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ABSTRACT

The cubic-tin sulfide (SnS) compound material is optimal for the absorber layer

in photovoltaic technology. In this study, the role of annealing temperature on

the physical properties of cubic-SnS thin film has been determined. The spray

pyrolyzed SnS thin films were post-annealed, using the chemical vapor depo-

sition system, at the temperature range between 350 and 500 �C The annealed

films have been analyzed using a comprehensive range of characterization

techniques i.e., X-ray diffraction (XRD), Raman spectroscopy, UV–Vis spec-

troscopy, Photoluminescence spectroscopy (PL), Field-emission scanning elec-

tron microscopy (FESEM), Energy dispersive spectroscopy (EDS) and Hall

measurements. The XRD results discovered the phase deterioration of cubic-SnS

at higher annealing temperatures i.e.,[ 350 �C. Further, the Raman analysis

confirmed the cubic-SnS phase deterioration, along with the formation of SnS2
and Sn2S3 secondary phases, at higher annealing temperatures. Besides that, a

band gap in the range of 1.63–1.68 eV has been obtained for the SnS thin films.

The films exhibit the near-band edge emission peak in the PL spectra. Moreover,

the SEM micrographs show the needle-shaped grains, and their size and dis-

tribution were increased with respect to the enhancement in annealing tem-

perature. A considerable amount of sulfur inclusion was observed in EDS

analysis and the films annealed at 450� exhibit the near stoichiometric compo-

sition ratio of Sn/S = 1.01. The hall measurement studies showed resistivity,

carrier concentration, and mobility of 29.4–376.5 X cm, 4.2 9 1014–

3.0 9 1016 cm-3 and 13.1–66.1 cm2/Vs, respectively.
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1 Introduction

Thin film photovoltaic technologies entice research-

ers interest owing to their direct band gap and higher

absorption coefficient in comparison with existing

silicon photovoltaic technologies [1–3]. Tin Sulfide

(SnS) is a binary semiconductor compound, and it

has been used as a light-absorbing layer in Photo-

voltaics (PV). SnS has been considered a significant

material in photovoltaic technology because of the

higher absorption coefficient of[ 104 cm-1 and

suitable band gap i.e., 1.3–1.8 eV [4, 5]. In addition to

that, the elements present in tin sulfide compounds

are earth-abundant and environmentally benign

compared to well-established, thin-film photovoltaic

technologies such as CIGS and CdTe [6, 7]. The

aforementioned qualities of SnS material are extre-

mely beneficial for photovoltaic technology. More-

over, the theoretical studies showed that SnS-based

photovoltaics have the ability to reach the power

conversion efficiency (PCE) of 32% [4]. Thus far,

Sinsermsuksakul et. al experimentally achieved a

PCE of * 4.3% using the atomic layer deposition

technique[8]. The noticed deficiency of SnS photo-

voltaic devices chiefly occurs because of the defects

and band misalignment in the p-n interface [8, 9].

Hence, researchers around the world working enor-

mously to enhance the PCE of SnS photovoltaics.

The crystal structure has a predominant role to

decide the properties of the material. The SnS mate-

rial shows the formation of polymorph crystal

structure i.e., orthorhombic(a-SnS), cubic(p-SnS), and
zinc blende[5, 6, 10]. Among that, the orthorhombic

SnS is a ground-state crystal structure and the cubic-

SnS phase corresponds to a metastable crystal struc-

ture [11]. In that, the cubic-SnS (p-SnS) phase has

been experimentally discovered in the last decade

[12, 13]. The cubic-SnS shows a higher band gap and

dielectric constant compared to the orthorhombic-

SnS crystal structure and it can facilitate better PCE of

the PV device [11, 14, 15]. Therefore, different

strategies have been tried by researchers to develop

the properties of a cubic-SnS thin film.

