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This paper reports the synthesis, crystal structure, surface morphology, optical and electrical properties of Mg-

doped Sn2S3 thin films deposited by spray pyrolysis technique. All the films exhibit orthorhombic crystal structure
with a (211) preferential orientation. Crystallite size calculations based on the Debye–Scherrer formula indicated
that the Sn2S3 crystallite size increases with Mg content from 27.97 nm to 33.58 nm. Scanning electron microscopy
images showed that all the films were very smooth composed of nanoneedle and nanoplate shaped grains. The band
gap energy of the films exhibits a blue shift from 1.94 eV to 2.09 eV with increase in Mg concentration. Resistivity
values of the undoped and Mg-doped Sn2S3 films were found to be in the order of 0.1 Ωcm. From the obtained
results it is observed that the Sn2S3 film coated with 2 wt% Mg concentration exhibits better physical properties.
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1. Introduction

Tin sulphide, a chalcogenide compound belonging to a
family of IV–VI semiconductors have attracted attention
in recent decades due to its numerous applications. Its
band gap varies in the range of 0.8–3.5 eV [1, 2] which
make it suitable as an absorber or window layer in pho-
tovoltaic solar cells. Tin sulphide has three main phases
of which SnS2 and SnS exhibit layered structure whereas
Sn2S3 exhibit ribbon-like structure [3]. Sn2S3, a mate-
rial with electron lone pairs is a mixed valence Sn com-
pound which crystallizes in orthorhombic crystal struc-
ture [4]. Sn2S3 is a direct forbidden semiconductor with a
band gap of 0.95 eV and high anisotropic conduction [5],
which makes it suitable as p–n or p–i–n structures in
photovoltaic applications [6]. Sn2S3 could also be used
to prepare near-lattice-matched hetero junctions such as
Sn2S3/CdTe, Sn2S3/GaSb, Sn2S3/AlSb, etc, for applica-
tions in the detection and generation of infrared radia-
tion [7].

Due to the existence of numerous particle boundaries,
Sn2S3 films have low electron-transport efficiency, which
would result in easy recombination of electrons and holes
thereby limiting the efficiencies of Sn2S3 based solar cells.
It has been proposed recently that in 3D nanostructured
networks comprised of semiconductor nanorods, nano-
tubes or nanowires high electron transport rate could
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be achieved, as these networks provide direct conduc-
tion pathways for rapid collection of photo-generated
electrons [8]. In photoelectric conversion, these 3D net-
works can enhance relaxation light harvesting by multiple
scattering thereby increasing the conversion efficiency [9].
Sn2S3 is one such material which exhibit 3D nanostruc-
tured network depending on the preparation conditions.

Sn2S3 thin films have been prepared earlier by various
techniques such as spray pyrolysis [10], chemical bath
deposition [11], potentiostatic electrodeposition [12], etc.
Among these techniques, spray pyrolysis is a promising
technique for preparing semiconducting thin films suit-
able for energy conversion applications. The conductiv-
ity and carrier concentration of Sn2S3 films deposited
by spray pyrolysis technique have been estimated about
4.35×10−3 (Ωcm)−1 and 9.4×1014 cm−3, respectively. It
has been reported earlier that the resistivity of Sn2S3 is
affected by the increased number of grains possessed by
it [13]. Also Sn2S3 films with tin vacancies show p-type
conductivity, while the films with sulphur vacancies show
n-type conductivity [14]. In Sn2S3, carrier type might be
subject to change as its carrier concentration is sensitive
to the growth or annealing conditions as the formation
energies of the tin and sulphur vacancy defects are close
in energy.

In photovoltaic applications, mixed type of Sn2S3
would be detrimental to its transport properties which
would lower the device performance. Therefore, in or-
der to improve the photovoltaic device performance, sin-
gle phase Sn2S3 is essential which can be achieved by
controlling the Sn and S vacancies. However, the for-
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mation of p-type Sn2S3 is very difficult because of strong
self-compensation effect due to sulphur vacancies and the
depth of the acceptor level. To form a single phase Sn2S3
of p-type, it is essential to control the self-compensation
effect due to sulphur vacancies which can be achieved
through doping.

