that the crystallite/grain size and
the lattice parameters decrease as the temperature of the deposition material rises. Granular nanocrystals were visible in the materials,
and they were strewn unevenly and randomly throughout the glass surface. The spectra of the absorbance demonstrate that as light
radiation passed through SnS/SnO films, it absorbed radiation as the wavelength increased from the UV region to the ultraviolet region
of the spectra. It was discovered that the precursor temperature influences the material's absorbance; as the temperature rises, the
absorbance decreases, making SnS/SnO an excellent material for photovoltaic systems. The transmittance in the visible area of the
spectrum was stable and SnS/SnO was at its maximum in the UV region, it increased as the wavelength increased in the NIR region.
It was found that the sample processed at room temperature had the largest energy band gap. SnS/SnO reveals an increase in thickness
from 114.42 — 116.54 nm which resulted in a downturn in the resistivity of the deposited film from 9.040x10° — 6.455x10° (Q-cm)
while the conductivity of the deposited material increased from 1.106x10710 — 1.549x10°1° (Q-cm).
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1. INTRODUCTION

Recently, there has been a lot of interest in the possible applications of semiconducting metal chalcogenide thin
films in solid-state devices, such as photovoltaic, photoelectrochemical, photoconductive cells, solar cells, sensors, etc.
The most interest has been shown in thin sulphide, a semiconducting metal chalcogenide with a high optical absorption
coefficient and photoelectric conversion efficiency. An IV-VI semiconductor built of cheap, plentiful, and non-toxic SnS.
It is possible to produce ecologically acceptable semiconductor materials for solar energy applications, such as tin
sulphide and tin oxide, using the SILAR method. SnO, and SnS are important conversion materials because of their
widespread natural occurrence, high theoretical gravimetric capacity, and environmental friendliness [1]. As a prospective
window/buffer layer material for heterojunction solar cells, SnO, is considered one of the more recently approved
transparent conducting oxides. However, it's an n-type semiconductor with a broad energy band gap of 3.8 eV and a
higher molarity of free electrons than holes.

The SnS, on the other hand, is regarded as a more advantageous absorption layer material due to its high absorption
coefficient, the p-type semiconductor band gap of 1.3 eV, and significantly higher hole concentration [2]. As a result, at the
junction between the two semiconductors, holes diffuse from the SnS to the SnO2, as opposed to the SnO; in the case of the
latter. Due to its high optical transparency (T>85% in the visible region), low electrical resistance, and good thermal
resistance, tin oxide has primarily been used in a large number of optoelectronic devices, such as light-emitting diodes, buffer
layer materials in solar cells, transparent filled effect transistors, etc. [3]. Tin oxide (SnO,) is among the most important n-
type semiconductors. The charge carriers annihilate at the intersection of these two diffusion modes, producing an internal
electric field that accelerates the active movement of charges and ions and, as a result, results in high-rate capability [4].
SnS/SnO; heterostructures have a wide range of possible applications, from high-speed electronics to optoelectronics
devices, because of their special interface features [5-7]. Because of the multiple heterojunction structures, the SnS/SnO»
heterostructure exhibits significantly improved photocatalytic and photoelectrochemical performances. In addition, because
SnS is more reversible than comparable oxides, it has a higher initial coulombic efficiency and reversible capacity [8-10].
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Sugiyama et al., who created a typical SnS-based solar cell with a glass/SnO,/SnS/CdS/ZnO configuration, claim that
they measured band discontinuities at SnO»/SnS heterointerfaces using X-ray photoelectron spectroscopy and found that
SnO,/SnS interfaces produced evaluated valence band offsets of about 3.5 eV [11]. El-Etre and Red (2010) [12] created a
nanocrystalline SnO; thin film using cathodic electrodeposition-anodic oxidation and then used X-ray diffraction, SEM, UV-
visible absorption, and nitrogen adsorption-desorption by BET technique to determine the structure of the film. The final
film has a grain size of 24 nm and a surface area of 137.9 m?/g. In dye-sensitized solar cells, the produced SnO thin film
can therefore be used as an electrode. Tin oxide (SnO»), one of many metal oxides, has drawn a lot of attention as a viable
candidate material due to its myriad uses. SnO» is widely utilized for a variety of high-tech applications, including dye-
sensitized solar cells, gas sensors, photocatalysts, lithium-ion batteries, and supercapacitors, to mention a few [13]. These
applications include optical and electrical qualities, high chemical stability, and theoretical capacity.

