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a b s t r a c t

An attempt has been made to fabricate nanocrystalline zinc oxide thin films by using double pulse
potentiostatic electrodeposition in oxygen saturated zinc acetate bath onto FTO coated conducting glass
substrates. Zinc oxide formation mechanism has been studied by using linear sweep voltammetry (LSV)
and electrochemical quartz crystal microbalance (EQCM) in presence of oxygen. The influence of pulse
eywords:
inc oxide thin films
lectrodeposition
-ray diffractometer
uartz crystal microbalance (EQCM)

parameters like nucleation pulse potential (E1) and growth pulse potential (E2) of a potentiostatic double
pulse on the size distribution of zinc oxide thin films is investigated. The structural, morphological and
optical properties of zinc oxide nanocrystalline thin films were studied. The results reveal how to tailor
nanoparticles with respect to size, monodispersity and density of the deposit. Zinc oxide nanoparticles
have been synthesized by optimizing pulse parameters of double pulse technique in oxygen saturated
zinc acetate bath. The quantum size effect on optical band gap energies has been studied for the ZnO

.
ransmittance electron microscopy (TEM) nanocrystalline thin films

. Introduction

Nowdays nanocrystalline zinc oxide has received considerable
ttention as a cost effective alternative to conventional photoelec-
rochemical solar cells. The synthesis of ZnO nanostructures such
s nanowires, nanorods, nanosheets, nanobelts and nanotubes is
f particular interest because of their high porosity and large sur-
ace area, which are essential for optimized performance of dye
ensitized solar cells, sensors and hydrogen devices [1–6]. Tita-
ia (TiO2) is typically used as the photoanode material in DSSCs
7–9]. Gratzel’s group successfully developed a DSSC with a high
ower conversion efficiency of about 10.4% using thick spin-coated
anoporous-TiO2 films as photoelectrode [10]. Besides TiO2, ZnO is
ne of the most promising semiconductor materials in DSSCs, due
o its stability against photocorrosion and similar photochemical
roperties to those of TiO2 [11–16]. However, the energy conver-
ion efficiencies of ZnO film-based DSSCs are relatively low. The
eason for low efficiency is that ZnO has inherent defects that cause
decrease in the efficient effective surface area. It is well known
hat controlling the size of zinc oxide nanostructures, it can greatly
nfluence the performance of the final functional devices. Therefore,
he preparation of nanocrystalline zinc oxide thin films with less or
o defects is a key to improve the performance of ZnO-based solar
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cells. ZnO nanostructure possess novel electronic and optical prop-
erties with applications such as room-temperature ultraviolet (UV)
lasers, field-effect transistors, photodetectors, gas sensors, and dye
sensitized solar cells [17,18]. It is reported that the chemical routes
are easy and convenient for the synthesis of ZnO nanostructures
[1,19–21]. Electrochemical deposition technique is convenient and
fast method to deposit metals on large scale onto the conduct-
ing substrates. Here for the production of nanocrystalline ZnO thin
films the double pulse electrodeposition method has been adopted.
Double pulse electrodeposition method has following features: (i)
production of nanocrystalline thin films without use of templates
(template free), additives, capping agents and surfactants, (ii) it is
fast and simple to produce nanocrystalline thin films on time scale
of minute in single step as compared to conventional electrodeposi-
tion technique, (iii) uniform distribution of nuclei generated during
the nucleation pulse, (iv) the seeds are generated during nucleation
pulse at higher potential and growth takes place at the lower polar-
ization and (v) the magnitude and time period of nucleating pulse
facilitates control over density and size of seeds, contrast to the
conventional electrodeposition process, where-in, the process is
relatively straight forward and the growth parameters can only be
changed by varying ex situ parameters like solution concentration,

pH, etc.

This method invented by Scheludko and Todorova [22] is based
on extremely short nucleation pulse of high cathodic potential fol-
lowed by a much longer growth pulse at low cathodic overvoltage
[23]. In this technique nucleation occurs within the first pulse and
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Fig. 1. Schematic for the double pulse electrodeposition by varying nucle

xclusive particle growth in the second pulse. The high cathodic
otential of the first pulse is necessary in order to initiate nucle-
tion. For the production of metallic nanoparticles such as gold,
latinum, cobalt and silver this method has been extensively used
y Penner et al. [24–27]. To decrease dispersion in particle size dur-

ng electrocrystallization, two important principles should be taken
nto account [28]. Firstly, the crystal seed formation has to occur
pontaneously, thus preventing progressive nucleation. Secondly,
he crystal growth has to be conducted at a slow rate, i.e. at low
vervoltage.

