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Aluminum dopant Tin Sulfide than (p-SnS /n-Si and p-SnS: Al / n-Si) thin films are deposited with
thickness (500+20) nm onto glass and Si substrates by thermal evaporation procedure under a vacuum
of 5*10-6 mbar with deposition rate 1nm/sec. The effect of different Al ratios (1%,2% and 3%) on the
nanostructure SnS thin film and (p-SnS /n-Si) hetero junction characteristics are examined. The
structural films properties examined through X-ray diffraction showed that SnS film are poly crystallin
with increase crystallite size from (21.04 to 27.7) nm with increasing Al ratio. The optical properties
demonstration excellent absorbance for film doped with 3% Al beside reduced energy gaps from 1.6
toward 1.44 eV. Hall effects measurement indicated wholly film equipped pure besides doping had p-
type conductive, Further, the lower resistivity of 4.77x102 (Q.cm) besides maximum carrier’s
concentrate of 2.81x1016 (cm-3) for doped 3% (Al) films. Below illumination the (I-V) characteristics
of hetero junction via occurrence 100 mW/cm2 powers density support presented that heterojunction
(p-SnS: 3%Al / n-Si) has maximum efficiency (n =5.512 %). which is enhanced by the optimized
nanostructure and uniform nanoparticle distribution.
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1. INTRODUCTION

Nowadays, friendly technologies environmentally and increase energy efficiency led to discoveries
of new material [1,2]. Thin film binary compound materials based solar cells attract interest with
their composed of earth- abundant elements and lower cost [2]. Tin mono-sulfide (SnS) is one among
the binary compounds that be a member of IV - VI group. SnS is considered a promising material for
optoelectronic applications owing to its exceptional properties, for example inert both chemically and
environmentally, friendly source materials non-toxic, have metastable cubic (CUB) or a stable
orthorhombic(ORT) crystalline structure, shows strong anisotropic vibrational properties due to the
layered structure, a suitable direct band gap (1.3 eV to 1.8 eV) with high absorption coefficient (>104
cm-1) making it ideal for photovoltaic application, own p-type electrical conductivity, long-term
stability and cost-effectiveness [2-7]. Exterior doping is generally preferred to improve the physical
properties of SnS, current studies have designated doping SnS films with elements such as cadmium
(Cd) [8], neodymium (Nd) [9], selenium (Se) [10], bismuth (Bi) [11], iron (Fe) [12], copper (Cu)
[13], indium (In) [14], nickel (Ni) [15], silver (Ag) [2,16,17] and Aluminum (Al) [18] making SnS
more fit for photovoltaic devices additionally for optoelectronic applications. Different methods has
been used to deposit SnS films either pure or doped such as thermal evaporation [10,11,16], sol-gel
technique [8], chemical bath deposition technique [15], atomic layer deposition (ALD) [19,20],
chemical vapor deposition (CVD)[21], RF sputtering [22], spray pyrolysis technique [9,23],
electrochemical deposition[14, 24] and spin coating [25,26]. In current times, engineering orientation
has confirmed to have high potential to get great power conversion efficiency in antimony
chalcogenide with a low-dimensional crystal-structural (LDCS) like Sb2S3 and Sb2Se3 -based solar
cells [5]. Growing in the direction of this research to further (LDCS) absorber materials especially
SnS, thermal evaporation technique is used to fabricate the initial SnS-based solar cells, displaying a
extremely low efficiency of 0.29% [5]. In this study, SnS thin films produced pure and doped with Al
by thermal evaporation from alloy source on glass and Si substrate with 500 nm in thickness, varied
dopant ratio in steps of 1 wt.% from 0 to 3 wt.%. The aim of this work is to explain how a dopant
ratio of Al improves the nano structural, optical and electrical films properties and heterojunction
characteristics with enhancing solar cell efficiency. The novelty of the present work where prepares
the alloy and then uses it as an evaporation source to obtain homogeneous films, study the effect of
aluminum doping on structural, optical and Hall Effect results for thin films prepared with solar cell
performance in a single study. Control the optimal aluminum doping ratio that achieves the best
energy conversion efficiency.

