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a b s t r a c t

One-step electrodeposition of crystalline zinc oxide thin films on Molybdenum/glass substrates in a

low-cost ionic liquid, Reline composed of urea and choline chloride, is presented. X-ray diffraction

spectroscopy shows the thin films have wurtzite structure. Raman microspectroscopy indicates a slight

oxygen deficit in the film. Both X-ray energy dispersion and X-ray photonelectron spectroscopy reveal a

1:1 stoichiometric ratio of zinc to oxygen. UV–visible absorption spectra illustrate film transparency in

the wavelength range of 190–900 nm. The optimized film fabrication is attractive for applications in

solar cells.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

We report one-step electrodeposition of ZnO in a low-cost
ionic liquid, Reline that is composed of urea and choline chloride,
for our patented solar cell methodology [1]. Reline is commercial
name for a eutectic mixture, 1:2 M ratios, of choline chloride and
urea. It is highly conductive, stable in air and water, and has a
2.5 V electrochemical window. ZnO thin films have been exten-
sively used as n-type transparent semiconductor layer in solar
cells [1–5].

They are usually fabricated using high-vacuum, high-tempera-
ture, or sol–gel processes [6–9]. Han et al. [10] reported a low-cost
process for thin-film electronics. Chou and coworkers [11] fabri-
cated ZnO nanowire/thin film structures using sputter deposition
on amorphous glass substrates. Fabrication of thin films at high
pressure and temperature has high capital and operational costs
and it is desirable to develop inexpensive methods.

Electrochemical deposition is popular for fabrication of various
materials due to the low cost, low temperature preparation
condition, and environmental friendly procedure [12,13]. The first
report on electrodeposition of ZnO was by Peulon and Lincot with
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dissolved molecular oxygen as precursor [14]. Izaki and coworkers
[15] reported electrodeposition of ZnO with a wurtzit structure and
3.3 eV band gap. Pradhan and Leung [12] reported their deposition
of ZnO nanopheres with diameters in 20–200 nm. Azaceta et al.
[16] studied electrodeposition of ZnO in an ionic liquid, 1-butyl-1-
methylpyrrolidium bis(trifluoromethane sulfony)imide.

In this report, we describe the electrochemical preparation of
ZnO thin films in low-cost Reline which was used for CIGS electro-
deposition by our group and Peter et al. [1,17]. Zinc perchlorate was
dissolved in Reline as one of the precursors and Mo/glass substrate
was employed as the substrate. The influence of the electrodeposi-
tion duration on the film morphology properties was explored.
2. Material and methods

Electrochemical set-up and characterization instruments
(SEM, XRD, XPS, UV–vis, and Raman) are described elsewhere [1].
Reaction temperature was kept constant at 90.070.1 1C by a
circulating water bath (VWR, USA).

Differential pulse voltammetry (DPV) were carried out on a
CHI electrochemical workstation under the following parameters:
pulse amplitude of 50 mV, potential step of 10 mV, scan rate of
20 mV/s and pulse time of 200 ms. Molybdenum (Mo)/glass
substrates were used as the working electrode. Two identical Pt
wires were used as counter and reference electrode. The reference
electrode potential was calibrated by adding ferrocenemethanol
(Fc) as interim standard in Reline and all potentials will be
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referred to Fcþ/Fc. After deposition, the substrate was removed
from the electrochemical bath, rinsed with copious distilled
water, and dried under argon flow. All chemicals were purchased
from Aldrich-Sigma. We prepare Reline by mixing choline chlor-
ide and urea at 70 1C on a hot plate while stirring the mixture.
Fig. 1. (a) Differential pulse voltammograms of 5�10�3 M Zn(ClO4)2 solution in

Reline at 90 1C, in the absence and presence of oxygen; (b) UV–vis spectra of zinc

oxide thin films.

Fig. 2. (a) XPS spectra of a ZnO thin film O 1s (up) and Zn 2p (down). (b) Raman

electrodeposited ZnO film.
3. Results and discussion

Fig. 1a shows the electrochemical behavior of the precursor
Reline solution. The DPV of Ar bubbled Reline indicates that the
solvent does not exhibit significant current in the potential range
of �1.700 and 0.500 V. For the oxygen bubbled zinc solution, a
reduction peak was observed at �1.100 V. Similar to a previous
study [16], this peak can be attributed to the reduction of
dissolved oxygen to superoxide. When zinc cations are available
to react with the generated superoxide ions, zinc oxide film can
be formed through a peroxide route [16]. As the result, a
transparent and uniform ZnO film was deposited cathodically
on Mo at �1.500 V.