The films can be created using several techniques, such as spray pyrolysis, electrode placement, chemical bath
deposition (CBD), vacuum evaporation, SILAR, etc. SILAR is the most straightforward, affordable, and quickly
implemented method available [14-17]. Broad surfaces can be covered with thin films using SILAR, and the thickness
can be changed by adjusting the number of dippings.

In this research, the successor's ionic layer absorption and reaction (SILAR) technique were used to synthesize
environmentally-friendly SnS/SnO material for photovoltaic application, were 0.1 M of tin (II) chloride dihydrate
(SnCl,-2H,0) was used to create the cationic precursor solution, and 0.01 M of thioacetamide (C,HsNS) was used to
create the anionic precursor solution. The film will be characterized for their Phase identification by X-ray diffraction and
scanning electron microscope (SEM) model A-VPSE G3 was used to determine the chemical compositions of the thin
films produced in this work.

2. EXPERIMENTAL PROCEDURE

The following precursors were employed in the deposition of SnS/SnO: 0.1 M of tin (II) chloride dihydrate
(SnCl,.2H,0) was used to create the cationic precursor solution, and 0.01 M of thioacetamide (C,HsNS) was used to
create the anionic precursor solution. Four sets of 50 ml beakers containing tin (II) chloride dihydrate (SnCl,-2H,0)
solution. Distilled water, and Thioacetamide (C,HsNS)/potassium hydroxide (KOH) solution. A well-cleaned glass
substrate that had been washed with acetone, distilled water, and acid was submerged in a cationic precursor solution of
tin (II) chloride dihydrate (SnCl,-2H,0) for 10 seconds to allow tin ions to adhere to the surface of the substrate. To get
rid of the loosely attached Sn”* ions, the substrate was washed in distilled water for 5 seconds. The substrate was then
submerged in the Thioacetamide (C,HsNS)/potassium hydroxide (KOH) anionic precursor solution for 10 seconds to
create a layer of SnS/SnO materials. One SILAR cycle of SnS deposition was finished by rinsing the substrate once more
in distilled water for 5 s to remove the unreached species. Such cycles were repeated for various variations at various
temperatures. The precursor pH was kept constant at 7.0 while all other parameters, including the deposition temperature,
varied between 50°C, 55°C, 60°C, and 65°C during the synthesis. Tin sulphide (SnS) was next deposited on the developed
SnO films to create SnS/SnO superlattice films, and the process was repeated for a different parameter for
characterization. Tin oxide (SnO) was initially coated on the glass substrate dry in the oven for 30 minutes.

2.1. Characterization Techniques

The characterization of the deposited films was ascertained using some currently in-use techniques. Knowing the
chemical composition, crystal structure, crystallite size, surface morphology, band gap energy, optical absorption,
transmittance, and absorbance of the formed film is possible thanks to characterization. Phase identification of the films
by X-ray diffraction was used to determine the chemical compositions of the thin films produced in this work using a
scanning electron microscope (SEM) model A-VPSE G3 with an acceleration voltage of 20 kV and a magnification range
of 200x to 1000x, the morphology and size of the prepared particles were investigated. The optical characteristics of the
films deposited were examined for their absorbance and transmittance at normal incidence by using a UV-visible
spectrophotometer, model number 7568S.

