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Abstract

Zinc oxide thin films were potentiostatically electrodeposited from a ZnCl2+LiCl bath using two different oxygen precursors:

molecular oxygen and hydrogen peroxide. X-ray diffraction (XRD) studies confirmed the presence of the ZnO wurtzite structure with

marked preferential orientation along the (0 0 2) axis. The optical transmittance shows a clear absorption edge in the ultraviolet (UV)

region which corresponds to an energy band gap of 3.4170.03 eV. As a general rule the higher band gap energies are related to the more

transparent films.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Zinc oxide is usually an n-type degenerate compound
semiconductor with a wurtzite structure having large band
gap energy, which is between 3.2 and 3.4 eV at room
temperature [1]. Polycrystalline thin films of ZnO have
found numerous applications such as transparent conduct-
ing films, transparent windows or nanostructured electrode
for solar cells, varistors, bulk acoustic wave devices, and
blue and ultraviolet (UV) light emitters [2].

Among other methods, ZnO thin films have been
prepared by electrochemical deposition [2–5]. The basic
reaction leading to ZnO formation is the generation of
hydroxide ions at the electrode surface by cathodic
reduction of an oxygen precursor [2,6,7]. Three oxygen
precursors have been reported in the literature: nitrate ions
[4,5], molecular oxygen [8,9], and hydrogen peroxide
[10,11]. Some aspects of the electrochemical synthesis of
oxide films have been recently reviewed [6,12]. In the

present work, LiCl supporting electrolyte was used instead
of the commonly KCl [11,13,14] in view of an eventual later
study of p-type doping [15,16]. Here, preliminary results of
the structural and optical properties of ZnO thin films
obtained by using molecular oxygen and hydrogen
peroxide oxygen precursors in this media are presented.

2. Experimental

Zinc oxide thin films were grown by potentiostatic
electrodeposition from ZnO bath solutions that were
prepared by modifying the procedure reported by Pauporté
et al. [11], Canava et al. [13] and Yoshida et al. [17]. Briefly,
the electrolytic aqueous solution contained ZnCl2 as a zinc
precursor, LiCl as a supporting electrolyte, and two
different oxygen precursors that have been assayed
molecular oxygen and hydrogen peroxide. The electro-
deposition was made on translucent substrates consisting
of glass plates with a conductive thin film of fluorine-doped
tin oxide (SnO2:F, FTO) on one side, with dimensions
of 2� 1 cm2 (the effective deposition area was 1 cm2). Prior
to the electrodeposition process the substrates were
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ultrasonically cleaned in acetone and alcohol for 5min
each one, and then rinsed in water.

A typical three electrode electrochemical cell (150 cm3)
was mounted: the substrate/sample as working electrode, a
silver/silver chloride saturated in KCl (Ag/AgClsat) as
reference electrode (all potentials given in the text are with
respect to this electrode), and a Pt wire as counterelectrode
(as in previous work [14]). The electrodepositions were
carried out on a potentiostatic way using a computer-
controlled Zanher model IM6 potentiostat–galvanostat.

In either case, the electrolytic solution consisted initially
in 5mM ZnCl2 and 0.1M LiCl. When molecular oxygen
precursor was used, O2 gas was bubbled in the solution
until saturation. In the case of hydrogen peroxide
precursor, the H2O2 was added just before each experiment
to achieve the following concentrations: 10, 20 and 40mM.
These last solutions were de-aerated by bubbling argon gas
through and over the solution before and during deposi-
tion, respectively. Analytical grade reagents were used. All
the samples were grown under stirring and at a constant
temperature, which eventually was varied from sample to
sample from 60 to 80 1C. The applied potential values were
selected according to previous voltametric studies (results
not shown) and ranged from �0.6 to �1.0V. For a
complete review of these electrochemical studies see the
works of Pauporté et al. [11], Canava et al. [13] and Peulon
et al. [14]. The synthesis conditions are summarized in
Table 1.

The theoretical film thickness (assuming 100% current
efficiency) was calculated from the charge exchanged
during the deposition experiment by using Faraday law,
assuming a two-electron exchange process for each ZnO
molecular unit and a density of the deposit close to that of
bulk ZnO.