Magnesium is a transition metal element belonging to
P63/mmc space group. Mg2+ has an ionic radius of
0.72 Å which is small compared to that of Sn2+ (0.93 Å).
Therefore, doping of Mg in Sn2S3 permits its band gap
to be tailored and also Mg doped Sn2S3 leaves the lattice
constants almost invariant due to the high solid solu-
bility of MgS in Sn2S3. Also Mg metal based sulphide
thin films exhibit p-type conductivity. Therefore, it is ex-
pected that when MgS is alloyed with Sn2S3, it may be
possible to form a single phase of Sn2S3 with p-type. Mo-
tivated by this fact, in this work Mg-doped Sn2S3 films
were prepared by spray pyrolysis technique with differ-
ent concentrations of Mg (0, 1, 2, and 3 wt%) and the
effect of Mg doping on the properties of Sn2S3 films was
investigated and the results are reported here.

2. Experimental details

Sn2S3 films were deposited by spray pyrolysis tech-
nique using tin(II) chloride, (SnCl2·H2O)(0.02 M) and
thiourea CS(NH2)2 (0.02 M) as precursor salts. First
SnCl2 is dissolved in a mixture of HCl and deionized
water in the volume ratio of 1:5 (in total 30 ml volume)
while thiourea was added to this solution and stirred well
for 30 min. To achieve Mg doping, MgCl2 is used as the
precursor salt. Mg concentration is varied in the starting
solution as 0, 1, 2, and 3 wt%. The resultant solution was
sprayed on glass substrates kept at 400 ◦C, with help of
compressed air at a flow rate of 6 ml/min. The distance
between the spray nozzle and the heater was kept ap-
proximately at 28 cm. The thicknesses of the Sn2S3 films
coated with 0, 1, 2 and 3 wt% Mg concentrations mea-
sured by Profilometer (SJ-301) were found to be equal
to 240, 252, 269 and 256 nm respectively. X-ray diffrac-
tion (XRD) patterns of the films were obtained with the
help of X-ray diffractometer (PANalytical — PW 340/60
X’pert PRO) with Cu Kα (λ = 1.5406 Å) radiation as
X-ray source. The surface morphology of the films was
studied using scanning electron microscope (HITACHI S
— 3000H). Optical studies were performed using a UV-
Vis-NIR double beam spectrophotometer (LAMDA —
35) in the wavelength range 300–1100 nm. Electrical and
photoluminescence studies were carried out using a two
point probe setup and Varian Cary Eclipse Fluorescence
spectrophotometer, respectively.

3. Results and discussion

3.1. XRD analysis

Figure 1 shows the XRD patterns of Mg-doped Sn2S3
thin films coated with 0, 1, 2 and 3 wt% Mg concen-
trations. All the films exhibit a well defined peak at

about 31.71◦ and a weak peak at 66.26◦ corresponding
to the (211) and (422) planes of orthorhombic structure
(JCPDS card No. 75-2183). Besides these peaks, no
extra peaks corresponding to any phase of tin sulphide
were observed confirming that the as deposited films were
of Sn2S3 phase only. It is observed that the peak in-
tensity of the (211) plane increased with increase of Mg
content attaining a maximum value for the film coated
with 2 wt% doping concentration indicating better crys-
tallinity of this film. The crystallite size D of the Mg-
doped Sn2S3 films was calculated from the Scherrer for-
mula [15]:

D =
0.9λ

β cos θ
, (3.1)

where λ is the wavelength of the X-ray (1.5406 Å), β is
the full width at half maximum and θ is the Bragg angle.
The calculated crystallite values increases with doping
concentration and the Sn2S3 film coated with 2 wt% Mg
concentration is found to have maximum crystallite value
of 33.58 nm confirming its improved crystallinity.

Fig. 1. XRD patterns of Mg-doped Sn2S3 thin films.

TABLE I

Structural parameters of Mg doped Sn2S3 thin films for
given Mg doping concentration.

Mg
2θ(2111)

D ε Lattice parameters [Å]
[wt%] [nm] ×10−3 a b c

0 31.706° 27.97 1.2390 5.641 15.622 5.642
1 31.856° 30.82 1.1244 5.619 15.551 5.658
2 31.892° 33.58 1.0320 5.612 15.533 5.652
3 31.880° 32.88 1.0539 5.614 15.538 5.654

It is observed from the XRD patterns that the 2θ value
of the (211) plane of the Sn2S3 films shifts towards higher
Bragg angle (Table I) with increase in Mg concentration
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inferring a contraction in their lattice volumes. The cal-
culated lattice parameter values of the Mg-doped Sn2S3
thin films decreases with increase in Mg concentration
which infer that Mg2+ ions have substitutionally replaced
Sn2+ ions in the host lattice. This inference is arrived as
the ionic radius of Mg2+ (0.72 Å) is smaller than Sn2+
(0.93 Å).

