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Abstract. Spray-pyrolysed zinc oxy-sulphide Zn(O,S) has been doped with varying concentrations of indium (In) to
improve its electrical and optical properties for possible application as buffer layer in thin film solar cells. The In-doping
in Zn(O,S) is found to change the electron carrier concentration from 1019 to 1018 cm−3 and a subsequent annealing in
argon atmosphere is found to improve its electrical conductivity. Moreover, annealing in air atmosphere reduces the carrier
concentration to a range of 1013–1015 cm−3 making it useful as a buffer layer. The reduction in degeneracy of In-doped
Zn(O,S) is desirable for its application as buffer material, whereas annealing in argon makes it suitable as electron membrane
(window layer) in thin film solar cell.
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1. Introduction

Zinc oxide (ZnO) is one of the promising and nontoxic
compounds with widespread optoelectronic [1], photonic [2]
and photovoltaic [3] applications due to its excellent stabil-
ity, wide band gap (3.3 eV) and ease of doping. Although,
native defects in ZnO, such as oxygen vacancies and zinc
interstitials are responsible for its n-type conductivity, cation
or anion site isovalent doping can drastically change its elec-
tronic and optical properties [4]. In many cases, such dopants
are responsible for modifying the electronic structure of the
host lattice leading to a variation in its electrical and optical
properties. Doping of ZnO can also be achieved by creating
non-stoichiometry in the system [5,6]. Such a doping by sub-
stituting oxygen atoms with chalcogens, such as S, Se or Te
are expected to significantly modify the electrical and optical
properties due to large electronegativity and ionic radii dif-
ferences of this dopant atoms relative to oxygen [7–9]. In this
aspect, Zn(O,S), a solid solution of ZnO and ZnS, was proved
to be a good candidate for band gap modulation [10]. The
band gap energies of ZnO and ZnS lead to an unfavourable
electronic properties for Zn(O,S), when used as buffer layer
in heterojunction solar cells, causes a band offset with its het-
erojunction partner. This can be addressed by a careful choice
of the alloy composition [11]. Generally, maximization of
the open circuit voltage in a solar cell depends on the band
bending of the absorber layer, which determines the charge
neutrality, doping concentration and band discontinuity in the

n/p and n/n+ interfaces. Moreover, the performance of the cell
depends on good ohmic contact between the buffer and the
transparent conductive oxide (TCO) layers and the transport
properties of the heterojunction depend on the interface elec-
tronic properties [12]. In general, for buffer layer, a carrier
concentration in the range of 1014–1016 cm−3 is desirable,
as the higher carrier concentration leads to higher carrier
recombination in the absorber [13]. However, the Zn(O,S)
layer with a higher carrier concentration can be effective for
the portion of the buffer layer closer to the TCO to reduce
its contact (and hence series) resistance [14,15]. It is known
that a graded buffer layer (n/n++) with increasing carrier
concentration from the absorber to the TCO layer enhances
the carrier collection efficiency in the thin film solar cells.
Indium, aluminum and gallium are well-known dopants to
increase carrier concentration, which can improve and/or con-
trol the electrical conductivity of ZnO for its application as
TCO [16–18]. These dopants act as a donor when it occu-
pies a substitutional position for Zn2+ cation or an interstitial
position in the lattice [19]. It is reported that the resistiv-
ity of ZnO can be lowered to a value of 4.7 × 10−3 and
2.6× 10−4 � cm by Al (lower ionic radii compared to Zn2+)
and Ga (larger ionic radii than Zn2+) dopings, respectively
[20,21]. In the case of ZnO used in solar cells as buffer layer
and in some diodes fabrication, the dopants with high value of
ionic radii are important to reduce the ionic diffusion towards
the junction and creating non-radiative recombination cen-
tres. In this respect, In is a better choice as dopant for cation
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site in ZnO over the other competitors, such as B, Al and
Ga.

