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Abstract: Thin films of chemical bath deposited tin anti-
mony sulphide (Sn2Sb2S5) were tuned by varying the
deposition time between 1 and 3 h, and postdeposition heat
treatments. The films were grown on soda lime glass (SLG)
and on molybdenum glass (Mo-SLG) substrates, respec-
tively. Thefilm thickness increasedwith deposition time up
to 2 h and decreased thereafter. Structural analysis from
X-ray diffractometry showed that the films were single
phase. This was corroborated by X-ray photoelectron
spectroscopy (XPS) analysis. Energy-dispersive spectros-
copy results give antimony/sulphur (Sb/S) ratio and anti-
mony/tin (Sb/Sn) ratio that increased with deposition time
in the SLG substrates only. Optical constants extracted
from optical spectroscopy measurements give optical ab-
sorption coefficient (α) > 104 cm−1, and direct energy
bandgap with values in the range 1.30 to 1.48 eV. The Hall
effect measurements performed on films grown on the SLG
substrates indicated that the films were p-type electrical
conductivity with electrical resistivity in the range 103 to
104 Ωcm. The films grown on the Mo-SLG served as
absorber layers to fabricate thin film heterojunction solar
cell devices in the substrate configuration with a cadmium
sulphide (CdS) window partner. The best device yielded a
short-circuit current density of 20 mA/cm2, open-circuit
voltage of 0.012 V and a solar conversion efficiency of
0.04%.

Keywords: absorber layers; chemical bath deposition;
deposition time; Sn2Sb2S5; solar conversion efficiency.

1 Introduction

Thin film solar cells have been established over the years as
one of the most viable options in photovoltaic technology.
However the cost per unit watts of solar cells is still very high
hence the universal struggle by various research groups in
probing the potentials of different inorganic materials for
photovoltaic applications still persists. Such inorganic ma-
terials must satisfy certain criteria including abundance of
the constituent elements, environmentally acceptable, low-
cost, high optical absorption coefficient, direct energy
bandgap, and p-conductivity type amongst others. Sn2Sb2S5
thin films are known to satisfy these requirements based on
current literature reports [1–19], added with the flexibility in
device designs as Sn2Sb2S5 thin films can be prepared using
different deposition techniques including Bridgman method
[1–4], photothermal deflection spectroscopy [5], thermal
evaporation [6–17], electropyroelectric technique [18], and
Rf-sputtering techniques [19]. Sn2Sb2S5 belongs to the
(SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3) sulfosats family. Other
phases of tin antimony sulphide of the form; (SnS)x(Sb2S3)y
(1 ≤ x ≤ 5, 1 ≤ y ≤ 3) based thin films have been prepared using
thermal evaporation [20–47], oblique angle deposition [48],
chemical bath deposition (CBD) [49–54], electrodeposition
[55–56], and recently by spin coating [57]. Different phases of
tin antimony sulphide thin films of the form (SnS)x(Sb2S3)y
(1 ≤ x ≤ 5, 1 ≤ y ≤ 3) includes; SnSb2S4 [20–29, 40], Sb2Sn5S9 [13,
58], SnSb4S7 [30–34], Sn4Sb6S13 [37–39, 59], Sn3Sb2S6 [40–42,
48, 60–61], Sn6Sb10S21 [44, 62], Sn6Sb2S11 [50], and Sn6Sb17S29
[50]. It is pertinent to note that research reports in all these
phases are still very few compared to that of other sulfosats
including SnS thin films. Thematerials, optical and electrical
properties of the (SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3) thin films
havebeen accessedbydifferent research groups [8, 10, 12, 19,
23, 36, 49–51, 54], and all points to the suitability of the films
as absorber layers in heterojunction thin film solar cell de-
vices. Analytical reports using suitable software to probe the
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potentials of (SnS)x(Sb2S3)y (1 ≤x ≤ 5, 1 ≤ y ≤3) thinfilms todate
is only contained in thework of Gassoumi et al. [63] using the
Modified Becke–Johnson potentials. However extensive
researchwork is still needed tounravel thepotentials of these
phases as only few reports are available on the photovoltaic
performance of (SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3)-based solar
cells [49, 51, 54]. Additionally, good absorber layer re-
quirements also include low electrical resistivity and good
crystallinity. Sn2Sb2S5 thin films is relatively novel hence
there are limited reports on the materials, electrical and de-
vice properties in the literature. Different authors [10, 20]
have reportedelectrical resistivities of (SnS)x(Sb2S3)y (1 ≤ x ≤ 5,
1 ≤ y ≤ 3) thin films to be in the range obtained in the more
advanced thin film solar cells such as copper indium gallium
diselenide– and cadmium telluride–based devices. Tin
antimony sulphide thin films are known to exhibit bipolar
electrical conductivity according to the literature [10, 16, 35–
36, 51, 53]. In our recent report [53], emphasis was on the
influence of varying tin amount on thematerials, optical, and
electrical properties of tin antimony sulphide thin films at
fixed deposition time. The present investigation centred on
the effect of different deposition time on the properties of the
films and the feasibility of usingSn2Sb2S5 thinfilmsproduced
using low-cost deposition technique as possible absorber
layers in thin film heterojunction solar cell devices as a pio-
neering report. The photovoltaic parameters are comparable
to the report of other authors in SnSb2S4, Sn6Sb10S21, and
Sn3Sb2S6 related thin film heterojunction solar cells [49, 51,
54], respectively. The current report gives a comprehensive
information on the status of (SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3)
thin films and also opened a new pathway in Sn2Sb2S5
absorber layers for photovoltaic applications and will
improve significantly over time.