2. EXPERIMENTAL

Films of pure Tin Sulfide (SnS), Aluminum (Al) doped SnS with (1, 2, 3) % percentages and p-SnS:
Al/ n-Si hetero junction have been deposited on glass and Silicon single crystal (111) substrate by
thermal evaporation process under 5*10% mbar vacuum per thickness (500 = 50) nm thru deposition
rate Inm/sec after preparation SnS alloy. Tin Sulfide alloy is prepared by put sulfide (S) and tin (Sn)
elements with (99.999%) purity and (1:1) weight percentages in quartz tube under (4x10™*) mbar
pressure then placed them in an electric oven at temperature 1000 K for 5 hours, finally left them cool
slowly. To get films by thermal evaporation using Edward coating unit model (E 306) put the mixture
obtained from alloy in molybdenum boat, 18 cm is the distance from the boat to substrate, then doped
SnS films with Al (1, 2, 3) % percentages. X-ray diffraction (XRD) technique is used to study the
crystal structure for thin films SnS pure and SnS: Al by using (SHIMADZU Japan XRD 600) with
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CuK, where (A = 1.5418 A) , 20 mA currents and 40Kv, thru greatest the values of 26 from 20° to 80
°. Bragg law is used to determine the interplanar spacing (d) for miller index (hkl) [27,28]

2dsin6=n\ (1)

where 0 is Bragg's angle and A is X-ray diffraction wavelength. To determine for all films the

crystalline size (C.S) by Scherer’s Formula [29,30]
0.94)(/1(x_ray)

S 2)
Somewhere B: FWHM of the peaks. Dislocations density () values calculate by equation [31,32]

5= con 3)
Although (€) micro strain can cautious since equality [32]:

¢ = Pewnmxcosd (4)

4

The absorbance (A) and transmittance (T) values are recorded in the range of (400 — 1000) nm to
evaluate the optical property for all films using UV-vis spectrophotometer, the absorptions coefficient
(o) is intended since equivalence [33,34].

a=(2.303A/t) (5)

Wherever film thickens is t. Tauc's equation is used to estimate the energy gap (Eg) [34,35].
(ohv) =B (hv -E,)" (6)

where n is transition type number, hv is incident photon energy and B is constant. Van der Pauw
Ecopia-HMS -3000 is used to evaluate the electrical properties (Hall measurement) for all films
prepared by record resistivity (p) and Hall voltage (Vu) values. Hall coefficient Ry, types of major
carriers, Carrier concentrations (ny) and Hall mobility (un) are investigated [36].

I-V Current voltage characteristics are analyzed under dark and illuminated conditions to estimate the
opto-electrical properties of p-SnS /n- Si and p-SnS: Al /n-Si heterojunction using halogen lamp (100
mW/cm?) by employed Shockley equation [37]. Additionally, the solar cells efficiency is determined
[38]. Below a schematic diagram of the fabricated p-SnS:Al/n-Si heterojunction device.



Exp. Theo. NANOTECHNOLOGY 10 (2026) 1907-1921

Fr;egf-.-r Electrodeas

P-type [ SnS:Al)

Back
Electiroda

-V pre(si)

Figure 1 System design.

3. RESULTS AND DISCUSSION
3.1. Structural measurement

Figure 1 shows structural characterization recorded by X-ray diffraction for thin films SnS un doped
and doped with Al through various Al percentages (1, 2, 3) % in the range of 20 amongst 20° to 80°. It
is clear from this figure that these films prepared by thermal evaporation per thickness (500 = 50) nm
have polycrystalline orthorhombic structure indicates sharp peaks with diffraction XRD patterns
appear at 20 (27.5°, 30.6°, 31. 8°, and 45.6°) related to (201), (101), (111) and (411) with preferred
orientation along (111) plane. Further diffraction peak meticulously agrees with standard XRD
information (JCPDS cards 00-039-0354); no distinguishing phases of Al element appear it approves
that Al ions have well united into Sn ion sites without varying the crystal structure [17] and these
results are in good contract with [3,4,17,18]. The development along (111) plan for films (SnS:3%Al)
might be due to substitution of Al ions in the Sn positions as well as the occupation of Al ions in the
crystal vacancies [17]. Also observed in fig (1) in addition Table (1) here is slight shifts on location of
major peak (111) toward the higher 20 and become sharpest after doped with Al due to improved
crystallinities because the lower ionic radius of Al ions, replaces the higher ionic radius of Sn ions.
Table (1) and figure (2) show crystallite size, dislocations density and strain which calculated using
FWHM values in Radian for (111) peak. It is clear that the crystallite size values are improved from
21.04 nm to 27.7 nm while value of dislocations density besides strain decreased thru increased the Al
content because of enhanced crystal growth. These results are great matched per [3,18].
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Figure 2 XRD pattern of SnS thin film pure and Al doped as a function of Al ratio.
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Figure 3 crystallite size then dislocations density aimed at pure besides Al dopant SnS in different
doping ratio.
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Table 1 Structure constraint for SnS thin films pure and diverse ratio Al dopant.