3. RESULTS AND DISCUSSIONS

Figure 1 displays the X-ray diffraction patterns of SnS/SnO material deposited on a glass substrate at various
temperatures. The major peak was discovered at 45°C at 2 theta of 31.8997°, which corresponds to the face-centered cubic
crystal structure (FCC). SnS/SnO was recognized as the orientations along the (200) plane and the (300), respectively. It
was stated that the lattice constant was @ = 5.8028 A. Several peaks were found to support the usage of SnS/SnO material
as a hole transport material in solar cells and photovoltaic systems. The SILAR method was used to deposit this material.
The Debye-Scherrer equation was used to calculate the average crystallite sizes based on the diffraction peaks' full width
at half maximums (FWHM). The polycrystalline nature of the films was revealed by the XRD pattern. Diffraction peaks
are visible in the pattern at planes 111, 200, 210, 211, and 300, which correspond to angles of 26.58°, 31.89°, 39.61°,
44.18°, and 54.85°, respectively. The unindexed peaks could have been brought on by the glass substrates used for the
deposition. Table 1 displays the calculated structural characteristics of the material. It was discovered that the
crystallite/grain size and the lattice parameters decrease as the temperature of the deposition material rises. This size
reduction would increase the crystallinity of the deposited films and increase the efficiency of photon absorption.
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Table 1. Structural values for the SnS/SnO

2 theta (deg.)

Figure 1. XRD pattern of SnS/SnO material

Films 26 (degree) Slzlz(lg;lg Lattlce( AC())nstant FWH, p Hk Crys]t)al(lllltrf1 )Slze, dlg;ssli(z;:dg(:;lz
SnS/SnO room 26.5815 3.3502 5.8028 0.1851 111 0.7694 5.1218
SnS/Sn0O 50°C 31.8997 2.8028 5.6056 0.2095 200 0.6880 6.4151
SnS/Sn0O 55°C 39.6196 2.2726 5.5453 0.1480 210 0.6957 6.0633
SnS/SnO 60°C 44.1829 2.0479 4.5793 0.2258 211 0.7626 6.8539
SnS/SnO 65°C 54.8536 1.6721 4.0958 0.2249 300 0.7543 6.2663

3.1. SEM Micrograph of SnS/SnO Material
The surface micrograph of SnS/SnO material deposited at various precursor temperatures (45°C-65°C) is shown in

Figure 2.
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Figure 2. SEM micrograph of SnS/SnO
material

All of the deposited materials' surface morphological images were scanned at a magnification of 200 nm. Granular
nanocrystals were visible in the materials, and they were strewn unevenly and randomly throughout the glass surface. In
contrast to SnS/SnO deposited at 50°C, which has a similar image but shows the particle is scattered on the glass surface,
the SnS/SnO image at room temperature shows sand-like particles well packed together without pinholes, while the
material is deposited between 55 and 65 degrees Celsius, the nano grain is larger than when it is placed at 50 degrees.
The material left behind demonstrates how the growth of big grains led to the agglomeration of the particles. The films'
increasing grain sizes demonstrate that as the precursor temperature rises, the size of the crystallites also grows, providing
more room for light absorption and trapping following penetration. This property makes the deposited films potential
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photovoltaic materials. The elemental constituents of SnS/SnO material showed in Figure 3. The position of the peaks in
a typical EDX spectrum confirms the presence of the fundamental elements, and the peak height helps quantify each
element's concentration in the film samples. The material's EDX results show that tin, sulfur, and oxygen are present,
with a greater intensity peak for tin and oxygen and proof of sulfur's presence. The constituent elements of the glass
substrate used for the deposition were created as a result of the other element on the spectrum.

I’

Figure 3. EDX spectra

3.2. The optical study
The SnS/SnO was investigated for their optical examination to determine how quickly it absorbed light. According
to Figure 4(“a”), the spectra of the absorbance demonstrate that as light radiation passed through SnS/SnO films, it
absorbed radiation as the wavelength increased from the UV region to the ultraviolet region of the spectra. The absorbance
also slightly decreased along the NIR infrared region as the wavelength increased.
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Figure 4. (“a”) absorbance, (“b”) transmittance, (“c”) reflectance, and (“d”) band gap energy