2 Experimental details

2.1 General steps and preparation of
absorber layers

One of the fundamental steps in thin film preparation is
substrate cleaning. This was done in an ultrasonic bath
with 2-propanol and ultrapure distilled water and finally
stored in a vacuum environment. The source materials
used to grow the absorber layers included antimony tri-
chloride (SbCl3) as source of antimony ions (Sb3+), tin (II)
chloride dihydrate (SnCl2.2H2O) as source of (Sn2+) ions,
anhydrous sodium thiosulphate (Na2S2O3) as source of
sulphur ions (S2−), tartaric acid (C4H6O6) as complexing

agent, and acetone (CH3COCH3). The source materials for
the window layers are as follows: cadmium sulphate
(CdSO4) as source of Cd2+ ions, thiourea (SC(NH2)2) as
source of S2− ions, and ammonia (NH3) to regulate the pH.
Ultrapure distilled water was used in all the chemical
preparations, and all the source materials were procured
from FUJIFILM Wako Pure Chemical Corporation, Japan.
The details of further preparation steps are given in our
previous report [53]. According to the literature, the family
of tin antimony sulphide ternary compounds of the form
Sb2S3.nSnS for n = 1, 2, and 3 was synthesized by Wang
and Eppelsheimer [64] and the authors observed struc-
tural series for the Sn2Sb2S5 phase. It is a common
knowledge that CBD do occur by different mechanisms
through one or combinations of (i) simple cluster (ii)
complex-cluster (iii) complex-complex (iv) complex-ion
(v) ion-ion, and (vi) simple-ion process. Whichever is the
reaction pathway, the supersaturation condition must be
satisfied. This implies that the ionic product (Qip) must be
greater than the solubility product (Ksp), (Qip > Ksp = super
saturation). Additionally, complexing agents act to
reduce spontaneous precipitation and hence slow down
reaction rates. In the bath containing the Sn2+, Sb3+, and
S2− ions, respectively, the following reactions are ex-
pected to occur:

2 SnCl2.2H2O + 2C4H6O6 ⇔ 2[Sn(C4H6O6)]2+ + 4Cl− + 4H2O

(1)

2[Sn(C4H6O6)]2+ + 2 S2− → 2 SnS + 2C4H6O6 (2)

2 Sb3+ + 3S2O
2−
3 → Sb2(S2O3)3 (3)

S2O
2−
3 + H+ → S + HSO3

− (4)

S + 2e− → S2− (5)

2 Sb3+ + 3S2− → Sb2S3 (6)

2 SnS + Sb2S3 → Sn2Sb2S5 (7)

The free radicals of the Sn2+ ions indicated in Equation (1)
are regulated by the presence of the tartaric acid. In the

presence of metallic ion, thiosulphate are known to form

complex as given in Equation (3) according to the literature

[65]. The Sn2+ ions reacts with S2− ions released from the

hydrolytic decomposition of the thiosulphate ions as given

inEquations (4) and (5), respectively. The formation of the

Sn2Sb2S5 thin film is based on the reaction from Equations

(2) and (6).
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2.2 Preparation of window layers and
fabrication of Sn2Sb2S5-related thin film
solar cells

To prepare the CdS layer; a 0.154 g of CdSO4 was included
in a precleaned beaker containing 25 ml of water, a 2.854 g
of SC(NH2)2 in a precleaned beaker with 50 ml of water and
stirring done for 15 min in each case. In a separate beaker
containing 366 ml of water, a 65 ml of NH3 was added and
stirred. The Cd2+ sourcewas then added, followedby the S2−

source with continuous stirring. The substrates were then
inserted when the bath temperature was 65 °C and depo-
sition rate was maintained at 6.25 nm/min.

