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a  b  s  t  r  a  c  t

Zinc  sulfide  (ZnS)  thin films  were  prepared  on glass  substrates  by  a chemical  bath  deposition  technique
using  aqueous  zinc  acetate  and thiourea  solutions  in a  basic  medium  (pH ∼  10)  at  80 ◦C. The  effects
of  different  complexing  agents,  such  as  a non-complexing  agent,  Na3-citrate,  and  a  mixture  of  Na3-
citrate  and  ethylenediamine  tetra-acetate  (EDTA),  on the  structural,  chemical,  morphological,  optical,
and electrical  properties  of  ZnS  thin  films  were  investigated.  X-ray  diffraction  pattern  showed  that  the
ZnS thin  film  deposited  without  any  complexing  agent  was  grown  on  an  amorphous  phase.  However,
the  ZnS  thin  films  deposited  with  one  or two  complexing  agents  showed  a polycrystalline  hexagonal
structure.  No  secondary  phase  (ZnO)  was  observed.  X-ray  photoelectron  spectroscopy  showed  that  all
ZnS  thin  films  exhibited  both  Zn  S and  Zn  OH bindings.  Field  emission  scanning  electron  microscopy
hemical bath deposition
omplexing agent

(FE-SEM)  images  showed  that  ZnS  thin  films  deposited  with complexing  agents  had  thicker  thicknesses
than  that  deposited  without  a complexing  agent.  The  electrical  resistivity  of ZnS  thin  films  was  over
105 � cm  regardless  of complexing  agents.  The  average  transmittance  of the  ZnS  thin films  deposited
without  a complexing  agent,  those  with  Na3-citrate,  and  those  with  a mixture  of  Na3-citrate  and  EDTA
was  approximately  85%, 65%, and  70%,  respectively,  while  the band  gap  was  found  to  be  3.94  eV,  3.87  eV,
and 3.84  eV,  respectively.
. Introduction

Thin film solar cells based on polycrystalline Cu-chalcopyrite,
uch as CuInSe2 (CIS), Cu(In,Ga)Se2 (CIGS), and Cu(In,Ga)(S,Se)
CIGSSe), have attracted considerable interest for use in photo-
oltaic devices, owing to their relatively high efficiency in both large
rea and laboratory-sized solar cells [1,2]. In CIGS-based thin film
olar cells, a chemical bath deposited CdS (CBD-CdS) buffer layer
s placed between an absorber layer and a transparent conducting
xide (TCO) layer because of the following advantages: (i) the buffer
ayer protects the modification that results from chemical species
n the sensitive surface of the absorber and junction regions, (ii)
he damage caused by physical deposition during the subsequent

CO deposition process, and (iii) the appropriate interface charge
djusted during the deposition process [3,4]. In addition, the n-
ype doping effect on the surface region of an absorber layer can
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be caused by metal ions implanted into the CBD-buffer layer on a
Cu-deficient absorber, which improves the electrical resistivity in
the absorber layer [5].  CIGS-based thin films with a CBD-CdS buffer
layer have achieved the best efficiency of 19.9% over a small area
(0.5 cm2) [6] and 16.6% on a mini module (16 cm2) [2]. However, the
fabrication of a Cd-based buffer layer in CIGS-based thin film solar
cell can create serious environmental problems due to the large
amount of Cd-containing waste generated during the deposition
process [5,7–10]. This problem has stimulated research into devel-
oping a Cd-free buffer layer. Different buffer layers, such as ZnS,
In2S3, ZnSe, Zn(Sx,Se1−x), SnS, and ZnxIn1−xSe, have been examined,
and their effect on the solar cell efficiency has been investigated
[7,9,11,12]. Unfortunately, the efficiencies of Cd-free CIGS-based
thin film solar cells fabricated from these materials are not as high
as those fabricated from CBD-CdS buffer layers [4].  Among these
alternative buffer layers, ZnS is considered to be the most promis-
ing buffer materials because a CIGS-based thin film with a CBD-ZnS
buffer layer achieved the best efficiency of 18.6% over a small area

compared to the other buffer materials, and it is less toxic and
cheaper [12]. In addition, the band gap of ZnS (∼3.6–3.8 eV) is wider
than that of CdS (2.4 eV), which improves the short-circuit current
of thin film based solar cells [3].  These practical facts suggest that
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IGS thin film solar cells consisting of a CBD-ZnS buffer layer can
chieve an efficiency beyond 20% [5].  ZnS is also an important II–VI
ompound semiconductor because of its higher transmission, high
efractive index, and linear and nonlinear absorption, indicating
hat it finds wide applications in optoelectronic fields as deep-blue
ight emitting devices or a base material for phosphors [13–15].

