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a b s t r a c t

As-deposited and annealed Cu2ZnSnS4 (CZTS) thin films have been synthesized onto Mo coated glass
substrates at different deposition times using pulsed laser deposition (PLD) technique. The effect of depo-
sition time (film thickness) and annealing onto the structural, morphological, compositional and optical
properties of CZTS thin films have been investigated. The polycrystalline CZTS thin films with tetragonal
crystal structure have been observed from structural analysis. FESEM and AFM images show the smooth,
uniform, homogeneous and densely packed grains and increase in the grain size after annealing. The
eywords:
ZTS
LD
tructural
PS
ptical properties

internal quantitative analysis has been carried out by XPS study which confirms the stoichiometry of the
films. The optical band gap of CZTS films grown by PLD is about 1.54 eV, which suggests that CZTS films
can be useful as an absorber layer in thin film solar cells. Device performance for deposited CZTS films
has been studied.

© 2011 Elsevier B.V. All rights reserved.

evice

. Introduction

The modern world’s facilities are mainly dependent on electric-
ty and henceforth the progress is ultimately based on the pillars
f energy apart from the currencies. Since the world is propagat-
ng on the different energy strategies, it is necessary to fabricate
igh conversion efficiency solar cells without material degradation.
herefore the study of low cost solar cells has become popular in
any countries. The Cu2ZnSnS4 (CZTS) film possesses the optimal

haracteristics like the band gap energy of 1.4–1.5 eV and absorp-
ion coefficient of 104 cm−1 required for fabrication of thin film
olar cell (TFSC). The commercial production based on the CZTS
bsorber layer is purposely studied [1,2]. Further CZTS is cheap and
oes not contain any toxic elements such as Se or Cd, leading to
solar cell with less environmental damage and low capital cost,
hich is very essential as far as the practical application on the
road band scale, is concerned.
The synthesis of single-crystal CZTS was first reported by

itsche et al. wherein the crystal growth was carried out using the
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iodine vapour transport method [3]. Ito and Nakazawa [1] reported
the photovoltaic effect in the heterojunction diode using sputtered
CZTS thin films and cadmium tin oxide for the first time. As com-
pared to Cu2InGeS4 (CIGS) solar cell, the research oriented study on
the application of CZTS thin films is still insufficient and needs more
systematic investigations to increase the conversion efficiency. A
variety of physical and chemical techniques have been employed
to deposit CZTS thin films including co-evaporation [4], electrode-
position [5,6], RF sputtering [7], atom beam sputtering [1], hybrid
sputtering [8], RF magnetron sputtering [9], thermal evaporation
[10], pulsed laser deposition (PLD) [11–13], sulfurization of electron
beam evaporated precursors [14], spray pyrolysis [15] and sol–gel
sulfurizing method [16] etc.

Among these, the PLD technique allows preparing all kinds of
oxides, nitrides, carbides, and polymers. Additionally in this case,
the energy source is outside the deposition chamber. For oxide
films, the use of oxygen is often inevitable to have sufficient oxygen
in the growing oxide film [17]. Furthermore, the inert gas pressure
makes it versatile, as the energy of the deposited particles is a free
parameter to play with which can be tuned for special purposes, like
an adjustment of texture, stress or interface roughness. The other
preparative parameters, such as pulse repetition rate, pulse length,
fluencies, target-to-substrate distance, substrate temperature and

substrate orientation have a strong influence on film properties
which demonstrate the enormous versatility of PLD. The deposition
in vivid atmospheres to have good stoichiometric multi component
films is also possible [18,19]. The literature survey shows that, in

dx.doi.org/10.1016/j.jallcom.2011.04.074
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:avmoholkar@yahoo.co.in
mailto:jinhyeok@chonnam.ac.kr
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Fig. 2. Variation of TC of (1 1 2), (2 2 0), (3 1 2) peaks and average crystallite size
ig. 1. X-ray diffraction patterns of CZTS thin films for different deposition times
min) (a) as deposited (b) annealed.

pite of having such a fascinating technique for the deposition of
hin films, very meagre amount of work on CZTS thin films has been
arried out using this method, probably may be due to small area of
eposition (usually 1 cm2) [20–22]. But as an endeavour of improv-

ng the solar cell efficiency based on the CZTS absorber layer, we
ave been focused to study, in detail the effect of each and every
rocess parameters involved in the PLD on film properties.

In this paper, the influence of film thickness of as-deposited
nd annealed CZTS thin films deposited using various deposition
imes and its effect on their structural, compositional, optical,
urface morphological and chemical properties has been inves-
igated. Further the solar cell developed using this combination
lass/Mo/CZTS/CdS/ZnO:Al/Al has been tested.