Two main requirements for ZnO thin films in solar cells are
their transparency and low electrical resistance. With four point
probes, the resistivity of ZnO films with 2 mm thickness was
measured as 3.937�10�2 O m. The transparency of the film was
examined using UV–vis absorption spectroscopy (Fig. 1b) and it
was found that the absorbance is low and the maximal value is
6.5% and 10.1% at 530 nm for 10 min and 30 min deposited films,
respectively. The absorbance shows approximately a linear
decrease with the increase of wavelength, which may be caused
by scattering of the special wurtzite structure [18].

The chemical compositions of ZnO films were investigated by
XPS. Fig. 2a demonstrates the symmetrical O 1s spectrum with a
peak centered at 532.85 eV, a typical value attributed to the oxygen
[19]. Fig. 2a also shows a typical Zn 2p spectrum in a ZnO crystalline
thin film with peak positions of typical bulk ZnO nanostructures.
The Raman spectrum of the ZnO thin film in Fig. 2b demonstrates
bands as following: 101 cm�1 (E2), 361 cm�1, 383 cm�1 (A1 TO),
407 cm�1 (E1 TO), 446 cm�1 (E2), 594 cm�1 (E1 LO) [20,21]. The
peak at 537 cm�1 indicates slight oxygen deficiency in the film
[20]. However, according to results reported by Mcguire [21]and Xu
et al. [20] peaks at 221 cm�1 and 556 cm�1 are related to oxygen
deficiency which are absent in our spectrum. The peak at 446 cm�1

is attributed to high-frequency vibration modes of E2, which
corresponds to a band characteristic of the wurtzite phase. The
peak 318 cm�1 has been assigned as second order modes [20,21].
spectrum of an as-deposited zinc oxide thin film. (c) XRD patterns of a typical



Fig. 3. SEM images of zinc oxide films with different deposition time: (a) 10 min, (b) 20 min, (c) 30 min, (d) 60 min, (e) 90 min, and (f) 120 min.

Fig. 4. Cross-section SEM images of zinc oxide films with different deposition time: (a) 10 min, (b) 20 min, (c) 30 min, (d) 60 min, (e) 90 min, and (f) 120 min.
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The XPS data together with Raman spectroscopy unambiguously
illustrate the formation of ZnO on Mo/glass substrate.

Fig. 2c shows a typical XRD spectrum of the ZnO crystalline thin
films deposited at potential of �1.500 V. All observed peaks can be
indexed to either ZnO or molybdenum. Sharp peaks appear at
2y¼32.21, 34.41, 36.21, 56.41, and 62.91 can be indexed by the (100),
(002), (101), (110), and (103) reflections of the hexagonal wurtzite
structure of ZnO, respectively [18,20,22]. This confirms that crystal-
line ZnO was obtained electrochemically at a temperature of 90 1C
which agrees with Raman spectra. EDX, and XPS results showed
that zinc is slightly higher than oxygen in the thin film.

The influence of the deposition duration on the morphology of
ZnO thin films was examined by scanning electron microscope
(SEM) and is demonstrated in Fig. 3. As can be inferred from SEM,
the zinc oxide thin films are hexagonal prisms. The thickness of the
thin films is measured using cross-section SEM technique (Fig. 4).
The thickness changes from 300 nm to more than 15 mm for
deposition duration of 10 min and 120 min, respectively. We
calculated the growth rate from the film thicknesses observed on
the cross-section SEM images (Fig. 4). Under the studied conditions,
the growth rate is higher than that using different medium or
method for deposition [13]. Rousset and coworkers calculated the
film growth kinetics from film thickness observed by cross-section
SEM to be 0.6 mm h�1 in perchlorate electrolyte and 2.5 mm h�1 in
the nitrate solution [13]. According to our growth rate measure-
ments, it also depends on deposition duration, as it starts with
2.32 mm h�1 for 10 min deposition and gradually increases to as
high as 11.40 mm h�1 for 90 min deposition. Cross-sectional SEM
images (Fig. 4) shows that electrodeposits are polycrystalline films.
These films were regularly continuous, and no holes were visible.
The chemical composition of the thin films was determined using
EDX, which reveals that the thin films are composed of Zn and O,
and quantitative analysis indicates that the atomic ratio of Zn to O is
about their stoichiometric ratio. Electrodeposition was carried out at
lower temperatures and EDX results showed that films are non-
stoichiometric and as the deposition temperature lowers, the films
tend to be more metallic.

In summary, electrodeposition of ZnO films in Reline was
realised, for the first time, for applications in thin film solar cells.
Absorption spectrum confirmed the transparency in wavelength
range of 400–900 nm. EDX, XPS, Raman, and XRD results indicated
that the ZnO films have wurtzite structure with 1:1 stoichiometric
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ratio of zinc to oxygen. Our method has high ZnO deposition rate
between 2.3 mm h�1 and 11 mm h�1, depending on deposition
duration. Other advantages of our one-step electrodeposition
method using Reline are low cost and great solubility for commer-
cial available zinc salts.
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