The CBD-ZnS thin films are generally deposited from aqueous
olutions of Zn salts, thiourea, or thioacetamide (as a S source) in

 hot basic medium using one or more complexing agents, which
llows control of the Zn2+ ions concentration [8,16,17]. Hydrazine
ydrate and ammonia are generally used as complexing agents
18–20]. Oladeji et al. and Dona et al. reported that the adhesion,
rystal quality, homogeneity, and growth rate of ZnS thin films
re improved by adding hydrazine hydrate as a complexing agent
9,21].  However, hydrazine hydrate is a highly flammable, carcino-
enic, and toxic material [21]. Therefore, in order to solve these
roblems, several research groups have examined ZnS thin film
eposition using less toxic complexing agents, such as tri-sodium
itrate (Na3-citrate) [9] and ethylenediamine tetra-acetate (EDTA)
22]. Johnston et al. and Goudariz et al. reported the growth of
00 nm-thick ZnS thin films with high transmittance in the visible
egion using Na3-citrate or EDTA as a less toxic complexing agent
10,22]. Although ZnS thin films were deposited successfully using
ne less toxic complexing agent, the deposited films had poor crys-
allinity, rough morphology, discontinuous microstructure, and
hin thickness during long deposition times. These characteristics
uggest the low efficiency in the thin film solar cells [6].  One pos-
ible alternative is the addition of an another complexing agent
n order to improve the crystallinity of ZnS thin films deposited

ith one of these complexing agents in the reaction bath, which
emonstrate that the increase in growth rate and more dense
icrostructure (continuous thin films) of ZnS thin films could be

mproved while keeping the smooth morphology by the proper use
f the mixed complexing agent. Previous studies on CBD-ZnS thin
lms deposited with less toxic complexing agents focused mainly
n the growth of ZnS thin films. However, there are no reports for

 direct comparison of the structural, chemical, morphological and
ptical properties, and the detailed growth mechanism of CBD-ZnS
hin films using different complexing agents in a basic bath.

The purpose of this study is to improve the growth rate and
o compare the effect of different complexing agents, such as those
ithout a complexing agent, those with Na3-citrate, and those with

 mixture of Na3-citrate and EDTA on chemical-bath deposited
nS thin films. The effects of the different complexing agents on
he structural, chemical, compositional, morphological, and opti-
al properties and the growth mechanism of ZnS thin films were
nvestigated.

. Experimental details

ZnS thin films were prepared on glass substrates by a CBD method using aqueous
olutions of zinc acetate, thiourea, and different complexing agents in a hot alkaline
edium. Na3-citrate and a mixture of Na3-citrate and EDTA were used as the com-

lexing agents. The reaction bath solutions were prepared using 40 mL of a 0.2 M zinc
cetate dihydrate (Zn(CH3COO)2·2H2O) solution and 60 mL  of a 0.2 M Na3-citrate
Na3C6H5O7) and a mixture containing 60 mL  of 0.2 M Na3-citrate (Na3C6H5O7)
nd  20 mL  of 0.4 M of EDTA (C10H16N2O8). Subsequently, 80 mL  of a 0.4 M thiourea
SC(NH2)2) solution was  added, and the pH was  adjusted to 10 by adding an ammo-
ia  (NH4OH) solution. Finally, the required quantity of deionized water was  added
o make a 200 mL solution in the reaction bath. Prior to deposition of the ZnS thin
lms, the glass substrates were cleaned ultrasonically with acetone, methanol, iso-
ropyl alcohol, and deionized water for 10 min, sequentially. The substrates were
ried in air, and the cleaned substrates were then located vertically in a jig, which
as  then immersed in a reaction bath maintained at 80 ◦C for 4 h. After deposition,

he  substrates were removed from the reaction bath, rinsed with distilled water,

ried in air, and preserved in an airtight plastic container. The deposited thin films
ere found to be uniform, pin-hole free, and well adhered to the glass substrates.