Previously we have successfully deposited zinc oxide thin films
y using conventional electrodeposition technique [18,29–31]. In
he present work we have applied our previous experience and the
ttempt has been made to deposit zinc oxide nanocrystalline thin
lms by using double pulse technique. It is observed that use of elec-
rochemical double pulse method is a convenient, fast and easy way
o produce nanocrystalline zinc oxide thin films in single step. This
ork is focused on the development of non-template, electrochem-

cal routes to dimensionally uniform zinc oxide nanostructures by
sing double pulse electrodeposition.

. Experimental

A three-electrode electrochemical cell was used for electrochemical deposi-
ion of nanocrystalline ZnO thin films. The FTO coated conducting glass substrates
10–15 �/�) with an area of 3 cm2 were used as the working electrodes, a graphite
late as a counter electrode and saturated calomel electrode (SCE) as a reference
lectrode (SCE E0 = 0.244 V vs SHE, the saturated hydrogen electrode). The electrodes
ere placed parallel to each other separated by a distance of 2 cm. An aqueous solu-

ion of 50 mM zinc acetate (Thomas Baker, 99.5%) was used. 0.1 M KCl (potassium
hloride) solution was added to it as a supporting electrolyte. During the electrode-
osition oxygen gas was bubbled through the bath. Prior to the film deposition, the
ubstrates were cleaned with soap solution in distilled water and under ultrasonic
leaner, with acetone, alcohol and finally with distilled water. EG & G versastat-II
odel PAR-362 was used for the deposition of nanocrystalline zinc oxide thin films

n potentiostatic mode.
The schematic for the double pulse deposition is shown in Fig. 1. The pulse

arameters were chosen as follows:

ucleation pulse : E1 max = −1200 mV, E1 min = −900 mV, t1 = 50 ms, t2 = 360 s.

rowth pulse : E2 max = −750 mV, E2 min = −600 mV, t1 = 50 ms, t2 = 360 s.

In this study the nucleation pulse was varied by keeping potential of growth
ulse (−650 mV vs SCE) constant for above-mentioned duration. In the second part
he potential of growth pulse was varied by keeping constant potential (−1000 mV
s SCE) of nucleation pulse for the same duration. The electrochemical quartz crystal
EQCM) measurements were taken using electrochemical analyzer (Model-CHI-
00A) made by CH Instrument, USA. EQCM measurements were performed onto
latinum electrode of 1 cm2 area in a specially designed electrochemical cell. A
harp step was created onto the sample and their thicknesses were measured using

mbios surface profiler (XP-1). The surface morphology of samples was observed
sing the JEOL-JSM 6360 scanning electron microscope (SEM). X-ray diffraction
XRD) spectra of the films were recorded by using X-ray diffractometer (Philips PW-
710) with Cu-K� radiation of 1.5418 Å wavelength. The optical transmittance and
bsorption were measured by using Schimatzu make UV-VIS 3600 spectrophotome-
er. The films deposited by keeping growth pulse potential constant at E2 = −650 mV
pulse (−900 mV to −1200 mV) and growth pulse (−600 mV to −750 mV).

and varying the deposition potential from −900 mV to −1200 mV were denoted by
A1–A4, respectively whereas the films deposited with varying growth pulse from
−600 mV to −750 mV were denoted by B1–B4.

3. Results and discussion

The linear sweep voltammogram was recorded in the potential
range +0.2 V to −1.2 V (vs SCE) in 50 mM zinc acetate solution at
10 mV/s. Fig. 2a and b is associated with the reduction behavior of
zinc species on Pt electrode (area 1 cm2) accompanied by a con-
current shift in the frequency of the quartz crystal electrode with
applied voltage.

During the cathodic scan a peak observed at −0.2 V (vs SCE)
is due to oxygen reduction [18,32] and the onset of Zn2+ reduc-
tion is observed at −0.7 V (vs SCE), which can be seen in Fig. 1a as
rise in current density and in Fig. 1b as increase in mass deposited
onto the Pt electrode. The scan was terminated at −1.2 V (vs SCE).
Beyond −1.2 V (vs SCE) hydrogen evolution takes place into the
aqueous zinc acetate bath. According to double pulse theory the
potential range E1 and E2 are defined as nucleation pulse potential
and growth pulse potential, respectively. The shift in frequency of
the quartz electrode is proportional to an increase of mass on the
electrode surface [33,34]. The increase in mass leads to a decrease
in frequency, and that the magnitude of the change in frequency
is directly proportional to the mass change. ZnO growth takes
place via intermediate steps of hydroxide formation in presence of
oxygen molecules into the electrochemical bath according to the
following reactions.