. Experimental

CZTS pellet was used as a target, which was synthesized by the solid state reac-
ion method of Cu2S, ZnS and SnS2 powders mixed with 1:1:1 mol ratio. The ball

illed compound powder was shaped into a pellet and sealed into an evacuated
uartz ampoule, kept at 750 ◦C for 4 h in a microprocessor based furnace Model
8-F03 (Ajeon, South Korea). The rate of increase and decrease of temperature was
◦C/min. After room temperature cooling the ampoule was broken and the target
as double polished. The Mo coated glass substrates were used for the deposition

fter ultrasonic cleaning using organic solvents like acetone, methanol, and ethanol
hen double distilled water for 5 min, consecutively. The deposition was carried out
t room temperature. A KrF excimer laser of 248 nm wavelength with 25 ns pulse
idth (Lambda Physik, LPX305icc) was used for the deposition of CZTS thin films.
he deposition chamber was evacuated to 1.5 × 10−5 Torr using a turbo molecular
ump. The substrates were placed parallel at distance of 40 mm away from the tar-
et, which were fixed on a rotating target holder with rotation of 500 rpm. The other
arameters viz. the pulsed laser energy density (2.5 J/cm2), repetition rate (10 Hz)
as kept constant and the deposition time was varied from 5 to 30 min, at the inter-
(CSav) with deposition time for CZTS thin films.

val of 5 min and then 45 and 60 min, respectively. These films were further annealed
in a furnace containing N2 (95%) + H2S (5%) atmosphere at 400 ◦C. The temperature
was increased to desired temperature at a rate of 3◦C/min and hold for 1 h. After
annealing, the furnace was cooled to room temperature at a rate of 3 ◦C/min.

The synthesized CZTS films were characterized by XRD, FESEM, AFM, XPS and
optical measurements. The structural properties of the as-deposited and annealed
thin films were studied using high resolution X-ray diffraction (XRD) with Ni-filtered
Cu K� radiation of 1.54056 Å (X’pert PRO, Philips, Eindhoven, Netherlands). The sur-
face morphology of films was observed by using field emission scanning electron
microscopy (FE-SEM, Model: JSM-6701F, UK). The 2D and 3D images along with
surface roughness of the films was recorded using atomic force microscopy (AFM,
Digital Instrument, nanoscope III, USA). The compositional analysis of the film was
carried out using an energy dispersive spectrometer (EDS) system attached to FESEM
(JEOL, JSM-7500F, Japan). The determination of the chemical bonding was performed
by X-ray photoelectron spectroscopy (XPS, VG Multilab 2000, Thermo VG Scien-
tific, UK) with monochromatic Mg-K� (1253.6 eV) radiation source. The carbon 1 s
line corresponding to 285 eV was used for the calibration of the binding energies
in the spectrometer. Deconvolution of XPS peaks was performed using Lorentzing
fitting with identical FWHM after Shirley background substraction. Optical absorp-
tion study of the films was carried out in the wavelength range of 300–800 nm using
UV–Vis–NIR spectrophotometer (Cary 100, Varian, Mulgrave, Australia). The pho-
tovoltaic cell of Glass/Mo/CZTS/CdS/ZnO:Al/Al structure was been fabricated. A CdS
buffer layer on the CZTS absorber was deposited using a chemical bath deposition
(CBD) process. The ZnO:Al window layer [23] was then deposited using an rf sput-
tering technique. An Al top grid on the ZnO:Al window layer was deposited using a
vacuum evaporation method.

3. Results and discussion

The structural analysis of as-deposited and annealed CZTS thin
films for various deposition times (5–60 min) is shown in Fig. 1(a
and b). It is seen that, as-deposited films with low deposition time
(up to 10 min) shows microcrystalline nature. Above 10 min depo-
sition time, transformation of microcrystalline to nanocrystalline
crystalline phase for CZTS thin films has observed. The deposited
films are slightly polycrystalline in nature having tetragonal crys-
tal structure confirmed with the help of comparison of standard
and observed d values using ASTM data card No. 26-0575. CZTS is a
tetrahedrally coordinated semiconductor, where each sulfur anion
is bonded to four cations and each cation is bonded to four sul-
fur anions. The ordering of the cations in the cation sublattice may
occur by alternate cation layers with sulfur anion layers along the
crystallographic c-direction as CuCu/SS/ZnSn/SS [24].

