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1 Introduction

Zinc sulide (ZnS) is a promising material for device appli-
cations due to its high refractive index and high transmit-
tance in the visible region. It is extensively used for the 
development of light emitting diode for blue to ultraviolet 
spectral region due to its wide band gap, 3.70  eV which 
can be tailored [1, 2]. It is an excellent host material for 
the electroluminescent phosphors, which is being commer-
cially used in displays [3]. It is also widely used as bufer 
layer for solar cell applications. Conventionally, CIGS thin 
ilm solar cells are fabricated using CdS bufer layer to form 
heterojunction and adjust appropriate interface charges [4]. 
CIGS based thin ilm solar cells are developed with chemi-
cally deposited CdS bufer layer and measured the best ei-
ciencies ~21.7% [3]. It is well known that CdS bufer layer 
plays an important role in the development of thin ilm 
solar cells, however; it may causes serious environmental 
problems due to the large amount of Cd-containing waste 
resulting from the deposition process [6, 7]. ZnS may be 
one of the alternatives to produce Cd-free solar cell devices 
[4]. Cd-free bufer materials such as ZnS, Zn(OH)2, ZnO, 
ZnSe, In2S3, and InSe have been investigated as an alterna-
tive to CdS bufer layer [8–13]. Several methods such as, 
chemical vapor deposition [14], pulsed-laser deposition 
[15], RF reactive magnetron sputtering [16], atomic layer 
deposition [18], spray pyrolysis [19], sol–gel [20], and 
electrodeposition [21] have been employed to produce ZnS 
thin ilms. Among the non-vacuum processes, CBD has 
been widely used due to its simplicity, cost-efectiveness 
and suitable for large-area growth. In this process the depo-
sition conditions such as, pH, bath temperature, agitation, 
growth duration, etc. are important to tune the optical, elec-
trical and morphological properties of the precursor layer. 
Several researchers have studied the efect of annealing and 
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various other parameters on the structure and luminescence 
properties of ZnS thin ilms. However, the impact of com-
plexing agent on the properties of ZnS thin ilm has not 
been addressed thoroughly. Herein, we have reported the 
efect of complexing agent on the properties of the deposit.

2  Experimental

2.1  Materials details

Zinc Sulphate (ZnSO4), thiourea (H2NCSNH2), and hydra-
zine hydrate (N2H4) of purity at least 99.99% were pur-
chased from Alfa Aesar (Germany). Ammonium hydrox-
ide (NH4OH) was purchased from Thomas Baker of purity 
99.9% to adjust the pH of electrolyte. All chemicals were 
of analytical reagent grade (AR) and used as received. 
FTO coated glass substrates with sheet resistance ~10 Ω/
cm2 were purchased from Pilkington, UK. Double distilled 
deionized water was used as a solvent.

2.2  Material synthesis

ZnS thin ilms have been deposited on FTO coated glass 
substrates and microscopic glass slides by chemical bath 
deposition (CBD) technique from aqueous bath consisting 
50 mM ZnSO4, 60 mM H2NCSNH2 and various concen-
trations of N2H4 viz, 0, 0.5, 1, 1.5 and 2.5 M. The pH of 
the inal growth solution was adjusted to 9 with NH4OH. 
The substrates were placed vertically inside the container. 
The temperature of the solution was maintained ~85 °C 
during the growth of a layer. Immediately after the deposi-
tion, the samples were ultrasonicated in the warm double 
distilled de-ionized water to remove the traces of loosely 
bonded particles. The samples were annealed at 450 °C for 
2 h in air an ambient. The efect of the concentrations of 
hydrazine hydrate (HyH) and heat treatment on the deposit 
were studied by X-ray difractometry (XRD), UV–vis-NIR 
absorption spectroscopy, photoluminescence spectroscopy, 
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), energy dispersive X-ray analysis 
(EDAX), current–voltage (I–V) and capacitance–voltage 
(C–V) measurement.

2.3  Characterizations

The structural, morphological, compositional and opti-
cal properties of as-prepared and heat treated layers were 
studied using X-ray difractometer model Bruker D8 
advance with Cu Kα radiation of wavelength λ = 1.5405 
Å, JEOL JSM-6360A SEM at accelerating voltage 20 kV 
and probe current 1 nA, transmission electron micros-
copy (TEM) model, TECNAI G2, JASCO UV-vis-NIR 

spectrophotometer and Perkin Elmer LS 55 Photolumines-
cence (PL) spectrometer. Emission spectra of the samples 
were recorded at exciton wavelength 325  nm. The Poten-
tiostat, SP 150, Biologic consists two probe measurement 
setup was employed to study the electrical (I–V and C–V) 
properties.