The Sn2Sb2S5-based solar devices were fabricated us-
ing the substrate configuration in the form: glass/Mo/
Sn2Sb2S5/CdS/i-ZnO/Al:ZnO/Ni/Al. The deposition tech-
nique for each layer includes the following; Sn2Sb2S5
absorber and CdS buffer by CBD, an i-ZnO/Al:ZnO trans-
parent conducting oxide by RF-sputtering, and Ni/Al grid
contacts by electron beam evaporation. The cell area was
0.13 cm2.

2.3 Characterisation

The effect of the different deposition times on the physical
properties of the Sn2Sb2S5 layers grown on both substrates
were systematically analysed using suitable characteriza-
tion tools. A Rigaku Ultima (IV) X-ray diffraction equip-
ment with a CuKα radiation, operated in the θ–2θ scan
mode in 0.02 intervals at a scan range of 10–70 degreeswas
used to investigate the crystal structure and phase present
in the films. The Hitachi S-4800 scanning electron

microscope operated at a voltage of 5 kV and current of
7.6 μA was used to study the surface morphology. Energy-
dispersive spectroscopy (EDS) (Hitachi Miniscope TM-
1000) and JEOL JPS-9000MC X-ray photoelectron spec-
troscopy (XPS) were used for the compositional analysis
and chemical states. Optical spectroscopy was done with
U-4100 Hitachi Spectrophotometer at a wavelength range
of 300–1500 nm, and the optical constants extracted using
basic equations from the literature. Hall effect equipment
attached with the ResiTest 8300 model was used for elec-
trical characterisation. The J−V curves (Keithley 2400)were
obtained under illuminationwith a light source of 100mW/
cm2 at AM 1.5 standard conditions.

3 Results and discussion

3.1 Structural analysis

Figure 1 showX-ray diffractograms of Sn2Sb2S5 films grown
on soda lime glass (SLG) substrates while Figure 2 is for
molybdenum (Mo)-SLG substrates. The plots indicated that
the films were all polycrystalline irrespective of the sub-
strates at the different deposition times. The films crystal-
lized in the orthorhombic crystal structure corresponding
to the Joint Committee on Powder and Diffraction Stan-
dards (JCPDSs) No. 00-044-0829 [66]. The films exhibited
relatively constant diffraction peaks for films grown at ≤2 h
and increased thereafter independent of the substrates.
The increased texturing observed at the longer deposition
time was due to the effect of dissociation arising from the
complex-ion interaction and/or ion-ion interaction during
the film growth. Another clear possibility is that of the

Figure 1: X-ray patterns of Sn2Sb2S5 thin films
on soda lime glass (SLG) substrates at
different deposition times.
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migration of ions of Sn2+ oxidation states to Sn5+ states in
the deposition matrix during the film formation. The
increased texturing was more pronounced for films grown
with the SLG substrates compared to that of the Mo-SLG
substrates. This was attributed to the difference in the hy-
drophobicity and surface energies of the different sub-
strates. The films grown in the former show preferential
plane at 2θ ≈ 31.77, while the preferential plane occurred at
2θ ≈ 31.93 and at 40.72 in the latter. The diffraction peak at
2θ ≈ 40.72 was attributed to Mo peak. Independent of the
different substrates, other clear defined diffraction peaks
occurred at 2θ ≈ 45.65, 56.68, and 66.42 especially at the
higher deposition time. The most prominent Bragg peaks
observed at 2θ ≈ 31.77 in the former and at 2θ ≈ 31.93 in the
latter were assigned to the (602) reflections of the Sn2Sb2S5
phase in line with the literature [4, 7, 66]. The diffraction
peaks observed in this study is in agreementwith the report
of other authors in Sn2Sb2S5 thin films grown by different
technique [4, 7, 14]. Additionally, the literature of prefer-
ential peaks for Sn2Sb2S5 thin films indicates that the (602)
peaks are more commonly observed as shown in Table 1.
The consistent pattern in the diffraction planes as indicated
in Figures 1 and 2 is a clear indication that the films crys-
tallized in a single-phase structure. The intensity of the
diffraction peak of the preferential plane increased up to a
deposition time of 2 h and decreased thereafter for films
grown on SLG substrates. This behaviour was attributed to
the effect of dissociation as indicated earlier. Data obtained
from X-ray diffractometry (XRD) measurements were used
to deduce relevant structural parameters including inter-
planar spacing (dhkl), lattice constants (a, b, c), crystallite
size, microstrain, dislocation density, and number of

crystallites. In particular, the crystallite sizes were calcu-
lated from the Scherrer’s formula, the interplanar spacings
from Bragg’s diffraction equation and lattice constants
using the formula for an orthorhombic system. Accord-
ingly, the following equationswere employed [1, 32, 38, 49,
66–67];