It was discovered that the precursor temperature influences the material's absorbance; as the temperature rises, the
absorbance decreases, making SnS/SnO an excellent material for photovoltaic systems. Figure 4(“b”) depicts the SnS/SnO
material's transmittance. While the transmittance in the visible area of the spectrum was stable and SnS/SnO was at its
maximum in the UV region, it increased as the wavelength increased in the NIR region. The transmittance was also
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impacted by temperature, which led to an increase in SnS/SnO transmittance in the UV and ultraviolet parts of the
spectrum. From Figure 4(“c”), the reflectance decreases as wavelength increases. The reflectance is moderate at the visible
region. It also shows that the reflectance reduces, with an increase in the temperature of the precursor. The energy band
gap spectra of the deposited SnS/SnO films are depicted in Figure 4 ("d") and were estimated using the Tauc equation:
(ahv)!/m = B(/’ll) - Eg). 3.35 eV is the band gap determined from the film at ambient temperature. It was found that the
sample processed at room temperature had the largest energy band gap. 2.50 eV, 2.51 eV, 2.52 eV, and 2.62 eV are the
calculated energy band gap values.

The extinction coefficient of the SnS/SnO material is plotted in Figure 5 ("a"). The extinction coefficient gradually
rises as the spectra's energy level approaches. It also showed how the precursor temperature affected the films. Using
equation 1, the reflectance data were used to estimate the refractive index is shown in Figure 5 ("b")

Y S TR
n= —+ A-R)? K=. )
The non-linear refractive index pattern suggests a change in the samples' typical dispersion characteristics. This
demonstrates how the refractive index is independent of wavelength. Higher deposition temperatures caused the visible
part of the electromagnetic spectrum, where it ends at a value of 1.11, to have narrower spectra. The sample that was
deposited at 60°C had a wider spectrum, while the sample that was deposited at 65°C was second. The sample deposited
at 70°C had a wider spectrum than the sample deposited at 50°C in terms of the sequence. The sample deposited at 55°C
has the narrowest spectrum. Electrical transport at high optical frequencies is related to quantitative measurements in
Figure 5 ("c¢") optical conductivity. The optical conductivity spectra of a material are frequently used to describe its
response to light. Its dimensions are measured in units per second (S™'), which are equivalent to the frequency in the
Gaussian unit. A progressive climb towards higher energy levels is followed by a decrease in the optical conductivity of
the SnS/SnO material.
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Figure 5. (“a”) extinction coefficient, (“b”) refractive index,
and (“c”) optical conductivity
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Figures 6 ("a") and ("b") demonstrate the dielectric constant of SnS/SnO; the former indicates energy loss; the latter
indicates how effectively dielectric materials store electrical energy. Permittivity in alternating current fields includes
both real and fictitious components that, respectively, represent dielectric losses and polarization levels. Furthermore,
affected by frequency is the dielectric constant. The spectra of the real and imaginary dielectric constants of the deposited
SnS/SnO showed that the real and imaginary dielectric constant values increased with the photon energy of the material.
This demonstrates that the deposited materials become helpful for solar systems when their temperature is raised.
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Figure 6. (“a”) real, and (“b”) imaginary dielectric constant

The material deposited at different temperatures reveals an increase in thickness from 114.42 — 116.54 nm which
resulted in a downturn in the resistivity of the deposited film from 9.040x10°— 6.455x10° (Q.cm) while the conductivity
of the deposited material increased from 1.106x1071° - 1.549x1071° (Q-cm)’!. Figure 7 (“a”) and (“b”) show the plot of
resistivity and conductivity against thickness and precursor temperature, from the plot increase in thickness, resulted in
an increase in conductivity and a decrease in resistivity and an increase in precursor temperature beginning about the
increase in conductivity and decrease in resistivity. The deposited material will be a good candidate for photovoltaic and
solar cell applications.

Table 2. Electrical properties of SnS/SnO
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Figure 7. (“a”) plot of resistivity and conductivity against thickness and (‘“b”) precursor temperature

4.