3  Results and discussion

3.1  Reaction mechanism

The deposition of ZnS thin ilm proceeds when the ionic 
product of Zn2+ and S2− exceeds the solubility product, 
(Ksp). Since the solubility product of ZnS is very small 
(10–24.7) [22], the precipitation is expected even at low 
S2− concentrations, which results the deposition of ZnS 
diicult. Therefore, the CBD process depends on the slow 
discharge of precursor ions in the solution. ZnSO4 and thio-
urea hydrolyzed in an alkaline medium as per to the follow-
ing reactions,

The complexing agent plays an important role on the 
various properties especially the adhesion and morphology 
can be altered. Here, HyH has been used as complexing 
agent which is expected to forms the complex with Zn2+ 
ions by following reaction,

The zinc tetramine [Zn(N2H4)3]
2+ complex normally 

undergo heterogeneous reaction with sulide ions on the 
substrate by the following reaction;

3.2  Structural analysis

Figure 1 shows XRD patterns of the as-deposited ZnS lay-
ers deposited with diferent concentrations of HyH. The 
difraction peaks attributed at 2θ = 28.51°, 47.51° and 
56.31° correspond to (111), (220) and (311) plane of cubic 
zinc blende structure, respectively (JCPDS card No.77-
100). XRD spectra for the layers deposited without HyH 
exhibited the relections associated to Zn(OH)2, which 
was disappeared upon annealing and the peaks related to 
ZnS could be seen in the inset igure. The crystallinity of 
the sample was estimated by measuring the FWHM. The 
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FWHM was found to be increased systematically upon 
increasing the contents of HyH in the bath, which could be 
associated to the particle size. The change in FWHM was 
further correlated with the average crystallite size calcu-
lated by Scherrer formula. The calculated values of FWHM 
and average particle size are tabulated in Table 1. The val-
ues of average crystallite size are in agreement with the 
increased values of FWHM. Figure 2 shows the HRTEM of 
the ZnS thin ilm deposited in presence of 2.5 M HyH. The 
interplanner distance ‘d’ obtained by HRTEM analysis was 
3.00 Å, which corresponds to (111) relection of the cubic 
structure of ZnS. Furthermore, the particle size ~5 to 7 nm 
can be clearly seen from HRTEM image. The selected area 
difraction (SAD) pattern (shown inset) exhibits ring due 
to the random orientation of the crystallites correspond to 
(111), (204)/(220) and (311) planes of cubic ZnS. These 
results are in good agreement with the structural data 
obtained by XRD analysis.

3.3  Morphological analysis

Figure  3 shows the SEM images of as-deposited and 
annealed ZnS thin layer deposited for diferent concentra-
tions of HyH. Granular, spherical particles are deposited 

Fig. 1  XRD patterns of as-deposited ZnS thin ilms prepared for a 
0 M, b 0.5 M, c 1.0 M, d 1.5 M, e 2.5 M HyH concentration. Inset 
shows the XRD pattern of the annealed ZnS thin ilm deposited in 
presence of 0  M HyH. The relections correspond to Zn(OH)2 are 
marked by solid circles (●)

Table 1  FWHM and crystallite 
size calculated for ZnS 
relections from XRD data 
results

ZnS samples (concentration 
of HyH in M)

Observed peaks with FWHM (deg) Average crystallite size esti-
mated from Scherrer’s formula 
(nm)(111) (220) (311)

0 2.90 2.27 2.90 32
0.5 3.29 2.49 3.13 29
1.0 3.42 3.01 3.52 25
1.5 3.90 3.24 3.75 23

2.5 4.37 3.87 3.94 21

Fig. 2  HRTEM of the ZnS thin 
ilm deposited in presence of 
2.5 M HyH concentration

0.30 nm 

(a) (b)

(220)

(311)

(111)
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for all concentrations of HyH. Large spherical individual 
particles are deposited without HyH can be clearly seen 
in Fig. 3a. Uniform, compact and well adherent ilms were 
deposited in presence of HyH. A uniform growth is associ-
ated to the rate of reaction and nucleation centers. The for-
mations of nucleis at the beginning of the deposition pro-
cess could be responsible for uniform growth of layer. The 
conductivity of electrolyte is expected to be low for lower 
concentration of HyH, therefore the reaction rate may be 
less, which results limited nucleation centers. However, 
upon increasing the deposition time, the nucleated particles 
are expected to grow further to form the large clusters. On 
the contrary, the reactions rate is proposed to be increased 
for higher concentration of HyH support the growth of 
smaller particles. Upon annealing the layers at 450 °C for 
2 h the densely packed grain growth with an enhancement 
in the size of the particle. The Elemental composition of 
the ilms was obtained by EDAX analysis is tabulated in 
Table  2. It was observed that the concentration of HyH 
controlled the contents of precursor layer. The atomic per-
centage concentration of Zn reduced systematically upon 
increasing the concentration of HyH in the growth solution 
and nearly stoichiometric ZnS layer was deposited in pres-
ence of 2.5 M HyH.