Sample 20 FWHM C.S(nm) ) €
SnS 31.6 0.41 21.04279  0.002258 0.00172
SnS:1%Al 31.9 0.382 22.60201 0.001958  0.001602
SnS:2% Al 32.1 0.351 24.61052  0.001651  0.001471
SnS:3% Al 32.3 0.312 27.70078  0.001303  0.001307

3.2 Morphological measurement

Figure 3 shows that the prepared films SnS and SnS:3%Al are free from micro-defects such as cracks
or pin holes, and that the particles are of different shapes and sizes, and how the doping processes
affected the particle size. It is clear that spherical nanoparticles distributed with great homogeneity and
regularity over the surface area of the sample, and there are no surface cracks, gaps or voids, which
indicates that the thermal evaporation method and doping ratios are suitable for preparation as well as
the doping process has affected the size of the resulting particles.

Figure 3 SEM image of SnS thin film a) pure and b) 3%Al doped.
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3.3 Optical characterization

The optical characterization absorbance and transmittance spectra of manufactured thin films of SnS
and SnS:Al via various ratio of Al using thermal evaporation are recorded in the wavelengths from 400
nm to 1000 nm showing in figure 4. This figure shows increased films absorbance values from (40% to
90%) in the range (400-700) nm though decreased transmittance values with rise concentration of Al
(1, 2 and 3) % for all range. This behavior may be due to Al dopant level make as fine absorption
position leads to increase absorbance values of these films connection with increase crystallite size
values, the optical absorbance and transmittance of thin films are effects by many elements, such as
crystallinity, film thickness, surface homogeneity, doping concentration, structural defects, and
scattering grain boundary, jointly influence on the absorbance and transmittance level of the material

[2].

Absorption coefficient calculated from absorbance according to equation (5) for all films prepared un
doped and doped is presented in Figure 5 verses wavelength (400-1000) nm, this figure shows increase
absorption coefficients value after doping with Al for all rang of wavelength as well as all allowed
direct transition can be occurred because the absorption coefficients value for these films is high (o >
10* cm™) for similar reasons we discussion before.

Furthermore, this figure demonstration reduction optical energy gap values which calculated from
Tauc equation from (1.6 to 1.44) eV as in Table 2 with increase Al ratio (0, 1, 2 and 3) % this result is
as good as with studied [2, 3] furthermore films doped with Al are good absorber layer for solar cell.
Figure (6) show the variation (ahv)? verses hv for un doped SnS and Al doped, it is clear from this
figure a red shift after doping films with Al concentration in band gaps values.
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Figure 4 Absorbance besides Transmittance against wavelength for thin film SnS besides Al dopant
SnS in different doping ratio.
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Figure 5 Optical energy gap plus absorption coefficients of pure SnS thin film then Al doped.
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Figure 6 Distinction (ahv)? besides Al dopant SnS in different doping ratio.

Table 2 Directs optically gaps and absorption coefficient of pure SnS also dopant Al.

Sample Egopt ax 10* (cm™)
(eV) at 550 nm
SnS 1.6 2.254
SnS:1%Al 1.56 2.883
SnS:2% Al 1.5 3.414
SnS:3% Al 1.44 4.208
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3.4 Electrical properties

The electrical parameters like carriers concentrate (nn), resistivity (p), types of major carriers, mobility
(un) and Hall coefficient Ry for SnS pure and doped with Al are determined using Hall Effect
measurement as in Table (3). This figure displays all SnS films undoped and doped have positive signs
of Hall coefficients which means that they had (p-type) conductivity [1,2,17], this behavior as result
Tin vacancies which generally noticed in SnS thin films, led to make acceptor states neighboring the
valence band, permitting hole conduction [1,2]. It is clear from table (3) and figure (7) that all
parameters affected by doping Al ratio where the electrical characteristic improvement after doping.
Carrier concentration values for SnS films increased after doping with Al as a result decreased in the
values of Hall coefficient whereas the values of resistivity and mobility decreased. When the current
and voltages which transient in SnS films increase, perhaps collisions between carriers increase makes
possible drop the values of mobility. Pure SnS film shows low carrier concentration (3.6 x 10'° cm™)
with high resistivity (1.34 x 10° Q.cm), some studies similarly result for SnS films high values of
resistivity with little hole concentration [2, 3,39-41] with this result remains a challenge for use it as
absorber layers for photovoltaic applications. Hole concentration enhanced by Al doping with different
ratio reached maximum value of (2.81 x 10'¢ cm™), as well as resistivity reductions and conductivity
improvement, may be Al substitution at Sn sites, lead to presents acceptor levels [1]. Also, Al doping
creates localized states within the band gap that sustains carrier generation but increase scattering