Powder X-ray diffraction (XRD) patterns of the films
were recorded with a Philips PW3710 diffractometer using
CuKa radiation. The optical properties of the samples were
studied by optical transmittance spectroscopic measure-
ments. The light source was 450W Xe lamp (ORIEL 6262).
Its output was chopped with an SRS SR540 chopper and
filtered with an ORIEL 77250 monochromator. After

going through the sample the light was detected by an
UDT 11-09-001-1 (100mm2 wide area UV enhanced
unbiased silicon detector), whose response was electro-
nically linearized. Two lock-in amplifiers SRS SR530 and
EG&G 5209 extracted the signal from the detector and
from a signal reference for noise reduction due to light
source fluctuations. A FTO/glass substrate was used as
a reference. All measurements were done at room
temperature.

3. Results and discussion

Fig. 1 shows typical XRD results for some selected
samples, the ones grown at 80 1C for both precursors.
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Table 1

Summary of electrochemical growing conditions of ZnO thin films, thickness and band gap energy (in eV) results

Sample

no.

Growing conditions and film thickness Optical results band gap energy (eV)

Zinc

precursor

Supporting

electrolyte

Oxygen

precursor

Bath

temperature

( 1C)

Potential

(V)

Film

thickness

(mm)

dT/dl
Epeak

(eV)

(axhn)2

vs. hn
(axhn)2 vs.
hn (w/o

backgr.)

1 5mM ZnCl2 0.1M LiCl sat. O2 60 �0.6 0.4 3.24 3.24 3.25

2 5mM ZnCl2 0.1M LiCl sat. O2 80 �0.6 1.3 3.38 3.40 3.41

9 5mM ZnCl2 0.1M LiCl 10mM H2O2 60 �0.9 1.3 3.38 3.42 3.42

10 5mM ZnCl2 0.1M LiCl 25mM H2O2 60 �0.9 4.0 3.36 3.39 3.40

11 5mM ZnCl2 0.1M LiCl 40mM H2O2 60 �0.9 3.6 3.38 3.43 –

12 5mM ZnCl2 0.1M LiCl 10mM H2O2 80 �0.9 1.7 3.34 3.39 3.39

13 5mM ZnCl2 0.1M LiCl 25mM H2O2 80 �0.9 4.0 3.33 3.36 3.38

14 5mM ZnCl2 0.1M LiCl 40mM H2O2 80 �0.9 1.7 3.39 3.44 –

Fig. 1. XRD results for ZnO thin film samples grown at 80 1C: (a) sample

]2, obtained from 5mM ZnCl2+0.1M LiCl+O2 at �0.6V, thickness:

0.4mm; (b) sample ]12, obtained from 5mM ZnCl2+0.1M LiCl+ 10mM

H2O2 at �0.9V, thickness: 1.7 mm; (c) sample ]13, obtained from 5mM

ZnCl2+0.1M LiCl+ 25mM H2O2 at �0.9V, thickness: 4.0 mm; and

(d) sample ]14, obtained from 5mM ZnCl2+0.1M LiCl+ 40mM H2O2

at �0.9V, thickness: 1.7 mm.
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Several peaks are shown, but they can be classified into two
groups, the ones marked with an asterisk, which were
already present at the substrate; and the one labeled as
(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2), which
corresponds to the typical diffraction peaks of hexagonal
(wurtzite) ZnO [18]. These results are similar to the ones
obtained when KCl supporting electrolyte was used [2,19].
The relative heights between the two groups are due to the
different thickness of the electrodeposited films (see
Table 1). As a general rule, the diffraction peaks are very
narrow, revealing the good crystalline character of the
samples. Moreover, the crystallite sizes determined from
the peak width by using Scherrer equation were, in general,
larger than the accepted uncertainty and resolution value
for the method [20]. Furthermore, from Fig. 1, it is clear
that the films are preferentially oriented with the (0 0 2)
plane parallel to the substrate surface (c-axis orientation).
In fact, the texture coefficient calculated by the Harris
formula, with N ¼ 9 [21] is 3.4 for sample 2, grown with
molecular O2 as oxygen precursor, and between 5 and 7 for
the ones prepared from H2O2. In all these cases, the
samples were grown at 80 1C, which is the deposition
temperature that gives the highest texture coefficients [22].