The structural properties of the thin films were examined by high-resolution
-ray diffraction (XRD, X’pert PRO, Philips, Eindhoven, The Netherlands) operated
sing a grazing incidence diffraction mode. The microstructures of the deposited
Fig. 1. XRD patterns of the ZnS thin films deposited without complexing agents,
those with Na3-citrate, and those with a mixture of Na3-citrate and EDTA.

thin films were analyzed by conventional transmission electron microscope (HR-
TEM, TECNAI G2F30 ST, FEI, and The Netherlands). The chemical binding energy
of  the films was examined by X-ray photoelectron spectroscopy (XPS, VG Multi-
lab  2000, ThermoVG Scientific, UK) at room temperature. The binding energies in
the spectrometer were calibrated using the carbon 1s line at 285.0 eV. The surface
and  cross-sectional morphology of the thin films were examined by field emis-
sion scanning electron microscopy (FE-SEM, Model: JSM-6701F) operated at room
temperature. The optical transmittance of the thin films was measured by UV-
visible spectroscopy (Cary 100, Varian, Mulgrave, Australia) at room temperature.
The  electrical properties of the deposited thin films were characterized using a
Hall  measurement (M/N #7707 LVWR, Lake Shore Cryotronics Inc., USA) at room
temperature.

3. Results and discussion

3.1. Characterization of ZnS thin films

The ZnS thin films consisted of hexagonal (wurtzite-type struc-
ture) and cubic (zinc blende-type structure) phases. Previous
literature surveys indicated the growth of cubic and hexagonal
phases of ZnS thin films [8,19,22,23]. Fig. 1 shows the XRD pat-
terns of the ZnS thin films deposited without a complexing agent
and with complexing agents, such as Na3-citrate and a mixture
of Na3-citrate and EDTA. The X-ray diffraction patterns showed
that no strong peaks corresponding to cubic or hexagonal ZnS
planes were observed for the thin film deposited without com-
plexing agents. This confirmed the amorphous nature of ZnS thin
film deposited without complexing agents. However, the ZnS thin
films deposited with one complexing agent or with a mixture of
complexing agents showed a broad peak at approximately 28.8◦,
corresponding to the cubic (1 1 1) plane or hexagonal (0 0 0 2) plane
[JCPDS data file No.: 65-0309 (ZnS/Cub.) and 72-0163 (ZnS/Hex.)].
Unfortunately, they cannot be distinguished clearly into cubic or
hexagonal planes because their angle positions are similar. In order
to confirm the crystal structure of ZnS thin films deposited with
one or mixture of complexing agents, the d-spacing value of the
ZnS thin films deposited with different complexing agents were
measured by high-resolution TEM (Fig. 2). Fig. 1 also shows that
the intensity of the XRD peak of the ZnS thin film deposited with a
mixture of Na3-citrate and EDTA was relatively strong compared to
that deposited with Na3-citrate. No characteristic peaks resulting
from the secondary phase (ZnO) were detected.

Fig. 2 shows the bright field (BF) – (a) and high-resolution (HR)

– (b) TEM images of ZnS thin film deposited with a mixture of Na3-
citrate and EDTA. The inset in Fig. 2(b) presents the corresponding
selected area electron diffraction (SAED) patterns obtained from
the films and glass substrate interface. From BF- and HR-TEM image,
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Fig. 2. Cross-sectional tilt bright field TEM image (a) and high-resolution TEM image
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b)  of ZnS thin film deposited with a mixture of Na3-citrate and EDTA.