D � 0.94λ
β cosθ

(8)

1

d2 �
h2

a2
+ k2

b2 +
l2

c2
(9)

ζ � β
4 tanθ

(10)

δ � 1

D2 (11)

N � t

D3 (12)

As indicated in Equations (8)–(12), D is the crystallite
size, λ is the wavelength of the X-ray (1.5410 Å), 0.94 is the
Scherrer’s constant, θ is the diffraction angle, β is the full
width at half maximum, d is value of d-spacing of lines in
XRD pattern, (hkl) are miller indices, ζ is the microstrain, δ
is the dislocation density, N is the number of crystallites,
where t is the film thickness. Analysis done using Equa-
tion (9) indicates that the values of the lattice parameters
for the Sn2Sb2S5 films are; a = 19.58 Å, b = 3.82 Å, and
c = 11.51 Å. These values are in agreement with the JCPDS
No. 00-044-0829 and with the reports of other authors in
the literature [68]. Table 2 show the results obtained from
the analysis using the corresponding equations for the XRD

Figure 2: X-ray patterns of Sn2Sb2S5 thin films
on molybdenum soda lime glass (Mo-SLG)
substrates at varying deposition times.
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data from films grown on SLG substrates while Table 3
show for films grown on Mo-SLG substrates. It was
observed that the crystallites size increased consistently in
the SLG substrates for deposition time ≤2 h and exhibited a

marginal decrease thereafter. The values of the crystallite
sizes were relatively higher for films grown on Mo-SLG
substrates compared to those grown on SLG substrates.
This behaviour is not surprising as the different substrates
contains different chemical bondingproperties and surface
effects. Variation of structural parameters associated with
different deposition conditions, deposition techniques,
and other related indices are commonly observed in thin
films according to literature reports [20, 32–33, 39, 49, 54].

3.2 Morphological analysis

The Scanning electron microscopy (SEM) micrographs for
the Sn2Sb2S5 thin films grown at different deposition time
on different substrates are shown on Figure 3. The
morphology of the films indicated a densely packed
relatively rice-like morphology for films grown on the SLG
substrates. The grain shapes observed for films grown on
the Mo-SLG substrates differed completely as densely
packed spherical-shaped grainswere intertwinedwith the
relatively rice-like grain shapes. The difference in the
grain morphology was attributed to the effect of the
different bonding properties of the substrates as indicated
earlier. Additionally, the contributions of the different
hydrophobicity and surface energies of the substrates are
likely very paramount to the observed phenomena. Due to
the novelty of Sn2Sb2S5 thin films, there is currently no
report on scanning electron microscopy studies as to
compare the morphology of the films with the literature.
However, Mami et al. [6] recently observed point-like
grain morphology from optical microscopy techniques
and attributed it to the migration of Sn2+ oxidation states
to Sn5+ states induced by annealing treatments.

Table : Library of selected crystallographic properties of SnSbS
thin films according to the literature.

References Crystallographic properties

θ (o) Preferential plane
(hkl)

PDF Crystal
structure

[] Not
given

 --


Orthorhombic

[] Not
given

 Not given Monoclinic

[] Not
given

 -


Not given

[] .  Not given Not given
[]   -



Orthorhombic

[] Not
given

 -


Orthorhombic

[] Not
given

 Not given Not given

[] .  --


Orthorhmbic

[] Not
given

 Not given Not given

[] Not
given

 -


Not given

[] Not
given

 Not given Not given

[] .  - Not given
[] Not

given
 Not given Not given

[] Not
given

 Not given Not given

Table : Variation of structural indices of SnSbS thin films grown on soda lime glass (SLG) substrates at different deposition times.

Deposition time (h) Structural indices

θ (o) β (o) ζ D (nm) δ × 
 (nm−) N × 

 (nm−)

 . . . . . .
. . . . . .

av . . . .
 . . . . . .