In the present work, In-doped Zn(O,S) thin films were
obtained by using simple spray deposition. The spray deposi-
tion technique has certain advantages over the other solution-
based non-vacuum techniques, such as sol–gel methods [22].
Despite the simplicity to fabricate doped transparent conduc-
tive materials [23], sol–gel techniques are unable to arrive at
its full industrial potential due to some limitations, e.g., weak
bonding, low-wear resistance, high permeability and diffi-
culty in controlling porosity. The sol–gel technique is also
substrate-dependent, and the thermal expansion mismatch
limits the wide applications of sol–gel technique, whereas
above problems are largely mitigated in the spray pyrolysis
and hence, further adopted in our study. The spray process
was followed by annealing to improve its morphology, crys-
tallinity and electronic properties. The investigation shows
that air annealing can be useful to reduce the carrier concen-
tration to a level, appropriate for its use as a buffer layer, while
an annealing in argon atmosphere is useful to improve its elec-
trical conductivity. A detailed investigation on the role of In
doping and annealing condition in ZnO over its microstruc-
ture, optical and electronic properties is presented.

2. Experimental

In-doped Zn(O,S) thin films were deposited by spray deposi-
tion method, where a solution containing precursors of indium
chloride (InCl3), zinc chloride (ZnCl2) (Acros, 98.5% purity)
and thiourea (CH4N2S) (Merck, 99% purity) were dissolved
in the mixture of isopropyl alcohol and de-ionized water at a
volume ratio of 70:30%. To achieve the In-doping, InCl3 was
used in different precursor weight percentages of 1, 3 and
5% of zinc precursor concentration. Thiourea was used as a
source of sulphur in Zn(O,S), the weight fraction of which was
20 wt% that produces a minimum band gap in Zn(O,S). The
prepared solution was sprayed by a compressed air-assisted
system on a clean soda lime glass substrate, which was placed
above a controlled heating plate as described elsewhere [10].
Annealing was performed in air and argon (Ar) atmosphere
at 370◦C for 1 h in a quartz tube furnace (MTI, EQ–OTF-
1200X). Usually, at a temperature below 350◦C, the pyrolysis
is incomplete and a phase separation occurs at temperature
above 400◦C.

The crystal structure of the prepared films was investigated
by using X-ray diffraction (XRD) pattern recorded by an
X-ray diffractometer (PANalytical, model X’Pert PRO) with
CuKα radiation (λ) using a Ni filter in thin film measurement
mode. Morphological characterization of the samples was
performed by a field-emission scanning electron microscope
(FESEM) (Zeiss, model Ultra 55). The high resolution (HR)-
transmission electron micrograph (TEM) was performed in
a TEM microscope (Jeol, JEM 2100). The optical band
gap, transmittance and absorbance coefficient were esti-
mated by using UV–Vis spectrophotometer (Simadzu, model

UV-2600) in the spectral range of 350–1400 nm. The surface
investigation was made by atomic force microscopy (AFM)
using contact mode. The electrical conductivity and carrier
concentrations were measured by a Hall measurement sys-
tem (Ecopia, model HMS-3000).

3. Results and discussion

3.1 Structural and morphological studies

The structural studies are made in the In-doped Zn(O,S) with
an optimum 20 wt% of sulphur. This optimization was done
on the basis of optical studies to determine their band gap,
which was discussed in detail in the subsequent section. The
XRD patterns of undoped and In-doped samples of Zn(O,S)
with a fixed concentration of sulphur (20 wt%) is shown
in figure 1. All the films are found to crystallize in pure
hexagonal wurtzite structure with (100), (002) and (101) as
the principal planes (JCPDS, 36-1451). No unreacted In2O3

or no phase separation into ZnO and ZnS were observed
from the spectra, except a peak shift, which was observed
towards lower 2θ due to the lattice expansion originated from
the substitution of oxygen by sulphur. The peak profile fit-
ting shows that the estimated lattice constants increase from
a = b = 3.25 Å and c = 5.21 Å in ZnO to a = b = 3.26 Å
and c = 5.22 Å in the Zn(O,S) that agrees well with previ-
ous reports [10,15]. A preferred orientation along the (002)
direction was evolved for indium concentration up to 3 wt%,
giving a grain growth perpendicular to the substrate surface.
This observation agrees well with other doped and annealed
ZnO films made from solution routes [24,25]. The intensity
ratio, I(002)/(I(002) + I(100)), suggests that the c-axis orien-
tation of the grains changes with lower to higher In-doping
concentration (as shown in table 1). This ratio decreases for
higher indium content. This intermediate increase of (002)
texture was reported in In:ZnO films previously [26]. A loss
of crystallinity occurs above 3 wt% In doping that may be
associated to the stress originated due to the difference in
ionic radii of Zn and In. The ionic radius of In3+ is around
0.81 Å and that of Zn2+ is 0.74 Å. This leads to an increase
in the lattice strain shown in table 1.