t was shown that the ZnS thin film consisted of many nanosized
rains (below 5 nm), and it is observed that the interface between
he ZnS thin film and the glass substrate was very sharp, without
ny indication of interfacial reaction or any formation of interfacial
ompounds. From the atomic lattice image (Fig. 2(b)), the d-value
f ZnS thin films was 0.312 nm,  which confirm the (0 0 0 2) plane
or the ZnS hexagonal structure. The SAED pattern in the inset in
ig. 2(b) showed a typical polycrystalline ring pattern. These TEM
mages were quite similar to those of the ZnS thin films deposited

ith Na3-citrate.
The chemical state of the constituent elements and binding

nergy in the ZnS thin films was examined by XPS. Fig. 3 shows the
igh-resolution XPS spectra of Zn 2p (a) and S 2p (b) of the ZnS thin
lm deposited with a mixture of Na3-citrate and EDTA. The bind-

ng energy of Zn 2p3/2 (Fig. 3(a)) consisted of two binding energies
ositioned between 1021.9 eV and 1022.6 eV, which correspond to
n OH and Zn S bonds, respectively [24]. It is well known that the
n OH bonding in CBD-ZnS thin films has been easily formed in
asic aqueous solutions [24]. The S 2p binding energies in the ZnS
hin film (Fig. 2(b)) were 161.8 eV and 163 eV, respectively [16].
he first binding energy was assigned to the S 2p3/2 core level,
nd the second binding energy corresponds to S 2p1/2 core level,
espectively. These XPS spectra were very similar to the ZnS thin

lms deposited without complexing agents and with Na3-citrate,
nd similar results of CBD-ZnS thin films were reported by several
uthors deposited in a basic medium [24–27].
Fig. 3. High-resolution XPS spectra of Zn 2p (a) and S 2p (b) in ZnS thin film deposited
with a mixture of Na3-citrate and EDTA.

Fig. 4 shows the cross-sectional FE-SEM images of the ZnS thin
films deposited without complexing agent (a), those with Na3-
citrate (b), and those with a mixture of Na3-citrate and EDTA (c). The
cross-sectional FE-SEM images also showed that the thicknesses of
the ZnS thin films deposited with one or mixture of complexing
agents were thicker than that of the film deposited without a com-
plexing agent. This increase in film thickness of the ZnS thin films
was attributed to the higher concentration of Zn-complexing-agent
bonded ions that may  have exhibited Zn S bonding in the hot reac-
tion bath and thus increased the thickness of the ZnS thin film. The
ZnS thin films deposited without any complexing agents showed
a smoother morphology than that deposited with the complexing
agents. The ZnS thin film without any complexing agents showed
holes and a microstructure consisting of small spherical-shaped
grains with a size of about 30 nm.  However, both the ZnS thin
films deposited with one or mixture of complexing agents showed
uniform, continuous, and dense microstructures consisting of very
small-sized grains (below 5 nm as observed by HR-TEM (Fig. 2)) and
spherical-shaped grains of sizes ranging from 30 to 100 nm. These
different morphological properties of ZnS thin films were attributed
to easier nucleation in reaction baths with one or more complexing
agents than in that without any complexing agents. In the case of
the reaction solution without comlexing agents, the growth process
of ZnS was dominant compared to that of the nucleation pro-

cess because of a lower presence of Zn-complexing-agent bonded
ions, where thus, the ZnS thin film formatted the spherical-shaped
grains. In contrast, the nucleation process of ZnS was dominant
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Fig. 4. Cross-section FE-SEM images of the ZnS thin films deposited without com-
plexing agents (a), those with Na -citrate (b), and those with a mixture of Na -citrate
a
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Table 1
Results of compositional analysis of the ZnS thin films deposited without complexing
agents, those with Na3-citrate, and those with a mixture of Na3-citrate and EDTA.

Elements Without complexing
agent

Na3-citrate Mixture of Na3-citrate
and EDTA
3 3

nd  EDTA (c).

ompared to that of the growth process in hot reaction solution
ith one or mixture of complexing agents. Many small-sized grains

ere easily formed, and uniform, continuous, and dense ZnS thin
lms were deposited. In addition, the thicknesses of the ZnS thin
lms without complexing agents, those with Na3-citrate, and those
Zn (at%) 46.45 48.47 51.14
S  (at%) 53.55 51.53 48.86

with a mixture of Na3-citrate and EDTA were about 50 nm,  110 nm
and 130 nm,  respectively.