. . . . . .
. . . . . .

av . . . .
 . . . . . .

. . . . . .
. . . . . .
. . . . . .

av . . . .

av refers to average values of the structural indices.

P.A. Nwofe and M. Sugiyama: Influence of deposition time and annealing treatments 891



3.3 Compositional analysis

3.3.1 Energy-dispersive spectroscopy studies

Table 4 show the compositional properties of the Sn2Sb2S5
films as observed from EDS analysis. The atomic percent-
ages of antimony increased with an increase in the depo-
sition time for films grown on the SLG substrates. The Sb/
Sn and Sb/S ratios also exhibited similar trend in the films
grown on the SLG substrates. However for films grown on
Mo-SLG substrates, the atomic percentages of antimony,
Sb/Sn and Sb/S ratios all increased up to a deposition time
of 2 h and decreased thereafter. A close look at Table 4
reveals that the atomic percentages of molybdenum were
72.2, 38.3, and 64.3% at the respective deposition times.
These values exhibit similar trend with the variation of Mo
peaks in Figure 2. The observed relative loss of stoichi-
ometry of the Sn2Sb2S5 atomic percentage composition
(22:22:56) is attributed to (i) different molarities of the
source materials used to form the ternary compound
(Sn2Sb2S5) thin films, (ii) inhomogeneity in the ion-ion
interaction or complex-ion interaction during the deposi-
tion process. Deviations from stoichiometry of Sn2Sb2S5
phase are commonly observed in the literature [12, 16, 19].

3.3.2 X-ray photoelectron spectroscopy studies

The elemental composition and chemical states of the
Sn2Sb2S5 thin films at the respective deposition conditions
was adequately analysed by the XPS studies. Figure 4a

gives typical XPS plots in the binding energy range of 0 to
1000 eV for films grown at a deposition time of 2 h in both
substrates while Figure 4b show the wide scan resolution
plots for the Sn3d5/2, Sn3d3/2, Sb3d5/2,Sb3d3/2, and S 2p3/2 at
the respective deposition times in both substrates. The
measurements of the core-level spectra were performed
after a soft surface etching process.

The presence of Sn, Sb, and S were clearly established
as the spectrum (Figure 4a) showed several peaks related to
Sn 4d, double Sn 3d, Sn 3p, Sn 3s, Sb 3d, S 2p, S 2s, C 1s, and
O 1s. The peaks related to oxygen are either present due to
contaminant picked up during film processing, post-
deposition heat treatments or from local ambient while the
peaks related to C was probably from the reference as the
reflections in the XPS spectrum was calibrated by the XPS
line of C 1s. The high-resolution scan of the Sn 3d doublet
(Figure 4b) indicated the films were strongly influenced by
the deposition conditions. For instance, the films grown on
the SLG substrates at a deposition time of 1 h exhibited two
peaks at binding energies of 485.5 and 494.2 eV, related to
the Sn2+ valence states that is associated to the Sn3d5/2and
Sn3d3/2energy levels of Sn atoms. This gives a peak split-
ting value of 8.7 eV. For deposition time of 2 h, the binding
energies of the Sn3d5/2and Sn3d3/2energy levels occurred at
484.8 and 494 eV, respectively, and thus yielded binding
energy difference of 9.2 eV. The increase in the deposition
time to 3 h did not exhibit any difference with the binding
energy values for films grown at 2 h. However the width of
the Sn3d5/2 peak was slightly higher for films grown at
deposition time of 3 h. For films grown on Mo-SLG sub-
strates at deposition times between 1 and 3 h, the Sn 3d
doublet occurred as follows: 485 and 494 eV, 485.1 and
494.6 eV, 485.4 and 495 eV corresponding to Sn3d5/2 and
Sn3d3/2 for the respective deposition times. This gives a
spin energy separation of 9.0 eV, 9.5 eV, and 9.6 eV,
implying an increase with increase in the deposition time.
The values of the binding energies are in agreement with
the report of other authors [69]. The characteristic of anti-
mony in the 3+ oxidation state are mostly reflected in two
main peaks of the Sb 3d doublet and generally occur at
binding energies from 530 to 537 eV for Sb3d5/2 and 528 to
539.5 eV for Sb3d3/2 [70-76]. The different deposition times
also influenced the variation of the binding energies of the
Sb 3d doublet significantly. In the SLG substrates, the
Sb3d5/2 and Sb3d3/2 appeared at binding energy values of
529 and 539 eV for films grown for 1 h, and 528.5 and 538 eV
for films grown at deposition times ≥2 h. This gives a
decrease in the binding energy separation from 10.0 to
9.5 eV at the respective deposition times. For films grown
onMo-SLG substrates, the binding energies for Sb3d5/2 and
Sb3d3/2are located at 531 and 540 eV for films grown at 1 h,

Table : Variation of structural indices of SnSbS thin films grown
on molybdenum soda lime glass (Mo-SLG) substrates at different
deposition times.