3.4  Optical study

The absorption coeicient (α) was determined using the 
expression,

where, ‘k’ is constant, ‘Eg’ is the energy band gap esti-
mated from UV–Visible results, and n is a constant which 
is taken to be 1 for direct band gap semiconductors. Fig-
ures 4 and 5 shows a plot of (αhν)2 versus hν of as-depos-
ited and annealed samples, respectively. The band gap 
values are estimated from the intercept of the straight-line 
portion of the curve. The estimated energy band gaps are 
summarized in Table  3. It has been observed that upon 
increasing the concentration of HyH the band gap of ZnS 
layer was found to be increased, due to the deposition of 

(5)�h� = k
(

h� − Eg

)
n

2

Fig. 3  SEM images of as-deposited (A) and annealed (B) ZnS thin 
ilms prepared at a 0 M, b 0.5 M, c 1.0 M, d 1.5 M, e 2.5 M HyH 
concentration

Table 2  A summary of the 
atomic percentage composition 
of Zn and S determined in ZnS 
thin ilms deposited for various 
molar concentrations of HyH

HyH concentra-
tion

Atomic (%) percentage of elemental Zn and S in ZnS ilms

As-deposited Annealed

Zn S Zn/S Zn S Zn/S

0 M 58.04 41.96 1.38 47.16 52.84 0.89
0.5 M 56.35 43.65 1.29 55.82 44.18 1.26
1.0 M 54.94 45.26 1.21 54.31 45.69 1.19
1.5 M 47.62 52.38 0.91 54.41 45.59 1.20

2.5 M 44.82 55.18 0.81 49.87 50.13 1.00
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smaller particles. The band gap decreases upon annealing 
the samples as a counter part of as-deposited layer due to 
enhancement in the particle size. The ilm deposited in 
absence of HyH estimates lower band gap than that of the 
bulk ZnS probably due to the presence of Zn(OH)2 which 
is further conirmed by XRD analysis. Thin ilms prepared 
with 1.0 M HyH were found to be uniformly grown with 
compact and granular surface therefore; this sample was 

chosen to study the photoluminescence and electrical prop-
erties. The room temperature PL spectra recorded at excita-
tion wavelength 325 nm of as-deposited and annealed ZnS 
thin ilms obtained with 0 M and 1.0 M HyH is shown in 
Fig.  6. Four distinct peaks at 357, 395, 425 and 480  nm 
were observed to all PL spectra’s. The narrow UV emission 
peak attributed at 357  nm corresponds to near-band-edge 
emission originated from the recombination of free exci-
tons in ZnS. The broadening observed to UV-emission peak 
for as-prepared layer deposited without HyH could be asso-
ciated to the growth of non-uniform size particles and the 
contribution from glass substrate. On the contrary, a sharp 
UV-emission peak with blue shift was attributed for the 
samples grown with 1.0 M HyH. The observed blue shift 
is proposed due to the growth of small size particles. Upon 

Fig. 4  Plot of (αhν)2 versus (hν) for as-deposited ZnS thin ilms pre-
pared with a 0 M, b 0.5 M, c 1.0 M, d 1.5 M, e 2.5 M HyH concentra-
tions

Fig. 5  Plot of (αhν)2 versus (hν) for annealed ZnS thin ilms pre-
pared with a 0 M, b 0.5 M, c 1.0 M, d 1.5 M, e 2.5 M HyH concentra-
tions

Table 3  A summary of band gap values estimated from UV–Vis 
absorption spectra for as-deposited and annealed ZnS thin ilms 
deposited in presence of various HyH concentrations

ZnS samples (concentration of 
HyH in M)

Band gap (Eg) (eV)

As-deposited Annealed

0 2.87 2.77
0.5 3.58 3.46
1.0 3.64 3.50
1.5 3.70 3.65

2.5 3.80 3.71

Fig. 6  PL spectra of as-deposited and annealed ZnS ilms deposited 
in presence of 1.0 M HyH. The enlarged PL spectra for higher wave-
length is given in inset



 J Mater Sci: Mater Electron

1 3

annealing intensity of this peak was found to be increased. 
The emission bands centered at 395 and 425 nm could be 
assigned to stoichiometric vacancies (defect states) or inter-
stitial impurities, possibly at the surface of the ZnS layer. 
The emission band centered at 395 nm corresponds to the 
Zn vacancy (VZn), whereas 425 nm corresponds to the Zn 
interstitial (Zni) and/or S interstitial (Si) [24–26]. The inten-
sity of these peaks decreases with addition of HyH. A small 
shoulder noticed at 480 nm may be assigned to the sulfur 
vacancy (Vs) [27].