Table 2 shows the electrical properties of the ZnS thin films
deposited without complexing agents, those with Na3-citrate,
and those with a mixture of Na3-citrate and EDTA examined
by the Hall measurement system at room temperature. The
200 nm-thick Au was deposited by electron beam evaporation
technique to improve the ohmic condition between Au grid
and ZnS thin films. Hall measurement results for the ZnS thin
films indicated that the ZnS thin films showed n-type semicon-
ductor characteristics regardless of the complexing agents. The
electrical resistivity of ZnS thin films was  over 105 � cm.  The elec-
trical resistivity, carrier concentration, and mobility of the ZnS
thin were 1.74 × 106 � cm;  9.62 × 109 cm−3; and 2.23 cm2 V−1 S−1

(without complexing agent); 2.27 × 105 � cm; 7.23 × 1010 cm−3;
and 4.57 cm2 V−1 S−1 (with Na3-citrate); and 1.69 × 105 � cm;
9.12 × 1010 cm−3; and 5.98 cm2 V−1 S−1 (with a mixture of Na3-
citrate and EDTA), respectively. The lower electrical mobility of the
ZnS thin film deposited without complexing agents is attributed to
the rougher surface morphology of the ZnS thin film deposited with
one mixture of complexing agents. This rough morphology resulted
in the low mean free path for electron leading to a deterioration of
electrical mobility. In addition, the increase in carrier concentration
of ZnS thin films deposited with one or more complexing agents, as
compared to that deposited without a complexing agent resulted
from the decrease in compositional ratio of S. From previous lit-
erature on it is known that in chalcogenide-based thin films, the
electrical properties deteriorated with the compositional ratio of
chalcogenide [27,28].

Fig. 5(a) shows the UV–visible transmittance spectra in the
wavelength region from 300 nm to 800 nm.  Fig. 5(b) shows the
plots of (˛h�)2 vs photon energy of the ZnS thin films deposited
without and with the complexing agent Na3-citrate and of that
with a mixture of Na3-citrate and EDTA. The average transmittance
of the films without complexing agents, those with the complex-
ing agent Na3-citrate, and those with a mixture of Na3-citrate and
EDTA was approximately 85%, 65%, and 70%, respectively. The low
transmittance in the visible region for the ZnS thin films with
one or more complexing agents compared to that without a com-
plexing agent was  attributed to the thicker thickness. It is well
known that the transmittance of thin film is strongly related to
the thickness and surface condition of the film [28]. From Fig. 4, the
ZnS thin films with one or mixture of complexing agents showed
greater thicknesses, compared to that deposited without a com-
plexing agent, and the spherical-shaped grains with sizes ranging
from 30 to 100 nm.  These thicker thicknesses and the presence of
spherical-shaped grains resulted in a scattering out of the beam
in the spectrophotometer. Therefore, the transmittance of the ZnS
thin film with a mixture of Na3-citrate and EDTA is higher than that
with Na3-citrate.

All ZnS thin films with and without complexing agents showed
a sharp absorption feature. This sharp absorption feature was
attributed to the good homogeneity in the shape and size of the
grains and low defects in the film. The sharp absorption edge was

observed near 300 nm. This absorption edge of the ZnS thin films
deposited with one or more complexing agents shifted toward
a shorter wavelength as compared to that deposited without
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Table 2
Electrical resistivity, carrier concentration, and mobility of the ZnS thin films deposited without complexing agent, those with Na3-citrate, and those with a mixture of
Na3-citrate and EDTA.