Deposition
time (h)

Structural indices

θ (o) β (o) ζ D
(nm)

δ x 

(nm−)
N x 

(nm−)

 . . . . . .
. . . . . .
. . . . . .

av . . . .
 . . . . . .

. . . . . .

av . . . .
 . . . . . .

. . . . . .
. . . . . .
. . . . . .

av . . . .

av refers to average values of the structural indices.
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Figure 3: Scanning electron microscopy (SEM) micrographs of Sn2Sb2S5 thin films on different substrates at different deposition times;
(a) soda lime glass (SLG) at 1 h, (b) SLG at 2 h, (c) SLG at 3 h, (d) molybdenum (Mo)-SLG at 1 h, (e) Mo-SLG at 2 h, and (f) Mo-SLG at 3 h.

Table : Variation of film thickness and compositional properties of SnSbS thin films on different substrates at different deposition times.

Dep. time (h) t (μm) Atomic% t (μm) Atomic%

SLG Mo-SLG

Sn Sb S Sb/Sn Sb/S Sn Sb S Mo Sb/Sn Sb/S

 . . . . . . . . . . . . .
 . . . . . . . . . . . . .
 . . . . . . . . . . . . .

Mo-SLG, molybdenum soda lime glass.
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and at 529 and 538 eV for films grown at 2 h, respectively.
This yielded a constant peak splitting of 9.0 eV. At a
deposition time of 3 h, only the Sb3d5/2 singlet was
observed at binding energy of 531.5 eV. The absence of the
Sb3d3/2 was attributed to the effect of the substrate as
indicated in sections Structural analysis and Morpholog-
ical analysis, respectively. The values of the bind energies
for Sb 3d doublets are in agreement with the reports of
other research groups in the literature [70–76]. It is a
common knowledge that the surface adsorbed oxygen 1s
peak mostly overlaps with the Sb3d5/2 peak at binding en-
ergies between 529 and 530 eV [51, 72–76]. However in this
report, it is envisaged that the tartaric acid complex in the
solution triggered an environment that is conducive for
rich sulphide group and thus inhibits the formation of the
oxide layer. The core-level spectra of the S 2p state give
binding energies of 161.2 eV at the different deposition
times, independent of the substrates as indicated in
Figure 4b. It is generally understood that binding energy of
the S2−–Sn2+ bonding is an indication of single-phase SnS
while the S2−–Sb3+ are typical of S–Sb bonding structure in
metallic sulfides. A typical combination of both bonding
structures (S2−–Sn2+ and S2−–Sb3+) confirms the existence of
single-phase Sn2Sb2S5 thin films as obtained in this study
and in line with the XRD plots as typified in Figures 1 and 2,
respectively.

3.4 Optical spectroscopy analysis

Figure 5 show the variation of the transmittance (T ) in
percentage (%) as function of the wavelength (λ) in the
range 300 to 1500 nm for films grown on SLG substrates.
The transmittances were influenced by the different
deposition times in that the higher values were recorded
for films grown at the least deposition time. This behav-
iour is in line with variation in the film thickness, which
increasedwith the deposition time up to 2 h and decreased
thereafter. This decreasing behaviour of film thickness
with the corresponding change in transmittance was
attributed to the effect of dissociation due to the longer
deposition times. Variation in transmittance caused by
varying deposition conditions including deposition time,
film thickness, complexing agents, or other associated
effects have been reported by other authors [1, 3, 20–21,
24, 32–33].