FESEM images of the undoped and the In-doped Zn(O,S)
films are shown in figure 2a–f. Surface morphology of the
films is found to depend strongly on dopant concentration
and annealing conditions. The undoped Zn(O,S) film shows a
structure consisting of 3-dimensional grains with a average
size of 50 nm (figure 2a). As the In-doping concentra-
tion increases from 1 to 3 wt%, wedge-like morphologies
appeared, which is evident from figure 2b and c, respectively.
This subsequently changes to 2-dimensional flake-like mor-
phologies in the sample having 5 wt% of In (figure 2d). This
morphological evolution is consistent with the XRD observa-
tion that confirms a c-axis-oriented structure with preferential
(002) orientations. It is reported that a dopant can influ-
ence the growth kinetics during deposition process, which
affects the grain structure [25] and is evident from the cluster
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Figure 1. XRD patterns of Zn(O,S) thin films on glass with variations in In-doping concentra-
tion (1, 3 and 5 wt%).

Table 1. Crystallite size and strain variations with In-doping
variations.

Indium
concentration

(wt%)
Crystallite

size (Å) Strain (%)

X-ray diffraction inten-
sity ratio: I (002)/I (002)

+I (100)

0 208± 10.4 0.62± 0.01 0.374
1 124± 6.2 1.04± 0.03 0.524
3 158± 7.9 0.81± 0.02 0.457
5 179± 8.9 0.91± 0.03 0.286

formation in as-prepared 1 wt% In-doped Zn(O,S) sample.
As the In concentration increases, a 2D growth of cluster
converts into edge-like microstructure. With further incre-
ment of In concentration, (100) planes grew at the expense
of (002) planes, giving rise to a greater 2D morphologies
with flake-like structures. In the present study, two different
types of annealing were performed to investigate not only the
microstructural transformation, but also to see the change in
the vacancy sites. It is observed that annealing atmosphere
directly affects the grain boundaries. Due to a reduction of
strain during annealing in air, wedge- or flake-like struc-
tures contract from their sides to produce compact film with
reduced porosity and increased packing density (figure 2e).
However, upon annealing at same temperature in argon atmo-
sphere, grain boundaries are reduced and the films become
more compact as shown in figure 2f.

In this case, to get finer details of microstructure, trans-
mission electron microscopy (TEM) was conducted over the

collected particles by removing the film ultrasonically in
ethanol. Figure 2g shows TEM image of the 3 wt% In-doped
Zn(O,S) after argon annealing. A compact flake-like mor-
phology (with average dimension of 30 nm) is observed in
this case. The HRTEM image reveals crystalline nature of
In:Zn(O,S) as shown in figure 2h, where a localized crystal-
lanity of the flake is evident. The inter-planar distance of the
crystal fringe in this region is estimated to be 2.5 Å that agrees
well with the observed d-spacing of the preferentially orien-
tated crystal plane (002) of the hexagonal wurtzite structure
of Zn(O,S) as observed in the XRD spectra.