The strain in the film was calculated using the rela-
tion [16]:

ε =
β cos θ

4
. (3.2)

The obtained values decreases with increase in Mg con-
centration and the film coated with 2 wt% Mg concen-
tration exhibited a low value of strain confirming its im-
proved crystallinity.

3.2. SEM analysis

Figure 2a–d shows the SEM images of Mg-doped Sn2S3
thin films. It is observed that the surface of pure Sn2S3
film is smooth and dense composed of nanoneedle shaped
grains (Fig. 2a). For 1 wt% Mg dopant, the film sur-

Fig. 2. SEM images of Mg-doped Sn2S3 thin films.

face seems to be tightly packed with a mixture of nee-
dle shaped and plate-like grains (Fig. 2b). As the Mg
concentration is increased further, the surface gets mod-
ified with equally sized nanoneedles for the film coated
with 2 wt% Mg concentration (Fig. 2c). With further
increase in Mg concentration, the surface gets modi-
fied with equally sized plate like grains along with few
nanoneedles for the film coated with 3 wt% Mg concen-
tration (Fig. 2d). These results infer that Mg doping

strongly influences the surface morphology of pure Sn2S3
film and it is observed that the film coated with 2 wt%Mg
concentration exhibits better morphology supporting the
results obtained in XRD analysis.

3.3. Electrical studies

The electrical resistivity values of the films measured
by two point probe setup are compiled in Table II. The
resistivity values of the films are found to be in the range
of 10−1 Ωcm. The resistivity range obtained here exactly
matched with earlier reports [17]. It can be observed that
film resistivity decreases with increase in Mg concentra-
tion, attaining a minimum value of 1.13 × 10−1 Ωcm for
the film coated with 2 wt% Mg concentration. The de-
creased resistivity values observed with Mg doping might
be due to increased crystallite size or decreased lattice
strain and improved crystallinity. The reduction in re-
sistivity with Mg doping might also be due to increased
carrier concentration which might have occurred due to
substitutional incorporation of Mg2+ ions into the host
lattice.

TABLE II

Optical parameters and electrical resistivity values
of Mg-doped Sn2S3 thin films for given Mg doping
concentration.

Mg [wt%] Eg [eV] Eu × 10−2 [eV] ρ× 10−1 [Ωcm]
0 1.94 3.28 5.81
1 2 3.19 3.69
2 2.09 2.97 1.13
3 2.04 3.10 2.62

3.4. Optical studies

Figure 3 shows the optical transmittance spectra of
undoped and Mg-doped Sn2S3 thin films recorded in the
wavelength range of 300–1100 nm. The average trans-
mittance of the Mg-doped Sn2S3 films decreases with in-
crease in the Mg content which may be due to increased
absorption by free carriers [18]. It is also observed that
the absorption edge of the doped films shift towards lower
wavelength side which indirectly indicate an increment
in their band gap values. In semiconductor materials,
optical transitions take place by direct and indirect tran-
sitions. The fundamental absorption, which corresponds
to electron excitation from the valence band to conduc-
tion band, can be used to determine the optical band gap
Eg of Mg-doped Sn2S3 films. The band gap values can
be obtained from the optical absorption spectra by the
relation [19]:

αhυ = A(hυ − Eg)
n, (3.3)

where α is the absorption coefficient, hυ is the photon
energy, n assumes the values 1/2, 2, 3/2, and 3 for al-
lowed direct, allowed indirect, forbidden direct, and for-
bidden indirect transitions, respectively. A is a constant
related to the extent of band tailing. The band gap val-
ues were determined by extrapolating the linear portion
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of the plots of (αhυ)2 versus hυ (Fig. 4) until they inter-
cept the hυ axis at α = 0. The Eg values of the Mg-
doped Sn2S3 films are listed in Table II. It is observed
that the undoped film has a band gap of 1.94 eV which
exactly matches with the value reported by Guneri et
al. [11] for Sn2S3 films deposited by chemical bath tech-
nique. As can be seen from Table II, the Eg values of the
doped films were found to be blue shifted, which can be
attributed to the Burstein–Moss (BM) effect. According
to BM effect, band gap increases as the dopant elements
lead to an increase of electrons in the conduction band
shifting the Fermi level. However, the substitution of
Mg2+ in the Sn2+ sites do not offer any free carriers due
to the covalence of these ions. Hence, it can be con-
cluded that the increase in the band gap observed here
is not associated with the BM effect and may be due to
other factors which can be explained as follows: when
Mg is alloyed with Sn2S3, as MgS has higher band gap
energy (4.65 eV) than Sn2S3 (0.95 eV), the increase in
the Mg concentration gradually increases the band gap
which infers that the contribution of Mg-3s state becomes
dominant at the bottom of the conduction band which
broadens the optical band gap by heightening the bottom
of the conduction band [20].