events, reducing mobility. This result correlates with the optical properties of these films.
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Figure 7 Carriers concentration then mobility aimed at pure besides Al doped for SnS thin films.
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Table 3 Hall effects constraint at pure besides Al doped for SnS thin films.

Sample Carrier Carrier c Resistivity Ru
concentration (cm=)  Mobility (Q.cm)!  p(Q.cm) (ecm’/C)
uu (cm?/V.S)

SnS 3.60E+10 1.29E+03 7.44E-06  1.34E+05 1.74E+08
SnS:1%Al 3.55E+12 2.42E+01 1.38E-05 7.26E+04 1.76E+06
SnS:2% Al 2.69E+14 9.30E+00 4.00E-04 2.50E+03 2.32E+04
SnS:3% Al 2.81E+16 4.67E-01 2.096 E-3  4.77E+02 2.23E+02

3.5 I-V characteristics

Current density voltage curve below dark and illumination (100 mW/ cm?) conditions of p-SnS/n-Si
and p- SnS:Al/n-Si heterojunction as a function of Al ratio are shown in Figure (8). This figure shows
under dark conditions the value of dark current is low due to the lowest production of charge carriers
[17], as well as dark forward current is formed by major carrier movements while extremely weak
reverse current. The values of open-circuit voltage (Voc), short-circuit current density (Jsc) , Vi, Im , fill
factor (F.F) and the conversion efficiency of fabricated solar cell (#) are calculated by equations
[17,42] and shown in Table 4:

mxvVm

F.F= m x 100% (7)

:F.Fx_;si;XVoc % 100% (8)
The high value of efficiency 7 with Vi, Jsc and F.F is found 5.512%, 0.56 mV, 16.96 mA/ cm* and
0.58, respectively, for p-SnS:3%Al/n-Si heterojunction due to many reasons [17]. When Al
concentration increases in films, (1) the crystal quality improved which decreases internal defects,
which cause decreases photo-excited carriers recombination leading to improve conversion efficiency
with recorded lesser fill factor, (2) Increase SnS grain size after doping lead to increase hopping of
particle-to-particle on the photo-induced carrier and small bandgap as a result of great absorption in
visible light. Additionally, controlling the effect of Al doping ratio improved properties of charge
carrier transport by reducing the recombination of electron-hole pair and caused in a higher open-
circuit voltage and short-circuit current density, enhanced the conversion efficiency from 1.438% to
5.512%. These results are good matched with ref [3,5,17,43].
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Figure 8 J-V characteristic for pure SnS and p-SnS:Al /n-Si heterojunction thin films

Table 4 Solar cell factors for pure SnS and p-SnS:Al /n-Si heterojunction thin films.

Sample Voc (V) Jsc Vmax Jmax F.F n %
(mA/cm?)  (mV) (mA/cm?)

SnS 0.26 8.19 0.21 6.85 0.675542 1.4385
SnS:1%Al 0.37 10.4 0.26 7.77 0.525 2.0202
SnS:2% Al 0.52 15.25 0.45 9.89 0.561223 4.4505
SnS:3% Al 0.56 16.96 0.52 10.6 0.580357 5.512
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Table 5 Summary of some results on SnS solar cells.