Data obtained from the transmittance and reflectance
measurements were used to evaluate the following optical
constants: (i) optical absorption coefficient (α), (ii) energy
band gap (Eg), (iii) extinction coefficient (k), (iv) refractive
index (n), and (v) dielectric constants (ε). Appropriate
equations from the literature [23–24, 40–48, 77] that were
used for the analysis are as follows:

α � 1
t
ln((1 − R)2

T
) (13)

(αhν)x � B(hν − Eg) (14)

n � (1 + ��
R

√ )
(1 − ��

R
√ ) (15)

k � α λ
4π

(16)

ε � (n + ik)2 � εi + εr (17)

As indicated in Equations (13) and (14); α, T, and t retain
their meanings, R is the reflectance in percentage, h is the
Planck’s constant (6.64 × 1034Js), ν is the frequency of the
incident radiation, Eg is the energy bandgap, “x” is an
index that determines the nature of the optical transition,
and B is an energy independent constant that depends on
the effective mass of the holes and electrons and refractive
index of the material [77]. From Equations (15)–(17); α, λ, n,
k, and ε retains their meanings, R is the reflectance, 4π is a
constant, εi and εr are the imaginary and real parts of the
dielectric constants, respectively. The films displayed very
high optical absorption coefficient in the respective

Figure 4a: Typical full scan X-ray photoelectron spectroscopy (XPS)
spectra of Sn2Sb2S5 thinfilms ondifferent substrates at a deposition
time of 2 h.
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deposition times. Thin films with optical absorption coef-

ficient >104 cm−1 are generally preferred for use as absorber

layer in thin film heterojunction solar cells because such

conditions enhance photocurrent generation. The energy

band gaps were obtained using the plots of Equation (14)

through extrapolation of the straight portion of the (αhν)2
versus hν plots down the intercept on the photon energy

(hν) axis. Values of the index “x” in Equation (14) are; 2 for

Figure 4b: XPS core-level spectra of; (a) Sn peaks on soda lime glass (SLG), (b) Sn peaks onmolybdenum (Mo)-SLG, (c) Sb peaks onSLG, (d) Sb
peaks on Mo-SLG, (e) S peaks on SLG, and (f) S peaks on Mo-SLG Sn2Sb2S5 thin films at different deposition times.
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direct energy bandgap, 0.5 for direct forbidden transition,
and 1.5 for indirect forbidden transitions. Figure 6 show the

graphs of (αhν)2 versus hν for films grown at the respective
deposition times on the SLG substrates.

The results give typical direct energy bandgap that
variedwith the deposition conditions. The energy bandgap
was between 1.30 and 1.48 eV. The values of the energy
bandgap exhibited the classic “bandgap narrowing effect”
with respect to the growth conditions. This is due to
quantum confinement arising from the improvement in the
crystallinity of the films. The values of the energy bandgap
are within the range reported by other research groups in
(SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3) thin films in the literature

[1, 19–20, 76, 78–79]. Table 5 shows the variation of the
optical constants (n, k, and ε), with the deposition condi-
tions for films grown on the SLG substrates. The refractive
index increased with the deposition time up to 2 h and
decreased marginally. This behaviour is in line with the
values of the film thickness at the respective deposition
times. It is a common knowledge that the refractive index
indicates how fast light travels through a medium and
is usually defined by the relation n   �    c/v where n and ν
retains their meanings and c is the speed of light in vac-
uum. The least value of the refractive index corresponded
to the deposition time at which the films exhibited
maximum film thickness as indicated in Table 4. This im-
plies that the observation of the refractive indices shownon
Table 5 is in agreement with the theory. The values of the
refractive indices obtained in this study are very close to
the report of other authors [22–23, 30, 79–80]. The extinc-
tion coefficient depends strongly on the absorption coef-
ficient and the wavelength of the incident radiation. The
values of the extinction coefficient exhibited marginal
variation for deposition time ≤2 h, and increased thereafter.
The dielectric constant was between 11.38 and 20.27. The
variation of the dielectric constants also follows similar
trend with the film thickness at the respective deposition
times. High values of the dielectric constants are strong
indicator for applications of the films in devices with high
capacitance requirements and related optoelectronic de-
vices. The values of the dielectric constants presented in
this report arewithin the range reported by other authors in
(SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3) based thin films in the
literature [7, 22, 24].

3.5 Electrical studies

The summary of the electrical properties of the films grown
on SLG substrates are shown in Table 6. The electrical re-
sistivity of the films was between 103 to 104Ωcm. The value
of the electrical resistivity was least for films grown at a
deposition time of 2 h. This correlates with the observation

Table : Variation of the optical constants of SnSbS thin films
grown on soda lime glass (SLG) substrates.

Deposition time (h) Optical constants

Eg (eV) n k ε

 . . . .
 . . . .
 . . . .

Figure 5: Transmittance (T ) versus wavelength (λ) plots of Sn2Sb2S5
thin films grown on soda lime glass (SLG) substrates.