Figure 3 shows the AFM micrographs of topographic vari-
ation in the un-doped as well as 3 wt% In-doped Zn(O,S)
thin films. It is clear from the figure that the particle size and
uniformity of the film are found to be affected by the process
of doping (no. of processes you have adopted during the film
making using dopant) and annealing conditions. The distri-
bution of the particles are almost uniform in the Zn(O,S) film,
however, in the case of doped sample, the particle distribu-
tion becomes sharper and centred at a lower value after the
doping. The average particle size decreases from 207 nm for
Zn(O,S) to 183 nm for In-doped Zn(O,S). The reduction in
the particle size of In:Zn(O,S) agrees well with previously
reported In:ZnO prepared by sol–gel techniques with indium
content up to 2 wt% [27]. Furthermore, the incorporation of
In also reduces the root mean square (RMS) roughness from
0.34 to 0.1μm due to the reduction in particle size, which is
consistent with other sol–gel derived In:ZnO films [28]. The
AFM topographs also show that the distinct grain boundaries
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Figure 2. (a–f) FESEM micrographs exhibiting morphological variations of In-doped Zn(O,S) with variation in
doping and annealing conditions: (a) undoped Zn(O,S), (b) 1 wt% In:Zn(O,S), (c) 3 wt% In:Zn(O,S), (d) 5 wt%
In:Zn(O,S), (e) air-annealed and (f) Ar-annealed films. (g–h) High-resolution TEM images of Ar-annealed 3 wt%
In:Zn(O,S) sample showing crystalline domain.
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Figure 3. AFM images of (corresponding histograms as inset) (a) undoped-Zn(O,S) 20%, (b) In-doped-Zn(O,S) 20%,
(c) air-annealed In-doped-Zn(O,S) 20% and (d) argon-annealed In-doped-Zn(O,S) 20%.

are less prominent after annealing the doped film in air and
almost absent in the case of annealing in Ar atmosphere where
the film shows nearly well-connected grains.

3.2 Optical studies

The optical characterizations are done to find the light trans-
mission properties and to determine the band gaps of the
films. An optimization of sulphur content was done in Zn(O,S)
before doping the indium. Thiourea was used as a source of
sulphur in Zn(O,S), the weight fraction of which was var-
ied between 0 (ZnO) and 100% (ZnS) to obtain its band
gap most suitable for a chalcopyrite solar cells. The energy
band gap was determined from transmittance values by Tauc’s
method as described in later part of this section. With the
variation of sulphur, a band-bowing effect was observed in
the Zn(O,S) system (Eg varied between 3.3 and 3.6 eV with

a minimum of 2.8 eV at 20 wt% of sulphur as shown in
figure 4a). In the formation of heterojunction with the
absorber, such as Cu2ZnSn(S/Se)4 (CZTS) or CuIn(S/Se)2

(CIS), a wider band gap buffer layer causes larger conduction
band offset (CBO) and therefore, Zn(O,S) with 10–20 wt%
sulphur is expected to produce a minimum CBO. Therefore,
the In-doping is done in the Zn(O,S) with the sulphur con-
tent restricted at 20 wt%. The effect of doping on the optical
transmittance spectra and the band gap of Zn(O,S) films were
investigated in the wavelength range from 300 to 1100 nm as
shown in figure 4b. The transmittance of all the films is high
(∼85%) in the visible photon energies. The absorption coef-
ficient (α) of the films was determined from the relationship,

α = − 1

d
ln

T

(1− R)2
, (1)
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Figure 4. (a) Variation in optical band gap of Zn(O,S) for various sulphur contents, (b) optical transmission spectra of sprayed In-doped
Zn(O,S) 10% thin films on glass substrate with variation in indium content and (c) Tauc’s plot demonstrating the direct band gaps of
In-doped Zn(O,S) 10%.

where d, T and R are the thickness, transmittance and
reflectance, respectively. The band gap energy for each of the
film is determined according to Tauc’s method [29] by plot-
ting (αhγ )2 vs. the photon energy hγ and extrapolating the
linear region to the energy axis, which is shown in figure 4c.
For direct allowed optical transition, it follows the equation:

αhγ = A
(
hγ − Eg

)1/2
, (2)

where Eg is the band gap.
It is interesting to note that all the tested samples followed

equation (2), which confirms the existence of direct band gap.
The estimated optical band gap for ZnO was 3.33± 0.01 eV
and it decreased to 2.8±0.01 eV as the sulphur concentration
was increased to 20 wt%. In the formation of heterojunc-
tion with the absorber, such as Cu2ZnSn(S/Se)4 (CZTS) or
CuIn(S/Se)2 (CIS), a wider band gap buffer layer causes
larger band offset and therefore, Zn(O,S) with 10–20 wt%
sulphur exhibits band gap in the range of 3.1–2.8 eV, which
may be useful in thin film photovoltaic. No noticeable blue
shift in the band gap was observed by the In-doping in the
range of 1–5 wt%, indicating that the free carrier concentra-
tion in this film is not high enough to cause Burstein–Moss
kind shift of band gap in Zn(O,S) and the Fermi level should
still to be located within the band gap [30].