Several deposition techniques such as thermal

evaporation [16] chemical bath deposition [17],

aerosol-assisted chemical vapor deposition [18] and

spray pyrolysis deposition [19] was employed to

deposit cubic-SnS thin films. Among these, spray

pyrolysis possesses a facile and low-cost approach for

the deposition of films. Further, its ability to synthe-

size films on a large scale facilitates industrial-scale

production. Hence in this study, the cubic-SnS thin

films were synthesized using the spray pyrolysis

technique.

Various strategies have been employed by

researchers to ameliorate the properties of cubic-SnS

thin films. Among that, post-annealing is considered

a constructive approach to enhance the performance

of cubic-SnS thin films. The annealing time and

temperature role has been investigated for the

chemically deposited cubic-SnS thin films by U.

Chalapathi et al. [20]. The annealing has been carried

out in a nitrogen atmosphere with the occurrence of

sulfur. The annealing temperature below 300 �C for

10 min facilitated the cubic-SnS growth with higher

crystallinity. Nicolae Spalatu et al. investigated the

role of post-deposition temperature and atmosphere

for orthorhombic-SnS thin films. The films annealed

at 450 �C in the SnCl2 atmosphere exhibited an

enhanced PCE of 2.8% over the films annealed at

other temperatures [21]. Malkeshkumar Patel et al.

investigated the annealing temperature on spray

pyrolyzed orthorhombic-SnS thin films [22]. The

annealing temperature of 500 �C in an argon atmo-

sphere results in enhancement in the film’s crys-

tallinity and electrical conductivity. Polivtseva et al.

studied the importance of the annealing atmosphere

of the spray pyrolyzed cubic-SnS thin films. The

phase change in the crystal structure such as SnO2,

Sn2S3, and orthorhombic-SnS has been noticed for the

annealed films [19]. The above reports elucidate the

significance of post-deposition annealing on SnS thin

films. Therefore, a post-annealing study is very cru-

cial to ameliorate the performance of absorber layer.

However, to the best of our knowledge, the study

of the post-annealing temperature on spray pyr-

olyzed cubic-SnS thin films has not been determined

so far. Therefore, the present work articulates the

influence of post-annealing temperature on spray

pyrolyzed cubic-SnS thin films. A comprehensive

range of characterization techniques has been utilized

to investigate the properties of annealed SnS thin

film. From the results, the higher annealing temper-

ature leads to the deterioration of cubic-SnS crystal

structure and facilitates the formation of SnS2 and

Sn2S3 secondary phases. Consequently, the variation

in the cubic-SnS thin film’s physical properties has

been discussed.
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2 Experimental details

The spray pyrolysis technique was utilized to deposit

the SnS thin film. The stannous chloride dihydrate

(SnCl2.2H2O) and thiourea (CH4N2S) were used as

initial precursors with the molar concentration of

0.05 M and 0.065 M, respectively. The aqueous solu-

tion has been used to prepare the precursors. The

soda lime-glass substrate was used, and its temper-

ature is kept at 325 �C. Subsequently, the spray noz-

zle is used to spray the precursor solution to the

substrate and compressed air (pressure-1.2 bar) was

employed as a carrier gas during the deposition.

The chemical vapor deposition (CVD) technique

was utilized to anneal the as-deposited thin films.

The annealing has been performed with the presence

of 30 mg elemental sulfur in a quartz boat. Prior to

the annealing, the vacuum pressure of 2 9 10–2 mbar

has been maintained in the quartz tube then the

argon gas has been filled to create an inert atmo-

sphere. The SnS films were annealed at the temper-

ature of 350, 400, 450, and 500 �C for 20 min. The

annealed samples were denoted as PA-350, PA-400,

PA-450, and PA-500, respectively.

2.1 Characterization of thin films

Rigaku mini flex 600 instruments with Cu-Ka radia-

tion with k = 1.5406 Å were utilized to record the

X-ray diffraction pattern. Further, the i-Raman plus

(B& W Tek Raman spectrometer) has been used to

obtain the Raman spectra with the backscattering

configuration. The Raman spectra have been recor-

ded using the excitation wavelength of 785 nm. The

UV–vis spectrum is recorded at the wavelength range

between 190–1100 nm using UV-Shimadzu 1800

spectrometer. The morphology study was carried out

using a field-emission scanning electron microscope

(Zeiss sigma) and the elemental analysis has been

quantified using oxford energy dispersive spec-

troscopy. The photoluminescence spectra (PL) have

been measured at room temperature using Jasco

spectrofluorometer FP 8500. Further, the van der

Pauw technique has been performed at room tem-

perature to determine resistivity, mobility, and car-

rier concentration.