Figure 6: (αhν)2 versus hν plots of Sn2Sb2S5 thin films grown on
soda lime glass (SLG) substrates.
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in the structural analysis as the films exhibited better
crystallites size at that deposition condition. This will
enhance increased flow of electrons due to the overall
decreased grain boundary potential and thus leads to
reduced electrical resistivity. The electrical resistivities
obtained in thiswork arewithin the range reported by other
authors in the literature [33, 36]. The carrier concentration
was observed to be of the order of 1012 cm−3 while the hole
mobilities varied from 21.5 to 47.4 cm2/Vs. The films
exhibited p-type electrical conductivity at the respective
deposition conditions. This observation is in agreement
with the Sn-rich behaviour exhibited by the films as indi-
cated in the compositional analysis. The Sn-rich Sn2Sb2S5
films will promote excess tin vacancies which are favour-
able conditions for p-conductivity behaviour.

3.6 Photovoltaic properties

The photovoltaic properties of the Sn2Sb2S5 thin films was
explored by fabricating a glass/Mo/Sn2Sb2S5/CdS/i-ZnO/
Al:ZnO/Ni/Al thin film heterojunction solar cell in the
substrate configuration. Table 7 show the summary of the
solar cell device parameters, including short-circuit cur-
rent density (Jsc), open-circuit voltage (Voc), fill-factor (FF),
and the solar conversion efficiency (η). The plots for the
variation of the short-circuit current density with open-
circuit voltage is shown on Figure 7. The results for the best
device gave appreciable Jsc of 20.02mA/cm2, Voc of 0.012 V,

and a solar conversion efficiency of 0.04%. Although the
solar conversion efficiency was generally low, the lower
values obtained from devices madewith Sn2Sb2S5 absorber
layers grown at deposition times of 1 and 3 h was possibly
due to the relatively smaller crystallites sizes of the
Sn2Sb2S5 absorber layers at those deposition conditions as
indicated in Table 3. This will introduce significant
recombination and low diffusion length of charge carriers
and consequently reduce the short-circuit current density
as observed in Table 7. Reports of other research groups
[49, 51, 54] in (SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3)-based thin
film solar cells shown on Table 8, yielded higher open-
circuit voltage values but higher short-circuit current
densities were recorded in the present investigation. This
was possibly due to the different phases of the
(SnS)x(Sb2S3)y (1 ≤ x ≤ 5, 1 ≤ y ≤ 3) absorber layers as indi-
cated in Table 8. Generally the low solar conversion effi-
ciency was attributed to a variety of factors including: (i)
The Sn2Sb2S5 absorber layer being a ternary compound is
bound to have considerable lattice mismatch during film
formation. This will contribute in no small measure to
increased recombination effect across the junction, and

Table : Variation of the electrical properties of the SnSbS thin films grown on soda lime glass (SLG) substrates.

Deposition time (h) Electrical properties

ρ (Ωcm) p (cm−) μ (cm/Vs) Conductivity type

 . × 


. × 


. × 
 p

 . × 


. × 


. × 
 p

 . × 


. × 


. × 
 p

Table: Solar cell device properties of the SnSbS-based thinfilm
solar cells as a function of deposition time.

Deposition time (h) Device properties

Voc (V) Jsc (mA cm−) FF (%) η (%)

 . . . .
 . . . .
 . . . . Figure 7: Current density-voltage (J-V) plots of Sn2Sb2S5-based thin

film solar cells.
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thus reduce the solar conversion efficiency. (ii)Mismatch of
band alignment between the interface of the Sn2Sb2S5
absorber layer and the CdS window partner. Although
band alignment investigation was not done in this work, it
remains a clear possibility. (iii) Lastly, losses arising from
series and parallel resistances contribute significant power
loss in the device. Sn2Sb2S5-related thin film solar cell de-
vices is novel, hence further research to investigate such
power loss is a step in the right direction.

4 Conclusions

Sn2Sb2S5 thin films were successfully grown on SLG and
Mo-SLG substrates using the CBD method. The structural,
morphological, compositional, optical, electrical, and de-
vice properties were investigated with respect to the
deposition conditions. Structural and compositional
analysis showed that the films exhibit single phase at the
respective deposition conditions. Optical studies give op-
tical absorption coefficient >104 cm−1, and direct energy
bandgap in the range suitable for optoelectronic applica-
tion including thin film solar cell devices. Hall effect
measurements indicated that the deposited Sn2Sb2S5 films
possess p-type electrical conductivity. The photovoltaic
properties of the Sn2Sb2S5-related thinfilm solar cells give a
short-circuit current density of 20 mA/cm2 with solar con-
version efficiency of 0.04% for the best device.
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