SnS/SnO material has been successfully deposited using the SILAR method. The X-ray diffraction patterns of
SnS/SnO material deposited on glass substrate at various deposition temperatures recorded a major peak at 45°C at 2 theta
of 31.8997°, which corresponds to the face-centered cubic crystal structure (FCC). SnS/SnO was recognized as the
orientations along the (200) plane and the (300), respectively. It was stated that the lattice constant was @ = 5.8028 A.
Several peaks were found to support the usage of SnS/SnO material as a hole transport material in solar cells and
photovoltaic systems. The polycrystalline nature of the films was revealed by the XRD pattern. Diffraction peaks are
visible in the pattern at planes 111, 200, 210, 211, and 300, which correspond to angles of 26.58°, 31.89°,39.61°, 44.18°,

CONCLUSION
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and 54.85°, respectively. It was discovered that the crystallite/grain size and the lattice parameters decrease as the
temperature of the deposition material rises. This size reduction would increase the crystallinity of the deposited films
and increase the efficiency of photon absorption. All of the deposited materials' surface morphological images were
scanned at a magnification of 200 nm. Granular nanocrystals were visible in the materials, and they were strewn unevenly
and randomly throughout the glass surface. In contrast to SnS/SnO deposited at 50°C, which has a similar image but
shows the particle is scattered on the glass surface, the SnS/SnO image at room temperature shows sand-like particles
well packed together without pin holes. the spectra of the absorbance demonstrate that as light radiation passed through
SnS/SnO films, it absorbed radiation as the wavelength increased from the UV region to the ultraviolet region of the
spectra. The absorbance also slightly decreased along the NIR infrared region as the wavelength increased. It was
discovered that the precursor temperature influences the material's absorbance; as the temperature rises, the absorbance
decreases, making SnS/SnO an excellent material for photovoltaic systems. The transmittance in the visible area of the
spectrum was stable and SnS/SnO was at its maximum in the UV region, it increased as the wavelength increased in the
NIR region. The transmittance was also impacted by temperature, which led to an increase in SnS/SnO transmittance in
the UV and ultraviolet parts of the spectrum. The energy band gap spectra of the deposited SnS/SnO films were
determined from the film at ambient temperature. It was found that the sample processed at room temperature had the
largest energy band gap. SnS/SnO reveals an increase in thickness from 114.42— 116.54 nm which resulted in a downturn
in the resistivity of the deposited film from 9.040x10°— 6.455x10° (Q-cm) while the conductivity of the deposited material
increased from 1.106x1071%- 1.549x10'° (Q-cm)™.
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CHHTE3 HAHOCTPYKTYPHOI'O MATEPIAJIY SnS/SnO JJIS1 ®OTOEJEKTPUYHOI'O 3ACTOCYBAHHS
ErBynsenra H. [:xo3edin®?, Oxynsysa C. Iknoumsoca®, Imoco6ome JI. Ixiost®
“Bidoin naykoeux nabopamoprux mexnonozit, Delta State Polytechnic, Ogwashi-Uku, Hizcepis
bDizuunuii paxynemem, Yuisepcumem Beniny, Benin
c@akynomem ¢hisuxu ma acmponomii, Ynieepcumem Hizepii, Hcyxka, 410001, wmam Enyey, Hizepis

OCHOBHI MOMEHTH JOCIiKSHHSL:

* YCHimHO CHHTE30BaHO HAHOCTPYKTYpHHH MaTtepian SnS/SnO 3 BUKOPUCTaHHIM HACTYITHOI TEXHIKHA NOTJIMHAHHS Ta PeaKLii
ionHoro mapy (SILAR).

* ¥V Marepianax OyJI0 BUIHO 3€pPHHUCTI HAHOKPHUCTANH, sIKi Oy HEpPIBHOMIPHO Ta XaOTHYHO PO3KHAAHI MO BCili MOBEpXHI CKIIa.

* Byno BusiBIIeHO, 110 3pa30K, 00poOIICHNH Py KIMHATHIHN TeMneparypi, MaB HalOIIbIIy 3a00pOHEHY 30HY.