3 Results and discussion

3.1 X-ray diffraction

Figure 1 depicts the XRD pattern of the as-deposited

and annealed SnS thin films. The obtained diffrac-

togram has been compared with the standard poly-

morphs i.e., orthorhombic-SnS (JCPDS Card No.

39-0354) and cubic-SnS structure and possible sec-

ondary phases such as Sn2S3 (JCPDS Card No.

75-2183) and SnS2 (JCPDS Card No. 23-06577). The

obtained XRD peaks of as-deposited thin film match

with a standard cubic-SnS phase. Further, the char-

acteristic peaks at (400), (410), and (300) planes pro-

vide a notable difference from the ground state

orthorhombic (a-SnS) and confirm the formation of

the cubic-SnS metastable phase [14, 23–25]. Moreover,

as-deposited cubic-SnS thin films exhibit phase for-

mation without the occurrence of secondary phases.

Table 1 shows the evaluated parameters from the

XRD pattern. The as-deposited SnS films.exhibited a

crystallite size of 20 nm, and it is found to increase to

22 nm for the films annealed at 350 �C. Further,

enhancement in the crystallite size has been noticed

to 24 nm at 400 �C annealing temperature. However,

the minor presence of the SnS2 secondary phase peak

Fig. 1 XRD pattern of as-deposited and annealed SnS thin films
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occurred in the XRD pattern at a diffraction angle

of * 15�. Further improvement in the annealing

temperature to 450 �C and 500 �C leads to a reduc-

tion of crystallite size to 17 nm and 16 nm, respec-

tively. Besides that, the presence of SnS2 and Sn2S3
secondary phases has been noticed at annealing

temperatures of 450 �C and 500 �C, respectively, and
their peak intensity has increased significantly. Fur-

ther, the triple peaks at the plane of (400), (410), and

(300) show deterioration, which implies the phase

conversion of cubic-SnS crystal structure for films

annealed at a higher temperature.

The secondary phases have been noticed in the

XRD pattern for the films annealed above 350 �C. The
noticed secondary phase and changes in the peak

magnitude indicate phase conversion of cubic-SnS.

The thermal instability in accordance with the higher

volatility of SnS material might be the cause for the

noticed deterioration of the cubic-SnS crystal struc-

ture. The films annealed above 350 �C led to Sn dis-

proportionation and which causes the deterioration

of the cubic-SnS phase and facilitates secondary

phase formation i.e., SnS2 and Sn2S3 [1, 22].

3.2 Raman spectroscopy

Figure 2 depicts recorded Raman spectra of the SnS

thin films. Raman spectroscopy is a sensitive tool for

the determination of secondary phases as compared

to XRD. The noticed vibrational modes of 112 cm-1,

165 cm-1,177 cm-1, 190 cm-1, 201 cm-1, 220 cm-1,

and 229 cm-1 nearly match with cubic-SnS and cor-

roborates the phase formation [18, 26]. The phonon

confinement might be the cause for the noticed broad

peaks in the Raman spectra [13]. All the samples

exhibit the Raman vibrational mode at 306 cm-1,

which is ascribed to the Sn2S3 secondary phase [27].

The existence of a minor secondary phase has been

noticed in the Raman spectra of an as-deposited thin

film. In the XRD pattern, the aforementioned sec-

ondary phases have not been obtained. The higher

detection limit of Raman spectra might effectively

probe the occurrence of minor secondary phases over

the XRD technique. The intensity of the Sn2S3 vibra-

tional mode increases corresponding to the increase

in the annealing temperature. Concurrently, the

cubic-SnS Raman vibrational mode intensity is found

to be reduced. A significant change in the Raman

shift position has been noticed for the films annealed

above 400 �C. The above result indicates phase con-

version of the cubic-SnS above the annealing tem-

perature of 400 �C. Overall, the Raman spectra results

are in good accordance with the XRD pattern.