Efficiency Reference

0.285% 17
5.41% 44
1.34% 45
6.27% 46
3.88% 47

2.9% 48
3.16% 49

4. CONCLUSIONS

Un doped SnS and (1,2,3) % of Al doped films were successfully synthesized on glass and Si
substrate thru thermal evaporation method, the effect of Al ratio on SnS thin film properties
(structural, optical, also electrical) and on heterojunction solar cell (p- SnS:Al/n-Si) were studied.
XRD analysis confirmed all films prepared are poly crystal with single phase of orthorhombically
structure with (111) as favored orientation, also increase films crystallite size with Al ratio where a
higher value for the sample doped with 3%Al. At higher doping levels (> 3%), a slight decrease in
crystallinity was observed, which may be related with lattice distortion due to the difference in ionic
radii between Al and Sn atoms. Optical analysis revealed the opposite dependence of energy gap and
optical transmittance through Al concentration and 3% doping concentration results a band gap of
1.44 eV. Hall Effect measurements show all films possesses p-type conductivity and SnS:3%Al
produced the high charge carrier concentration of 2.81 x 10'® cm™, mobility of 4.67x 10! cm? V' s
"and high conductivity of 2.096 x 103 (Q.cm)' with lowest resistivity of 4.77 x 10* Q.cm. I-V
characteristic for heterojunction device (p- SnS:Al/n-Si) under 100 mW/cm? illumination were
influenced by Al ratios and the best photovoltaic conversion efficiency of 5.512% was examined for
the device fabricated with SnS:3%Al thin film due to improved structural, optical and electrical
properties compared to other samples. Based on collective structural, optical, and electrical analyses,
3% Al doping SnS films provides the optimal balance for thin-film solar cell applications. Overall,
the results reveal that moderate Al doping, particularly around 3%, enhances SnS thin films
properties (the structural quality, optical absorption, and electrical conductivity), making them
suitable for applications in optoelectronic devices and solar cells.

References

[1] N.M. Philip, M.C.S. Kumar, J. Mater Sci Mater Electron 5 (2024) 1 10.1007/ s10854-024-12078-6

[2] I. Gunes, E. Sarica, V. Bilgin, A. Kucukarslan, Journal of Sol-Gel Science and Technology 114
(2025) 762 10.1007/s10971-025-06739-z

[3] R. N. Mohan, O. G. Daza, A. R. Garcia-Angelmo, Journal of Alloys and Compounds 892 (2022)
162036 10.1016/j.jallcom.2021.162036

[4] A. G. Kumar, V. K. V. Krishna, A. P. Lingaswamy, S. Masma, G. Prathibha, G. Sujatha, P. S.
Kumar, T. V. Kumar, J. V. V. N. K. Rao, B. H. Rao, Chalcogenide Letters 22 (2025) 143
https://doi.org/10.15251/CL.2025.222.143

[5] Th.Thong Ho , E. Jokar , Sh. Quadir, R.S. Chen, F. Ch. Liu, Ch.Y. Chen, K. H.Chen ,Li



https://doi.org/10.1007/s10971-025-06739-z
https://www.sciencedirect.com/journal/journal-of-alloys-and-compounds
file:///C:/Users/Dr.Bushra/Downloads/892
https://doi.org/10.1016/j.jallcom.2021.162036
https://doi.org/10.15251/CL.2025.222.143
https://www.sciencedirect.com/author/57221916812/rueisan-chen
https://www.sciencedirect.com/author/7501950361/cheng-ying-chen
https://www.sciencedirect.com/author/24396154500/kuei-hsien-chen
https://www.sciencedirect.com/author/7409445068/li-chyong-chen

Exp. Theo. NANOTECHNOLOGY 10 (2026) 1907-1921

Ch. Chen, Solar Energy Materials and Solar Cells 236 (2022), 111499 10.1016/j.solmat.2021.111499
[6] Y Kawano, J Chantana, T Minemoto, Curr Appl Phys 15 (2015) 897 10.1016/j.cap.2015.03.026

[7] VE. G. Flores, M.T.S. Nair, P.K. Nair, Semicond Sci Technol 33 (2018) 075011 10.1088/1361-
6641/aac524

[8] S. Bano, M.I. Khan, H. Albalawi, G.U. Islam, M. Siddique, T. Ahmad, H. Alkhaldi, L. B. Farhat, R.
Ahson, S. Hussain, J Mater Res Technol 19 (2022) 1982 10. 1016/1.jmrt.2022.05.137

[9] S. Sebastian, I. Kulandaisamy, A. M. S. Arulanantham, S. Valanarasu, A. Kathalingam, M. Shkir, S.
AlFaify, Rare Met. 41 (2022) 1661 10.1007/s12598-019-01295-2

[10] A. Parida, D. Sahoo, D. Alagarasan, S. Vardhrajaperumal, R. Ganesan, R. Naik, Mater Adv 3
(2022) 5930. 10.1039/d2ma00485b

[11] D. M. Sadiq, B. K. H. Al-Maiyaly, Ibn Al-Haitham J. for Pure and Appl. Sci., 36 (2023) 113
10.30526/36.2.2833