The annealed CZTS films show an increase in the peak intensity

for all planes due to enhancement in the crystallinity as compared
to as-deposited films. The (1 1 2) strong orientation is observed for
all CZTS films with some weak intense peaks such as (1 0 3), (2 0 0),
(2 1 1), (1 0 5), (2 2 0), (3 1 2), (2 2 4) etc. The crystallinity increases
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ig. 3. FE-SEM images of annealed CZTS thin films for various deposition times: (a)

ith increase in deposition time up to 30 min and then decreases for
igher deposition times. The mobility of deposited atoms on sub-
trate surface might have enhanced due to increase in deposition

ime; therefore, the crystallinity improves with increasing depo-
ition time up to 30 min. Furthermore, too high deposition time
ould lead to bulky grains. Therefore, the crystalline quality of film
eposited with 45 and 60 min is degraded slightly.
, (b) 10 min (c) 15 min, (d) 20 min, (e) 25 min, (f) 30 min, (g) 45 min and (h) 60 min.

The crystallite size of the films is calculated using the Scherrer’s
relation,
D = 0.9�

ˇ cos �
(1)

where D is the diameter of the crystallites forming the film, �
is the wavelength of the Cu-K� line, ˇ is the FWHM in radians
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Fig. 4. Cross-sectional FE-SEM images of annealed CZTS thin films for various deposition times: (a) 5 min, (b) 10 min (c) 15 min, (d) 20 min, (e) 25 min, (f) 30 min and (g)
4

a
s
u
fi

5 min.
nd � is Bragg’s angle. Fig. 2 shows that the average crystallite
ize increases (15–31 nm) with increase in the deposition time
p to 30 min and thereafter it decreases due to degradation of
lm.
The preferential crystallite orientation is obtained from different
TCs (h k l) defined by the well-known relation [25],

TC(h k l) = I(h k l)/I0(h k l)
(1/N)

∑
N(I(h k l)/I0(h k l))
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Fig. 5. AFM images of annealed CZTS thin films for various deposition times: (a) 5 min, (b) 10 min (c) 15 min, (d) 20 min, (e) 25 min, (f) 30 min, (g) 45 min and (h) 60 min.
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Fig. 6. The Zn 2p core level spectra of (a) as deposited (b) annealed CZTS thin films synthesized at various deposition times.
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here TC is the texture coefficients of the (h k l) plane, I is the
easured intensity, I0 is the ASTM standard intensity and N is

he reflection number. The TC along (1 1 2) orientation is larger
han (3 1 2) and (2 2 0) orientations (Fig. 2). As the deposition time
ncreases the TCs of all the planes upto 30 min increases while
t decreases for higher deposition times. The observed changes
n TC values can be attributed to the increase in extent of pre-
erred orientation associated with the increased number of grains

long (1 1 2) direction. The minimum interfacial energy may be the
ause for the coalescence of grains as well as the rotation of pre-
erred growth and can be ascribed to the observed variation of TC
alues.
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ed CZTS thin films synthesized at various deposition times.

3.1. Morphological analysis

Fig. 3(a–h) shows FE-SEM images of annealed CZTS thin films
for various deposition times. It is observed that, due to re-
crystallization with annealing, resultant grain size is increased,
compared to as-deposited film. However, severe porous feature
including many voids are not observed in films. Deposited films
are smooth, uniform, homogeneous and densely packed. Fig. 4(a–g)

shows the cross-sectional FE-SEM images of the annealed CZTS thin
films. The thickness of film is found to vary between 0.525 and
2.902 �m which indicates that deposition time is a vital parameter
to increase the thickness indirectly to increase the efficiency. Thus
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3.4. Device properties

Fig. 11(a) shows the J–V characteristics of the typical annealed
CZTS-based solar cells deposited at 30 min. This annealed CZTS thin
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Fig. 9. The S 2p core level spectra of (a) as deposited (b) an

ncrease in appropriate deposition time is very desirable for high
hroughput production of CZTS based thin film solar cell. Fig. 5(a–h)
hows 2D atomic force microscopy (AFM) images of annealed CZTS
hin films. The roughness of the film increases up to 30 min and
hen decreases for higher deposition time (from 2 to 8 nm). The
orosity (number of voids) of film decreases with deposition time.
n improvement in crystallinity of the films with increase in film

hickness is due to the ability of adatoms to move towards stable
ites in the lattice, thereby favoring grain growth with preferred
rientation. The film becomes more compact and devoid of pores
hen deposition time is increased to 30 min. This nature of the

hicker films is attributed to tensile stress or strain generated in
he film [26]. The foregoing discussion suggests that the variation
f deposition time is the effective parameter to control the struc-
ure of CZTS thin films. Although the variation of this parameter
s directly related with film thickness which is a material prop-
rty, it is not straightforward to ascribe the change in structural
roperties to thickness for the following reasons. The present situ-
tion patent that the higher deposition time originates the change
n phase of the material, which probably indicates that the acquired

ore thermal energy helps to diffuse the adatoms over the sub-
trate surface and occupy a proper lattice position. It is established
hat the variation in deposition time affects the surface morphology
f the films.