Table 1 The crystallite size, dislocation density, and microstrain of the as-deposited and annealed cubic SnS thin films

Sample Peak position (�) FWHM (�) Crystallite size (nm) Dislocation density

(m-2) (9 1015)

Micro strain

(9 10–3)

As Deposited 26.0 0.40 20 2.2 1.73

PA-350 26.2 0.37 22 1.9 1.61

PA-400 26.0 0.34 24 1.6 1.48

PA-450 26.5 0.48 17 3.1 2.04

PA-500 26.0 0.50 16 3.5 2.16

Fig. 2 Raman spectrum of as-deposited and annealed SnS thin

films

747 Page 4 of 10 J Mater Sci: Mater Electron (2023) 34:747



3.3 UV–Vis Spectroscopy

Figure 3a and b depict the transmittance and

absorption coefficient spectra of SnS thin films. The

transmittance percentage in the visible region i.e.,

400–700 nm is found to be increased corresponding

to a rise in annealing temperature. All the thin films

exhibit an absorption coefficient of * 104 cm-1 and it

is optimal for the absorber layer. The noticed changes

in the transmittance and absorption coefficient might

correspond to the change in the crystallinity and the

secondary phase formation [28].

The band gap (Eg) was determined using the Tauc

relation [29]. Figure 3c. depicts the tauc plot of SnS

thin films and the direct band gap of 1.63–1.68 eV has

been obtained. The as-deposited SnS thin films exhi-

bit a wider band gap of 1.68 eV and it is getting

narrow for the annealed films at 350–500 �C. The

Fig. 3 a Transmittance, b absorption coefficient, and c Tauc’s plot of the cubic SnS thin films

Fig. 4 Photoluminescence spectra of as-deposited and annealed

SnS thin films
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obtained band gap value matches with the previous

reports [23, 30]. Further, the noticed reduction of

band gap for annealed films might be attributed to

the reduction of cubic-SnS phase and the secondary

phase formation.

3.4 Photoluminescence (PL) spectroscopy

The PL spectra of SnS thin films have been depicted

in Fig. 4. The occurrence of defect states, within the

SnS thin films, has been probed via PL spectra. The

excitation wavelength of 723 nm was used to study

photoluminescence. All the films exhibit a peak at

823 nm, that corresponds to near-band edge emis-

sion[31, 32]. The noticed peak at 823 nm (1.50 eV) is

within the range of the evaluated band gap from

UV * 1.68 eV. Hence, the peak might belong to the

defect states present within the band gap. Further,

the sample annealed at 350 �C shows a higher intense

peak, which implies a higher level of defect states in

comparison with the other annealed films [33].

3.5 Field emission scanning electron
microscopy (FESEM)

The micrographs of SnS films are presented in Fig. 5.

All the films exhibited pinhole and void-free surfaces,

which is optimal for the absorber layer performance.

Further, the surface region shows the occurrence of

needle-shaped grains. The distribution and size of

needle-shaped grains have improved at higher

annealing temperatures. Moreover, the annealing at

450 �C and 500 �C leads to a higher distribution of

needle-shaped grains as compared to the other

annealed films.

Fig. 5 SEM micrographs of

as-deposited and annealed

cubic SnS thin films
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3.6 Energy dispersive spectroscopy (EDS)

The elemental percentage and its composition are

given in Table. 2. The as-deposited SnS thin films

consist of a composition ratio of Sn/S = 1.34. The

usual trend of reduction in the elemental percentage

of sulfur was noticed for spray pyrolyzed SnS thin

films, which corresponds to the evaporation of vola-

tile SO2 [34]. Further, the increase in the sulfur atomic

percentage has been noticed for the annealed films,

which is ascribed to the inclusion of sulfur. The near-

stoichiometric composition ratio i.e., Sn/S = 1.01 has

been obtained for the annealed films at 450 �C. The
noticed higher elemental inclusion of sulfur might

correspond to the saturated vapor pressure of sulfur.