3.5  FTIR analysis

Fourier transform infrared (FTIR) spectra measured at 
room temperature for as-deposited and annealed samples 
deposited with 0 and 1 M HyH are depicted in Figs. 7 and 
8, respectively. A broad absorption peak observed in the 
range of 3000–3641 cm−1 correspond to –OH group, which 
conirm the existence of water molecules absorbed at the 
surface or formation of hydroxides. This peak was reduced 
for the annealed samples. The features attributed around 
1146, 1500–1650 and 2343  cm− 1 are assigned to C=O 
stretching mode arising from absorption of atmospheric 
CO2 on to the surface. The peak exhibited at 578 cm−1 is 
assigned to ZnS band (i.e., corresponding to sulphides) [28, 
29]. All peaks observed in FTIR spectra for both as-depos-
ited and annealed samples grown with 0 M HyH and 1.0 M 
HyH are very similar.

3.6  Electrical (I–V and C–V) properties

Figure  9 shows the current density–voltage (J–V) charac-
teristics of the annealed ZnS ilms deposited with 0 and 

Fig. 7  FTIR spectra of as-deposited (a) and annealed (b) ZnS ilms 
deposited without HyH

Fig. 8  FTIR spectra of as-deposited (a) and annealed (b) ZnS ilms 
deposited in presence of 1.0 M HyH

Fig. 9  I–V characteristics of annealed ZnS thin ilms deposited in 
presence of 0 M (a) and 1.0 M (b) HyH. Inset depicts the semi-log-
arithmic curve
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1.0 M HyH concentrations. Al metal contacts of diameter 
2  mm were prepared on to FTO/ZnS layers by thermal 
evaporation technique. Schottky behavior was observed 
for both layers. It is noteworthy that the diode prepared 
with 1 M HyH was close to ideal. A high reverse current 
measured for the sample prepared without HyH could be 
due to the leaky behavior of diode at high reverse bias. The 
semi-logarithmic graph of current versus voltage is shown 
in the inset of Fig. 9. The values of the ideality factor (η) 
were calculated from the slope of straight line to the lower 
region of forward bias using the following equation [30]:

where q, V, η, k, T and I are the charge of electron, applied 
voltage, ideality factor, Boltzmann constant temperature 
and diode current, respectively.

The values of ideality factor, 1.71 and 1.24 were calcu-
lated for the annealed ZnS layers prepared with 0 and 1 M 
HyH, respectively. For an ideal diode, the ideality factor 
should be close to unity. The value of ideality factor meas-
ured greater than unity could be due to the Fermi level pin-
ning at the interface or relatively large voltage drops at the 
interface region. The reduced value of the ideality factor 

(6)� =
q

kT

(

dV

d(ln I)

)

calculated for the sample prepared with HyH, could be pro-
posed due to the uniform and compact deposition of ZnS 
over the entire region.

A capacitance–voltage measurement was performed at 
frequency 10 kHz to determine the doping concentrations 
and lat band potentials using Eq.  (7) [31]. The measure-
ments performed for annealed samples prepared without 
and 1.0 M HyH are given in Fig. 10.

where C, V, NA, q and ε is the space charge capacitance, 
applied potential, concentration of acceptors, electronic 
charge and relative permittivity, respectively. The capaci-
tance, lat band potential and carrier concentration evalu-
ated from the gradient of the graph is given in Table  4. 
High doping concentration ~1018 cm−3 was calculated for 
the ZnS layers deposited with 1.0 M HyH as a counter part 
of 1017 cm−3 for without HyH, which is proposed due to 
higher concentration of metallic zinc and well adherent, 
continuous and uniform grain growth.

4  Conclusions

ZnS thin ilms have been successfully deposited on FTO 
and glass substrates using chemical bath deposition 
method. Nanocrystalline ZnS layers having cubic crys-
tal structure were deposited with HyH.TEM results are 
in good agreement with XRD analysis. Granular, Uni-
form and compact layers were deposited over the entire 
substrate in presence of HyH. Nearly stoichiometric lay-
ers were obtained upon annealing the samples prepared 
in presence of HyH. The energy band gap ~3.80  eV was 
measured for ZnS layers prepared with HyH revealed the 
growth of nanocrystalline material. A strong UV emission 
corresponds to band-edge transition with some defect like 
vacancies was observed to all samples conirmed by photo-
luminescence studies. The ideality factor for the ZnS layers 
prepared with 0 M and 1.0 M HyH were obtained ~1.71 and 
1.24, respectively. The capacitance–voltage plots behave 
according to Schottky–Mott theory. The doping concen-
trations ~1017 and 1018 cm−3 were calculated for the layers 
deposited with 0 and 1.0 M HyH, respectively.
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