Fig. 3. Transmittance spectra of Mg-doped Sn2S3 thin
films.

The Urbach tail, the width of the localized states avail-
able in the band gap region of thin films, affects their
band gap structure and transitions [21]. The Urbach tail
of the Mg-doped Sn2S3 thin films was determined by the
relation [22]:

α = α0 exp (E/Eu) , (3.4)
where E is the photon energy, α0 is constant and Eu is
the Urbach energy which refers to the width of the expo-
nential absorption edge. The Eu values of the Mg-doped
Sn2S3 thin films were calculated from the slopes of the
plots between ln(α) vs. hυ (Fig. 5), and the obtained
Eu values increase in Mg concentration supports for the
improved crystallinity of the doped films, which means
that there are only minimum number of defects in the
Sn2S3 film structure even after doped with Mg. It is

Fig. 4. Plots of (αhν)2 vs. hν of Mg-doped Sn2S3 thin
films.

Fig. 5. Plots of ln(α) vs. hν of Mg-doped Sn2S3 thin
films.

also observed that both Eg and Eu values vary in oppo-
site ways. The low value of Eu observed for the Sn2S3
film coated with 2 wt% Mg concentration for which Eg
is maximum confirm the minimization of defects in this
film which favours for its improved crystalline nature.

3.5. PL studies

Photoluminescence (PL) spectrum provides informa-
tion on the optically active defects and relaxation path-
ways of excited states. Information regarding the point
defects present in thin films such as vacancies, intersti-
tials and impurities can be obtained from PL studies [23].
Figure 6 displays the PL spectra of the undoped and
Mg-doped Sn2S3 (Mg doping levels: 2 and 3 wt%) thin
films, excited at λ = 400 nm. It is observed that all
the films exhibit emission peaks at 485 nm (2.56 eV),
544 nm (2.28 eV) and 608 nm (2.04 eV). The peak at
485 nm can be attributed to the transitions of trapped
electrons from donor levels to the valence band which
can be assigned to defect states, probably S vacancy
states [24]. The green band emission observed at 2.28 eV
has been originated from the transition of the increased
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Vs donors to recombine with S interstitials (Is) acceptors
in the valence band [25]. The yellow band emission ob-
served at 2.04 eV is caused by a donor–acceptor pair [26].
Ahmad-Bitar [27] reported a similar band for CdS thin
films which they attributed to recombination via surface
localized states, a transition from cadmium interstitial
(ICd) to valence band, and the transition from intersti-
tial cadmium–cadmium vacancy complex I+Cd−V

−
Cd which

acts as a donor to an acceptor level.

Fig. 6. PL spectra of Mg-doped Sn2S3 thin films.

4. Conclusion

Nanostructured pure and Mg-doped Sn2S3 thin films
were prepared by spray pyrolysis technique. The effect
of Mg doping on the structural, morphological, opti-
cal and electrical properties of Sn2S3 films were inves-
tigated. XRD studies revealed that all the films exhib-
ited orthorhombic structure with a preferential orienta-
tion along the (211) plane. The 2θ angle of the (211)
peak was found to be shifted towards higher Bragg angle
with increasing Mg content in the films. Crystallite size
increased from 27.97 nm to 33.58 nm with increase in Mg
concentration. The presence of nano needles in the films
is evinced from the SEM images. Optical band gap was
blue shifted with doping. Urbach energy decreased with
increasing Mg concentration confirming the decrement in
the disorderliness of the films with doping. Film coated
with 2 wt% Mg concentration exhibited a minimum resis-
tivity of 1.13 × 10−1 Ωcm. From the obtained results, it
was confirmed that the Sn2S3 film coated with 2 wt% Mg
concentration exhibited better physical properties which
make them suitable for photovoltaic applications.
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