The formation mechanism can be summarized through follow-
ing steps:

(I) Formation of OH− ions from dissolved oxygen

H2O + 1
2

O2 + 2e− → 2OH− (1)

(II) In presence of zinc acetate following reaction takes place

Zn(CH3COO)22H2O + H2O → Zn2+ + 2CH3COOH + 2OH− (2)

III) Formation of zinc hydroxide

Zn2+O + 2OH− → Zn(OH)2 (3)

IV) Conversion of zinc hydroxide into zinc oxide

Zn(OH)2 → ZnO + H2O (4)

(V) The overall reaction in presence oxygen is

2+ 1 −
Zn +
2

O2 + 2e → ZnO (5)

As a result of reaction (5), ZnO seeds are formed onto the sub-
strate under the influence of nucleating pulse. The growth takes
place during the second pulse. The double pulse deposited zinc
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ig. 2. Figure is associated with the reduction–oxidation behavior of the electrolyte
n Pt electrode (area 1 cm2) accompanied by a concurrent shift in the delta mass of
he quartz crystal electrode with applied voltage.

xide films are optically transparent and very thin. In order to
ncrease the thickness of the films we have repeated nucleation
nd growth pulses. The thickness of all the films was optimized to
e 450 nm (10 nucleation and growth pulses).

Fig. 3 shows the X-ray diffraction patterns of the films deposited
t E1 = −1200 (nucleation pulse potential) and E2 = −650 mV
growth pulse potential) vs SCE from the precursor solution for
he fixed time interval. The samples exhibit pure ZnO phase with
exagonal wurtzite structure (JCPDS Card No. 36-1533) having pre-

erred orientation along (1 0 0). The substrate peaks are indicated
y star. In addition to this one minor peak of (1 0 2) orientation at
� = 47◦ is observed. XRD analysis corroborates that pure and ori-
ntated zinc oxide thin films can be deposited using novel double
ulse technique.

Transmittance electron microscopy (TEM) was used to reveal
he grain size of zinc oxide nanostructures. TEM images of
he zinc oxide thin films deposited at various nucleation pulse
otential ranging from E1max = −1200 mV to E1min = −900 mV and
2 = −650 mV for the fixed time of t1 = 50 ms, t2 = 360 s are shown

n Fig. 4. TEM observations show the presence of nanoparticles.
ig. 4 shows the homogeneous distribution of ZnO monodispersed
anoparticles. Inset SEM images depict uniform distribution of
nO nanoparticles onto large substrate surface. The particle size
ecreases slightly with increase in nucleation pulse potential (E1)
Fig. 3. XRD pattern for the film deposited by using double pulse method.

from average value 50 nm for A1 to an average of 60 nm for A4
sample.

The E1min = −900 mV (vs SCE) is referred as critical potential
(ECRIT) for nanostructured nuclei formation. Below this critical
potential there is no successful deposition. Similarly Ueda et al.
[28] stated that on increasing the nucleation pulse potential, nucle-
ation becomes more spontaneous and the interdependent particle
growth, due to increment into the overlapping of diffusion zones.
As a result, polydispersity should increase slightly but the exponen-
tial increase in particle number restricts the growth of an individual
particle, i.e. the mean particle size decreases from samples A4 to A1
(Fig. 4). In the second part growth pulse potential was varied from
E2max = −750 mV to E2min = −600 mV with fixed time of t1 = 50 ms,
t2 = 360 s. We have kept time period constant for easy comparison.
Therefore, the observed change in the particle size depends on the
nature of the seed-layer formed in situ during nucleation pulse.
Fig. 5 shows TEM images of the films deposited at various growth
pulse potentials. Inset SEM images depict uniform distribution of
ZnO nanoparticles onto large substrate surface.

TEM images represent that increase in particle size leads to
increment in growth pulse potential. The average particle size var-
ied from 50 nm for B4 to an average of 90 nm for B1 sample. It
is concluded that the nanocrystalline zinc oxide thin films can be
deposited by varying nucleation pulse potential (E1) and growth
pulse potential (E2) by double pulse deposition technique.