The optical properties of the samples were studied by
means of optical transmittance. Although the substrate
shows a white (‘‘milky’’) appearance, it has an absorption
edge at 327 nm (�3.80 eV). This is a higher value than the
expected band gap energy for the ZnO thin films, which is
usually reported in the region between 3.1 and 3.4 eV
[1,5,15]. Therefore, it can be assumed that FTO is
transparent in the region of interest for determining ZnO
band gap energy. Fig. 2a shows the transmittance in this
region and a typical plot for direct band gap energy
determination of sample 2, prepared with molecular
oxygen as precursor. The transmittance of the sample is
very high (on the order of 80%, which reveals the good
quality of the films) on the visible part of the spectra, while
it falls to very small values in the UV region. Thus, the
films show an abrupt absorption edge between 350 and
400 nm, i.e. close to the expected position of ZnO direct
band edge absorption. The eighth to tenth columns of
Table 1 show several results for direct band gap energy
determined by three methods [23]: first derivative transmit-
tance (T) maximum [5,24], ða� hnÞ2 vs. photon energy hn
(where aE�lnT is absorption coefficient) and, same as the
latter but subtracting a background for indirect or
amorphous absorption [25,26], respectively.

The transmittance spectra for samples that were grown
with H2O2 instead of O2 (samples 12–14) are shown in
Fig. 2b. The spectra of these samples, including those that
are not shown, have an appearance similar to that just
described. Band gap energy results are summarized in
Table 1. Interesting enough for each method the same
relation between the results is kept from sample to sample
[23]. It is noteworthy that for samples 11 and 14 the results
in the last column of Table 1 (direct band gap energy
subtracting the background) are missing. The transmit-

tance of these samples in their transparent region (close to
450 nm) is so high (larger than 95%) that no background
due to an indirect edge can be found. Therefore, the results
of the previous column should be considered as the same as
for this case.
All band gap energy values are quite close to 3.40 eV,

i.e. one of the most accepted values for ZnO room
temperature band gap energy [1]. The only exception is
for sample 1 whose value is lower (3.25 eV), but still within
the usually reported region [1]. However, there is no clear
tendency of the band gap energy with the deposition
parameters. But, as a general rule, the higher band gap
energies are related to the more transparent films.
This is clearly shown in the inset of Fig. 2b. This indicates
that the band gap energy variation may be due to a doping
effect [23].
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Fig. 2. Transmittance and its first derivate for: (a) sample ]2, obtained
from 5mM ZnCl2+0.1M LiCl+O2 at �0.6V, thickness: 0.4mm. In inset:

plot for finding direct band gap. (b) samples ]12, ]13 and ]14 as indicated,
grown with H2O2 precursor in solution at 80 1C: sample ]12, obtained
from 5mM ZnCl2+0.1M LiCl+ 10mM H2O2 at �0.9V, thickness:

1.7mm; sample ]13, obtained from 5mM ZnCl2+0.1M LiCl+25mM

H2O2 at �0.9V, thickness: 4.0 mm; and sample ]14, obtained from 5mM

ZnCl2+0.1M LiCl+ 40mM H2O2 at �0.9V, thickness: 1.7mm. In inset:

graph correlating transmittance at 450 nm with band gap energy values.

Line is guide for the eyes.
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In summary, the previous results confirm that it is
possible to grow polycrystalline ZnO thin films with the
expected optical properties using LiCl instead of KCl.

4. Conclusions

Zinc oxide thin films were electrodeposited from a
ZnCl2+LiCl electrolytic bath with two different oxygen
precursors, molecular oxygen and hydrogen peroxide.
XRD confirmed the presence of the ZnO wurtzite structure
with marked preferential orientation along the (0 0 2) axis.
Specially for H2O2 precursor at 80 1C in which the texture
coefficient for this direction is between 5 and 7. The band
gap energy was found to be 3.4170.03 eV. The visible
transmittance of the films is typically 80%. For some films
which show a milky appearance it falls to 60%, while it
increases close to 100% for other films.
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