[12] B.H. Baby, N.T. Shajan, D. P. Joseph, C A F, G.K. Varghese, M. D. Bharathi, Solid State
Commun 386 (2024) 115525 10.1016/j.ss¢.2024.115525

[13] C. S. Rodriguez, C. Alvarez-Macias, L. Salgado-Conrado, I. J. Ruiz-Heredia, Experimental
Analysis of SnS:Cu Thin Films Obtained by USP for their Implementation in Solar Cells Simulated by
SCAPS (2022) 10.9734/bpi/rdst/v3/2118b

[14] H. Kafashan, Ceramics International 45 (2019) 334. 10.1016/j.ceramint.2018.09.172

[15] Atta Takhum Jaber, Ahmed Hamzah Hadi, Rana Abdul Karim Merza, Rana Jabbar Abd Ali,
Experimental and Theoretical NANOTECHNOLOGY, 10 (2026) 781
https://doi.org/10.56053/10.2.781

[16] K.H. Abass, A. Adil, A.J. Alrubaie, B.H. Rabee, A.M. Kadim, S.H. Talib, K.A. Mohammed, A.S.
Jassim, IntJNanosci 22 (2023) 572 10.1142/S0219581X23500025

[17] Saleh Salous, Rami M. Amro, Experimental and Theoretical NANOTECHNOLOGY, 10 (2026)
811 https://doi.org/10.56053/10.2.811

[18] S. Sebastian, I. Kulandaisamy, A.M. S. Arulanantham, S. Valanarasu, A. Kathalingam,
A. Jesu Jebathew , Mohd. Shkir, M. Karunakaran, Optical and Quantum Electronics 4 (2019) 100
10.1007/s11082-019-1812-1

[19] R. S. Mahmood, et al., Journal of the Mechanical Behavior of Materials, 34 (2025) 1.
https://doi.org/10.1515/jmbm-2025-0040

[20] D.G. Kim, J. M. Lee, J.M. Choi, J. H. Ahn, Appl Surf Sci 612 (2023)155887. 10.1016/j.a
psusc.2022.155887

[21] [21] M. Guc, J. Andrade-Arvizu, I. Y. Ahmet, F. Oliva, M. Placidi, X. Alcobé, E. Saucedo,A.
Pérez-Rodriguez, A.L. Johnson AL, V. Izquierdo-Roca, Acta Mater 183 (2020) 1.
10.1016/j.actamat.2019.11.016

[22] Nadia Farid Hassan Sabri, Jassim Muhsin Nasser, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 835 https://doi.org/10.56053/10.S.835

[23] S. Sebastian, I. Kulandaisamy, S. Valanarasu, N. Soundaram, K. Paulraj, D. Vikraman, H.S. Kim,
J Mater Sci Mater Electron 30 (2019)8024 10.1007/s10854-019-01124-3

[24] Haitham Mohammed Ibrahim Al-Zuhairi, Igbal alshalal, Hind H. Abbood, M. Al Nuaimi,
Experimental and Theoretical NANOTECHNOLOGY, 10 (2026) 855
https://doi.org/10.56053/10.S.855

[25] M. 1. Khan, S. bano, S. Hussain, N. Alwadai, M. Fatima, U. Shahzad, E.S. Yousef, M. Igbal, Opt
(Stuttg) 300 (2024) 171625. 10.1064/]. ijle0.2024.171625

[26] T. Garmim, N. Benaissa, C. Louardi, L. Soussi, R. Mghaiouini, A. Ziti, Z. El Jouad, A. Louardi,
A. El Bachiri, B. Hartiti, M. Monkade, Mater Chem Phys 292 (2022) 126774.
10.1016/j.matchemphys.2022.126774

[27] A. H. H. AL-Obeidi, B. K. H. Al-Maiyaly, AIP Conference Proceedings 2475 (2023) 090026 B.