Further, the SnS material exhibits less thermal sta-

bility, hence it might cause decomposition during

higher temperatures. Thus, the thin films annealed at

500 �C showed an enhancement in the composition

ratio of Sn/S = 1.42 [28].

3.7 Electrical studies

The van der Pauw technique has been employed to

examine the electrical properties of thin films. Table.

3. and Fig. 6. show the obtained resistivity, carrier

concentration and mobility of all the SnS thin films.

The resistivity of around 3.1 X. cm was noticed for

the as-deposited SnS thin films. The resistivity is

found to be increased to 29.4 X. cm and 376.5 X. cm

for the films annealed at 350 and 400 �C, respectively.
A noticed reduction in the Sn/S composition ratio

might be the cause for the higher resistivity of the

aforementioned SnS thin films. Further, improvement

in the annealing temperature to 450 �C leads to a

reduction in resistivity i.e., 34.1 X cm. The occurrence

of SnS2 secondary phase and the near-stoichiometric

ratio of Sn/S might be the cause for the noticed

reduction in its resistivity [35]. Further enhancement

in the annealing temperature to 500 �C shows an

increase in resistivity i.e., 354.9 X. cm, which might be

attributed to the higher Sn/S ratio = 1.42 and the

occurrence of secondary phase i.e., Sn2S3. The

mobility and carrier concentration has found to vary

in the range between 13.1 and 66.1 cm2/Vs and

4.2 9 1014–3.0 9 1016 cm-3 ,respectively. The

obtained variation in mobility and carrier concen-

tration of annealed SnS thin films might be ascribed

to the change in composition ratio and crystallinity.

4 Conclusion

In summary, the influence of post-annealing tem-

perature on spray pyrolyzed cubic-SnS thin film has

been investigated. The cubic-SnS phase has been

Table 2 The elemental percentage and the composition ratio of

as-deposited and annealed SnS thin films

Sample Elements (at.%) Sn/S

Sn (at.%) S (at.%)

As deposited 57.4 42.6 1.34

PA-350 57.0 42.9 1.32

PA-400 55.5 44.5 1.24

PA-450 50.5 49.5 1.01

PA-500 58.7 41.3 1.42

Table 3 The resistivity,

mobility and carrier

concentration of as-deposited

and annealed SnS thin films

Sample Resistivity (X. cm) Mobility (cm2/V.s) Carrier Concentration (cm-3)

As deposited 3.1 64.3 3.0 9 1016

PA-350 29.4 13.1 1.6 9 1016

PA-400 376.5 38.8 4.2 9 1014

PA-450 34.1 66.1 2.7 9 1015

PA-500 354.9 14.9 1.1 9 1015

Fig. 6 The resistivity, mobility and carrier concentration of as-

deposited and annealed SnS thin films
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found to deteriorate for the films annealed above

350 �C. The occurrence of secondary phases such as

Sn2S3 and SnS2 was increased at a higher tempera-

ture. Further, Raman spectroscopy followed the XRD

pattern and confirmed a phase deterioration of the

cubic-SnS phase at a higher annealing temperature.

The thermal instability of SnS, at higher tempera-

tures, led to the noticed phase deterioration. All the

thin films exhibit a direct band gap between 1.63 and

1.68 eV. Further, PL spectra showed the near band

edge emission, which indicates the higher quality SnS

thin films with less deep defects. Further, the SEM

micrographs showed the needle shape grain, and

their distribution and size were increased at the

higher annealing temperature. A significant amount

of S inclusion has been noticed for annealed films and

at 450 �C a near-stoichiometric composition ratio of

Sn/S = 1.01 was obtained. Further, the annealed

films exhibit significant changes in resistivity,

mobility, and carrier concentration. The above results

will provide insight into the cubic-SnS phase con-

version and its physical properties corresponding to

the post-deposition annealing process and thus

enhance the PV device performance.
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