* KoeoiuieHT npormyckanHs y BUANMIN 4acTHHI clIeKTpy OyB cTabinbHUM, a SnS/SnO OyB MakcuMmanbHuM B Y D-o0macti
YV mpomy pocnimkenni merox SILAR BHKOpHCTOBYyBaBCsS [UIsi CHHTE3Yy €KOJOTIYHO uHcToro wmarepiainy SnS/SnO s
¢doroenekrpuuHoro 3acrocyBanus, ae 0,1 M murinpaty xmopuay ososa (II) (SnCl2-2H20) BukopuCTOBYBajoCs [Uisi CTBOPEHHS
po3unHy KarioHHoro npekypcopa, a 0,01 M rioaneramin (C2HsNS) BuKOpHCTOBYBamM i CTBOPEHHS PO3YHHY aHIOHHOTO
npekypcopa. PeHTreHiBebki mudpakrorpamu martepianry SnS/SnO, HaHECEHOTo Ha CKISHY MiOKIAAKy HpU Pi3HUX TeMIeparypax
ocapkeHHs, 3adikcyBanu ocHoBHUI mik mpu 45°C mpu 2 tera 31,8997°, mio BinnoBigae rpaHeneHTPOBaHIi KyOiuHIN KpUCTATIYHIN
crpykrypi (FCC). Ha xaptuni Bugno nudpakuiini niku B mronmHax 111, 200, 210, 211 1 300, sixi BignosigaoTs Kytam 26,58°, 31,89°,
39,61°, 44,18° i 54,85° BimmoBimHO. Byno BHsBIICHO, IO PO3MIp KPUCTANITIB/3epeH 1 MapaMeTpH pPEIIiTKH 3MCHIIYIOTHCS 3
IiIBUILCHHSIM TeMIIepaTypy MaTepially ocaJUKeHHs. Y Marepianax OyJjo BUIHO 3€pHHCTI HAHOKPHUCTAJIH, SIKi OyJIM HEpIBHOMIPHO Ta
0e31agHO PO3KHIAHI 10 BCil MoBepxHi ckiIa. CIeKTPpH MOTIMHAHHS IEMOHCTPYIOTh, 1110 KOJIM CBITJIOBE BUIIPOMIHIOBAHHS IIPOXONIIO
yepe3 mwiiBku SnS/SnO, BOHO MOINIMHAIO BUIIPOMIHIOBAaHHS, KOJIM JOBXKHHA XBUII 3poctana Bing Y®-obnacti 10 ynbrpadioneToBoi
obnacti crnekTpy. byino BusBIEHO, LIO TeMmepaTypa NpeKypcopa BIUIMBA€ Ha HOINIMHAHHA Marepiany; y Mipy HiJBHILCHHS
TemrepaTypu adbcopOuis 3MeHIIyeThes, mo poouts SnS/SnO wymoBuM MartepianoMm it ¢oroenekTpudHux cucteM. KoedimieHt
MPOTYCKaHHA y BHUAMMIN 00macTi cmekTpy OyB crabimpHuM, a SnS/SnO Oy MakcumansHUM B Y®-mianas3oHi, BiH 3pocTaB 3i
30UIBIICHHSIM JOBKUHU XBWII B OimmxHb0oMY [U-mianasoni. Byno BusiBieHo, mo 3pa3ok, 00po0IeHui mpu KiIMHATHIH TeMIiepaTypi, MaB
HaiibinbnTy 3a0opoHeHy 30HY. SnS/SnO BusBise 30uTbmeHHS TOBIUHU Bix 114,42 no 116,54 HM, 0 IpH3BENO IO 3HIKCHHS
IHTOMOTO ONOpPY OcakeHoi wiiBku 3 9,040x10° (Q-cm) 10 6,455%10° (Q-cM), Toai K MPOBIAHICTH OCAIHKEHOTO MaTepialy 3pocia
31,106x1071° (Q-cm)! go 1,549x10°10 (Q-cm) .
KuarouoBe ciioBo: cynvghio onoea; nanokpucmanu, nanocmpykmypa;, EDX; XRD; SEM