https://www.sciencedirect.com/author/7409445068/li-chyong-chen
https://www.sciencedirect.com/journal/solar-energy-materials-and-solar-cells
file:///C:/Users/Dr.Bushra/Downloads/236
https://doi.org/10.1016/j.solmat.2021.111499
https://doi.org/10.1016/j.cap.2015.03.026
https://doi.org/10.1088/1361-6641/aac524
https://doi.org/10.1088/1361-6641/aac524
https://doi.org/10.%201016/j.jmrt.2022.05.137
https://doi.org/10.1007/s12598-019-01295-2
https://doi.org/10.1039/d2ma00485b
https://doi.org/10.30526/36.2.2833
https://doi.org/10.1016/j.ssc.2024.115525
https://doi.org/10.9734/bpi/rdst/v3/2118b
https://doi.org/10.1016/j.ceramint.2018.09.172
https://doi.org/10.56053/10.2.781
https://doi.org/10.1142/S0219581X23500025
https://doi.org/10.56053/10.2.811
https://doi.org/10.1007/s11082-019-1812-1
https://doi.org/10.1515/jmbm-2025-0040
https://doi.org/10.1016/j.a%20psusc.2022.155887
https://doi.org/10.1016/j.a%20psusc.2022.155887
https://doi.org/10.1016/j.actamat.2019.11.016
https://doi.org/10.56053/10.S.835
https://doi.org/10.1007/s10854-019-01124-3
https://doi.org/10.56053/10.S.855
https://doi.org/10.1064/j.%20ijleo.2024.171625
https://doi.org/10.1016/j.matchemphys.2022.126774

Exp. Theo. NANOTECHNOLOGY 10 (2026) 1907-1921

K. H. Al-Maiyaly, S. M. Ali, B. H. Hussein, H. K. Hassun, Chalcogenide Letters 21 (2024) 605
10.15241/CL.2024.218.502

[28] A. J. Soud, B. K. H. Al-Maiyaly, Chalcogenide Letters 21 (2024)
385 10.15251/CL.2024.215.288

[29] Ketam Kadom Khudair, Farouk Boudou, Abeer Mohammed, Abdelghani Sehmi, Amal
Belakredar, M. S. Ibrahim, Experimental and Theoretical NANOTECHNOLOGY, 10 (2026) 869
https://doi.org/10.56053/10.S.869

[30] Gh. S. Ahmed, B. K. H. Al-Maiyaly, AIP Conference Proceedings 1 (2019) 020019
10.1063/1.4138401

[31] A. J. Soud, B. K. H. Al-Maiyaly, Journal of Physics: Conference Series 2857 (2024) 012029
10.1088/1742-6596/2857/1/022024

[32] M. S. Ibrahim, Tarik T. Issa, Bilal Yaqoob, Etmad Naji Fayyadh, Ahmed Rashid, Rugaya Shaker
Mahmood, Experimental and  Theoretical NANOTECHNOLOGY, 10 (2026) 887
https://doi.org/10.56053/10.S.887

[33] Alyaa Hussain, Ibtihal A. Mahmood, Hussein A. Hussein, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 907 https://doi.org/10.56053/10.S.907

[34] Maryam Abdulameer Ali, Israa A. Aziz, Ahmed Salloum Abbas, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 925 https://doi.org/10.56053/10.S.925

[35] Gh. S. Ahmed, B. K. H. Al-Maiyaly, B. H. Hussein; H. K. Hassun, AIP Conf. Proc. 2307 (2020)
020026 10.1063/5.0044521

[36] H. K. Hassun, B. H. Hussein, Bushra K. H. Al-Maiyaly, A. H. Shaban, Key Engineering
Materials 886 (2021) 66 (2021); 10.4028/www.scientific.net/KEM.995.77

[37] H. K. Hassun, M. H. Mustafa, R. H. Athab, B. K. H. Al-Maiyaly, B. H. Hussein, Journal of
Ovonic Research 18 (2022) 601 10.15251/JOR.2022.184.312

[38] M. B. Faheem, B. Khan, C. Feng, S. B. Ahmed, ACS Appl. Mater. Interfaces 14 (2022) 6894
https://doi.org/10.1002/admi.202200421

[39] E.  Sarica, Phosphorus,  Sulfur  Silicon Relat Elem 196 (2021) 1103.
10.1080/10426507.2021.1986498

[40] Y. Gao, Y. Hu, C. Yao, S. Zhang, Adv. Funct. Mater. 32 (2022) 2208225
https://doi.org/10.1002/adfm.202208225

[41] A.S. Obaid, M.A. Mahdi, Z. Hassan, M. Bououdina, Int. J. Hydrogen Energy 38 (2013) 807.