.2. X-ray photoelectron spectroscopy

Fig. 6(a and b) shows the XPS core level spectra of Zn for
s-deposited and annealed CZTS thin films. The spectra show
ell-resolved doublet of the Zn 2p3/2 and 2p1/2 components cor-

esponding to 1022 and 1046 eV, for the deposited thin films. The
inding energy of Zn 2p3/2 is attributed to the Zn2+ bonding state,
hich agrees well with the previous report [27]. Due to annealing

f the films the core level intensity of Zn states increases. Fig. 7(a
nd b) shows the narrow scan XPS spectra of Sn 3d5/2 and Sn 3d3/2
f as-deposited and annealed CZTS thin films. The binding energies
f 3d5/2 and 3d3/2 correspond to ∼486 and 495 eV for as-deposited
nd annealed films respectively. The Sn 3d region consists of a sin-
le doublet at 495 eV for Sn 3d3/2 and 487 eV for Sn 3d5/2 due to
o-called “final-state” effects. These binding energies are in good
greement with the reported values for Sn [28]. The binding energy
f ∼933and 953 eV can be ascribed to the Cu 2p3/2 and Cu 2p1/2 core
evels as shown in Fig. 8(a and b). Broadening of the Cu 2p3/2 and
u 2p1/2 has been observed after annealing in the N2 + H2S atmo-

phere. The observed chemical shift is about ∼20 eV, it slightly
aries with deposition time and after annealing. Fig. 9(a and b)
hows the doublet of the S present in the CZTS thin films. The bind-
ng energy around ∼162 and 163 eV originated from the 2p3/2 and
Binding Energy (eV)

d CZTS thin films synthesized at various deposition times.

2p1/2 electrons of S atoms. There is slight broadening in the S core
levels due to annealing process.

3.3. Optical properties

Fig. 10 shows the variation (˛h�)2 as a function of photon energy
(h�) for CZTS thin films deposited at typical deposition time 30 min
for as deposited and annealed CZTS thin films. The energy depen-
dent absorption coefficient can be expressed by the relation for the
allowed direct transition as [29],

˛h� = A(h� − Eg)1/2

where A is a constant, h is the Plank constant and Eg refers to the
direct band gap. Based on the allowed direct inter band transition,
the band gap is determined to be 1.67 and 1.54 eV by extrapo-
lating the linear (˛h�)2 vs. h� plots to (˛h�)2 = 0 for as-deposited
and annealed films respectively. This is in agreement with band
gaps reported for CZTS films [30]. This value is quite close to the
theoretical optimal band gap value for a single-junction solar cell,
and indicates that the CZTS film grown by PLD can be used as an
absorber layer.
Photon Energy (hν)

Fig. 10. Plot of (˛h�)2 vs. h� for as-deposited and annealed CZTS thin films for typical
30 min deposition time.
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lm when used as an absorber layer in the solar cell configuration
xhibits an open-circuit voltage (Voc) of 651 mV, a short-circuit
urrent (Isc) of 8.76 mA/cm2, a fill factor of 0.55, and a conver-
ion efficiency of 3.14%. The enhanced efficiency of the solar cell
s comparable to reported value [16,31]. The quantum efficiency
.34% [Fig. 11(b)] shows peak at ∼530 nm and then decreases
onotonously with increase in the wavelength. The decrease in

uantum efficiency at shorter wavelength side (� < 530 nm) might
e due to recombination of minority charge carriers at surface
tates. The spectrum shows the good configuration just like a trape-
oid.
. Conclusions

The effect of deposition time and annealing on to the physic-
chemical properties of nearly stoichiometric CZTS thin films

[

[
[

Compounds 509 (2011) 7439–7446

grown by PLD has been investigated. Crystallinity of the film
enhances with deposition time. Optical studies indicate that the
CZTS film can be applied as an absorber layer for thin film solar
cells. The conversion efficiency of 3.14% has been observed for
glass/Mo/CZTS/CdS/ZnO:Al/Al thin film based solar cell.
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