Resistivity (� cm) Carrier concentration
(cm−3)

Mobility
(cm2 V−1 S−1)

Without complexing agent 1.74 × 106 9

With  Na3-citrate 2.27 × 105

With  mixture of Na3-citrate and EDTA 1.69 × 105
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00  nm (a) and the plot of (˛h�)2 vs photon energy (b) of the ZnS thin films deposited
ithout complexing agents, those with Na3-citrate and those with a mixture of
a3-citrate and EDTA.

omplexing agents. Based on the optical transmittance for ZnS
hin films, the values of the optical absorption coefficient (˛) were
etermined by using this equation [23]:

t = I0 exp(−˛t), (1)

here t is the thickness of film, and It and I0 are the intensities
f transmitted light and initial light, respectively. In order to
etermine the direct band gap energy, the Tauc relationship was
sed as follows [29]:

hv = A(hv − Eg)n, (2)

here A is a constant, h is Planck’s constant, v is the photon
requency, Eg is the optical band gap energy, and n is 1/2, respec-
ively. The optical band gap energy of the ZnS thin films deposited
ithout complexing agents, those with Na3-citrate, and those with
 mixture of Na3-citrate and EDTA, which was  obtained from the
˛h�)2 vs photon energy plots by extrapolating the line portion of
he curves at  ̨ = 0, were found to be 3.94 eV, 3.87 eV, and 3.84 eV,
espectively (Fig. 5(b)).
9.62 × 10 2.23
7.23 × 1010 4.57
9.12 × 1010 5.98

3.2. Discussion: effects of different complexing agents

These results showed an improved crystallinity, greater thick-
nesses, and a higher Zn atomic ratio in the ZnS thin films deposited
with complexing agents compared to that deposited without com-
plexing agents. Generally, the growth mechanism of ZnS thin film
has been known to be such that the Zn-[complexing agent]2+ ions
react with S2− ions at the solution or substrate surface [30]. There-
fore, a suitable complexing agent plays a very important role in
the stable deposition of ZnS thin films because complexing agents
reduce the release rate of Zn metallic ions in a reaction bath [8,16].
In addition, a suitable complexing agent is used to bind Zn ions to
avoid homogenous precipitation [30].

In a reaction solution without added complexing agents, there
is only NH3 to act as a complexing agent. While heating a solu-
tion without a complexing agent, NH3 reacts with Zn2+ ions, which
produces [Zn(NH3)n]2+ ions in the reaction bath. However, in the
absence of enough ammonia, the NH3 does not fully react with the
Zn2+ ions, and there are free Zn2+ ions in the reaction bath, where
the Zn(OH)2 can be easily precipitated in the basic solution [31]. The
ZnS film deposited without an added complexing agent is formed
at relatively high concentrations of Zn (OH)2 binding and low con-
centrations of Zn S binding, indicating that the film has finally been
grown as an amorphous phase (Fig. 1). The relatively low concentra-
tions of Zn S ions in the bath resulted in a low growth rate (Fig. 3)
in the ZnS thin film deposited without complexing agents.

In contrast, in a reaction bath with one or mixture of complex-
ing agents, there are many Zn-[complexing agent]2+ ions, such as
[Zn(NH3)n]2+, [Zn(Na3-citrate)n]2+, and [Zn(EDTA)n]2+, as well as
a small amount of Zn2+ ions compared to that without complex-
ing agents. This leads to the formation of high concentrations of
Zn S bonds. The high concentrations of formatted Zn S binding
can react easily with the substrate surface, resulting in improved
crystallinity (Fig. 1) and the high Zn atomic ratio (Table 1) of ZnS
thin films with complexing agents.

The ZnS thin films deposited with a mixture of Na3-citrate and
EDTA showed improved crystallinity, higher transmittance in the
visible region, and greater thicknesses than that deposited with
Na3-citrate. A possible reason for this may  be attributed to the dif-
ferent binding force between Zn ions and the complexing agent ions
with different complexing agent types. The solubility product of Zn-
[EDTA] is higher than that of Zn-[Na3-citrate], indicating greater
binding between the Zn ions to Na3-citate compared to that with
the mixture of Na3-citrate and EDTA [22]. The concentration of Zn-
complexing ions in the solution with a mixture of Na3-citrate and
EDTA is higher than that deposited with Na3-citrate. Therefore, the
growth rate and morphology of the ZnS thin films deposited with
a mixture of Na3-citrate and EDTA are greater than that deposited
with Na3-citrate.

4. Conclusions
Thick ZnS films were successfully prepared by a chemical bath
deposition technique in a basic medium (pH ∼ 10) at 80 ◦C, using
different complexing agents. The crystal quality of the CBD-ZnS
thin films deposited with one or mixture of complexing agents
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