[42] T. H. Toan, N. T. Dai, V. Th. K. Lien , T. Th. Hien, V. Th. Bich , N. M. Hung Hue University
Journal of Science: Natural Science,130 (2021) 10.26459/hueunijns.v130i1C.6157

[43] Abass KH, Adil A, Alrubaie AJ, Rabee BH, Kadim AM, Talib SH, Mohammed KA, Jassim AS
(2023) Fabrication and Characteriza- tion of p-SnS/n-Si Solar Cell by Thermal Evaporation Technique
and the Effect of Ag-doped on Its Efficiency. Int J Nanosci 22:572-575. 10.1142/S0219581X23500155
[44] Sami A. Hammood, Aseel H. Abed, Aqeel S. Bedan, M. Al Nuaimi, Experimental and
Theoretical NANOTECHNOLOGY, 10 (2026) 945 https://doi.org/10.56053/10.S.945

[45] Rodriguez-Castro S, Alvarez-Macias C, Salgado-Conrado L, Ruiz-Heredia 1J (2022)
Experimental Analysis of SnS:Cu Thin Films Obtained by USP for their Implementation in Solar Cells
Simulated by SCAPS. https://doi.org/10.9734/bpi/rdst/v3/2118b.

[46] Steinmann, V., Jaramillo, R., Hartman, K., Chakraborty, R., Brandt, R. E., Poindexter, J. R., Lee,
Y. S., Sun, L., Polizzotti, A., Park, H. H., Gordon, R. G., & Buonassisi, T. (2014). 3.88% efficient tin
sulfide solar cells using congruent thermal evaporation. Advanced Materials, 26(44), 7488-
7492. https://doi.org/10.1002/adma.201402219

[47] Aya Kahled Jabbar, Hussein Ali Hussein, M. Al Nuaimi, Experimental and Theoretical
NANOTECHNOLOGY, 10 (2026) 965 https://doi.org/10.56053/10.S.965

[48] M.T. ISLAM, ATUL KUMAR, and A.K. THAKUR, Defect Density Control Using an Intrinsic



https://doi.org/10.15241/CL.2024.218.502
https://doi.org/10.15251/CL.2024.215.287
https://doi.org/10.56053/10.S.869
https://doi.org/10.1063/1.5138505
https://doi.org/10.56053/10.S.887
https://doi.org/10.56053/10.S.907
https://doi.org/10.56053/10.S.925
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/5.0044521
https://doi.org/10.4028/www.scientific.net/KEM.995.77
https://doi.org/10.15251/JOR.2022.184.601
https://doi.org/10.1002/admi.202200421
https://doi.org/10.1080/10426507.2021.1986498
https://doi.org/10.1002/adfm.202208225
https://jos.hueuni.edu.vn/index.php/hujos-ns/article/view/6157#author-1
https://jos.hueuni.edu.vn/index.php/hujos-ns/article/view/6157#author-2
https://jos.hueuni.edu.vn/index.php/hujos-ns/article/view/6157#author-3
https://jos.hueuni.edu.vn/index.php/hujos-ns/article/view/6157#author-4
https://jos.hueuni.edu.vn/index.php/hujos-ns/article/view/6157#author-5
https://jos.hueuni.edu.vn/index.php/hujos-ns/article/view/6157#author-6
https://jos.hueuni.edu.vn/index.php/hujos-ns/index
https://jos.hueuni.edu.vn/index.php/hujos-ns/index
file:///C:/Users/Dr.Bushra/Downloads/130%20(2021)
https://doi.org/10.26459/hueunijns.v130i1C.6157
https://doi.org/10.1142/S0219581X23500035
https://doi.org/10.56053/10.S.945
https://doi.org/10.9734/bpi/rdst/v3/2118b
https://doi.org/10.1002/adma.201402219
https://doi.org/10.56053/10.S.965

Exp. Theo. NANOTECHNOLOGY 10 (2026) 1907-1921
Layer to Enhance Conversion Efficiency in an Optimized SnS Solar Cell, Journal of ELECTRONIC
ATERIALS, April 2021, https://doi.org/10.1007/s11664-021-08881-0

© 2026 The Authors. Published by LPCMA (https://etnano.com). This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



https://doi.org/10.1007/s11664-021-08881-0
https://etnano.com/
http://creativecommons.org/licenses/by/4.0/


  C . S =     0 . 94 ×   𝜆  ( x − r a y )    𝛽  ( F W H M )     c o s ⁡  𝜃


  𝛿 =  1     ( C . S ) 2


  Ԑ =    β  ( FWHM ) × cos θ 4


    J m × V m  J s c × V o c   × 100 %


    F . F × J s c × V o c  P i n   × 100 %