Fig. 6 shows the variation of particle size (nm) with nucleation
and growth pulse potentials which determines that as nucleation
pulse potential increases above the critical potential, the particle
radius decreases. The more negative the nucleation pulse poten-
tial, the narrower the particle distribution observed due to diffusion
coupling of particles [28]. Also we have studied the effect of growth
pulse potential on particle size of zinc oxide thin films in the range
−600 mV to −750 mV. As the growth pulse potential decreases,
radius of the particle decreases.

The optical properties of thin films are strongly related to their
morphologies. The optical absorption and transmittance spectra of
ZnO thin films were recorded in the wavelength range 300–800 nm.
Fig. 7 shows the absorbance of the films deposited at various nucle-
ation pulse potentials as −1200 mV, −1100 mV, −1000 mV and

−900 mV. From the figure the sharp absorbance edge is observed
in 330–370 nm range. The analysis of the edge can be performed by
plotting (˛h�)2 vs h�, with h� being the energy of the incident light.
Inset of Fig. 7 displays the band gap energy determination at zero
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Fig. 4. TEM images for the films deposited at (A1) E1 = −1200 mV, (A2) E1 = −1100 mV, (A3) E1 = −1000 mV and (A4) E1 = −900 mV nucleation pulse potential.

Fig. 5. TEM images for the films deposited at (B1) E2 = −750 mV, (B2) E2 = −700 mV, (B3) E2 = −650 mV and (B4) E2 = −600 mV growth pulse potential.
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ig. 6. The variation of particle size (nm) with nucleation and growth pulse poten-
ials.

bsorption coefficients. The band gap energy for the films A1–A4
ere found in the range 3.8–3.85 eV with increase in nucleation
ulse potential from −900 mV to −1200 mV (vs SCE), respectively.

Similarly the absorbance for the films deposited at various
rowth pulse potentials are shown in Fig. 8 (B1–B4). The inset of
ig. 8 represents the band gap energy for the films deposited at var-
ous growth pulse potentials. The band gap energy is found in the
ange of 3.8–3.9 eV. The films deposited by double pulse technique
re optically transparent. Band gap energy in the range 3.3–3.57 eV
or ZnO thin films have been reported elsewhere by conventional
lectrodeposition technique [35].

The blueshift in the band gap energy is observed for the double
ulse deposited ZnO nanocrystalline thin films. Structural changes
re the responsible factor for band gap widening. Quantum con-
nement in semiconductor clusters offers an alternative and more

undamental explanation for the band gap widening. Possible rea-

on for the band widening is the decrement in particle size with
hange in nucleation and growth pulse potentials. The widening in
and gap energy as much as 1 eV is reported when going from the
ulk to approximately 3 nm particle size [36,37]. Green and Hus-
ain et al. reported that the quantum confinement contributes to

ig. 7. Optical absorption spectra for the films deposited at (A1) E1 = −1200 mV, (A2)
1 = −1100 mV, (A3) E1 = −1000 mV and (A4) E1 = −900 mV nucleation pulse.
Fig. 8. Optical absorption spectra for the films deposited at (B1) E2 = −750 mV, (B2)
E2 = −700 mV, (B3) E2 = −650 mV and (B4) E2 = −600 mV growth pulse.

the widening of band gap at small grain size [38]. The relationship
between the band gap energy and the radius (R) of the particle is
given as follows [39], a decrease in R results in the blueshift of band
gap (E*):

E∗ = Eg + h̄2˘2

2R2

1
�′ − 1.8e2

ε′R
(6)

where e is the charge on electron, Eg is the band gap in the bulk,
� is the reduced planks constant, έ is the dielectric constant of the
semiconductor, �′is the reduced mass of the electron and hole.

4. Conclusions

Nanocrystalline zinc oxide thin films has been successfully
deposited by using double pulse method in oxygen saturated zinc
acetate bath onto FTO coated conducting glass substrates. The ZnO
thin films deposited by this technique are optically transparent,
adherent and smooth. Cluster density as well as mean particle size
of the deposit can be controlled by controlling the pulse param-
eters. With this technique, nanocrystalline zinc oxide thin films
preparation is possible on a time scale of minutes. The ZnO particles
with size 50–60 nm has been fabricated by varying nucleation pulse
potential and the particle with size 50–90 nm has been obtained by
varying growth pulse potential. One can generalize this technique
to fabricate nanocrystalline oxide thin films. The effect of size on
widening in the band gap energy is observed for all the films.
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