3.3 Electrical properties

The variations of room temperature carrier concentration,
resistivity and mobility of undoped and In-doped Zn(O,S) thin
films are shown in figure 5. The effect of annealing condition
is also presented in figure 5. It is found that the carrier concen-
tration was found to reduce by nearly one order magnitude,
while doping with In (figure 5). However, in the undoped
as well as doped Zn(O,S) film, it was found to be widely
different in the air and argon annealing conditions, where it
was in the range of 1014 and 1018–1019 cm−3, respectively.

On the other hand, the carrier mobility remained high when
the film sample was annealed in air, although its resistivity
was large for low indium concentrations. Based on the above
observations, the electrical properties of the In-doped Zn(O,S)
may be described in terms of the oxygen vacancies, which
play deterministic role in the intrinsic doping of ZnO. The
annealing enhances the grain growth and brings down the
barrier heights across the grain boundaries in general. The
annealing in the inert atmosphere such as in the presence
of argon helps the indium atoms to diffuse across the grain
boundaries more effectively that results in an increased num-
ber of free charge carriers and thus, decreases the resistivity
[31].

A high density of defects across the grain boundaries is
usually observed in the films processed from aqueous solution
routes. These defects trap the hydroxyl ions in large numbers
and those in turn capture electrons from bulk and the system
degeneracy occurs. According to this charge trapping model,
large potential barrier would exist across the grain boundaries
[32], which may be reduced through annealing. By the anneal-
ing in air, oxygen is chemisorbed on the surface of Zn(O,S)
causing the formation of strong surface depletion of carriers
as these chemisorbed oxygen atoms capture electrons from
the bulk and form O−2 ions. This annealing condition keeps
the bulk concentration in the range of 1013–1015 cm−3. At this
temperature, the resistivity is quite large due to the formation
of barriers from the chemisorbed oxygens. The incorpora-
tion of indium helps to reduce the resistivity by indirectly
increasing the mobility of the electrons in the film. Initially,
In-incorporated films (1–3 wt%) show slower mobility than
the film without indium (17.2 cm2 V−1 s−1), which may be
due to the increased lattice disorder introduced by indium
[27,28]. However, the conductivity of the film is improved
by five orders when annealed under argon atmosphere. The
improvement in the conductivity may be attributed to both
the reduction in the grain boundary scattering from the large
grain size, their connectivity and a reduction of oxygen and
hydroxyl group related defects across the grain boundaries.
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Figure 5. Electrical properties of In-doped Zn(O,S) for different annealing conditions.

Figure 6. Electrical characteristics (current–voltage behaviour) of
Zn(O,S) and In-doped Zn(O,S) film obtained by Hall measurement
effect (where In-doped Zn(O,S) exhibits good ohmic charact-
eristics).

To evaluate the electron membrane behaviour of the In-doped
Zn(O,S), its current voltage characteristics were recorded as
shown in figure 6 and compared with the undoped Zn(O,S).
By the incorporation of In in Zn(O,S), a better ohmic
behaviour is established as compared to Zn(O,S). For a better
device performance, ohmic behaviour of the buffer and the
window layer are important requirements and therefore, In-
doped Zn(O,S) can be a good alternative window layer to the
Zn(O,S)-based buffer. Additional advantage of such window
layer is a small band discontinuity with the buffer layer.

4. Conclusions

In-doped Zn (O,S) films within the doping range of 1–5 wt%
were prepared in situ by the spray pyrolysis process. A dop-
ing in the rage of 1–3 wt% of indium is found to enhance
carrier concentration to the level of degeneracy (1019 cm−3),
which was reduced to the level of 1014–1015 cm−3 by anneal-
ing in air, much suitable as a buffer layer. After annealing in
Ar atmosphere, the films show c-axis preferred orientation
and the conductivity improves by five orders, which may be
useful as electron membrane layer between buffer layer and
TCO layers applied in the thin film solar cells with Cd-free
alternative buffer materials.
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