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Abstract Compact and transparent ZnO films were

deposited on the ITO/glass substrates from zinc nitrate

aqueous solution by the two-step electrodeposition tech-

nique. While the first potentiostatic step was used to pro-

duce ZnO seed layer, the ZnO film growth has been done

galvanostatically. Effects of the potentiostatic parameters

on the crystal structure, morphology and optical properties

of ZnO films were investigated. Results show that ZnO

films with highly c-axis preferred orientation can been

obtained when the potentiostatic deposition at –1.2 V for

15 s has been applied. Such an observation might be

attributed to the etching process of ITO substrate in the

diluted HCl solution. The film exhibits smooth and com-

pact morphology, high transmittance in the visible band

(>80%) and sharp absorption edge (at ~370 nm). The

analysis on the growth mechanism indicates that the short

potentiostatic process prior to the film growth can produce

ZnO seed layer and substitute the initial nucleation process

in the conventional one-step galvanostatic deposition, thus

increasing the nucleation density and preventing the for-

mation of loose structures.

Introduction

Zinc oxide (ZnO) films have attracted much attention for

numerous applications such as piezoelectric transducers,

short wavelength optical devices, chemical sensors and

photovoltaic cell [1–3]. Especially, in photovoltaic cells,

ZnO films are used as transparent conducting electrodes in

thin film solar cells based on copper indium diselenide [4]

or amorphous silicon [5].

Many techniques have been applied to fabricate ZnO

films, such as sputtering [6], molecular beam epitaxy [7],

pulsed laser deposition [8], metal organic chemical vapor

deposition [9], filtered vacuum arc deposition [10], and

spray pyrolysis [11]. Recently, the cathodic electrodepos-

ition of ZnO films has induced considerable interests due to

its distinctive advantages such as: the precise control over

the film thickness and morphology, the possibility to pre-

pare films with large area, relatively high deposition rate,

low growth temperature, and low cost [12–23].

The most important aspect in the electrochemical

deposition of ZnO films is the reduction of an oxygen

precursor at the interface of electrode and precursor solu-

tion, which controls the growth rate, and affects the crys-

tallinity and morphology of the obtained film significantly.

Three kinds of oxygen precursor have been reported up to

now, i.e., nitrate ions [3, 13–16], dissolved molecular

oxygen [1, 12, 17–21], and hydrogen peroxide [18, 22].

Among them, nitrate ions-based oxygen precursor has

received considerable interests [3, 13–16, 23]. Compared

with the dissolved molecular oxygen precursor, the zinc

nitrate solution can act as both the zinc and oxygen pre-

cursor, which will simplify the electrolyte composition,

and widen the adjustable range of oxygen concentration.

However, for the nitrate ions-based oxygen precursor,

compact and transparent ZnO films could not be easily
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obtained by the mere galvanostatic or potentiostatic

deposition method [3, 13, 14, 23]. In 1999, Izaki et al. have

proposed an effective two-step electrolysis to prepare

dense and defect-free ZnO films, which consists of the

pretreatment on the substrate at more negative potential for

nucleation, and subsequent film growth by potentiostatic

deposition at the less negative potential [24]. However,

few reports have been found in literature focusing on the

galvanostatic deposition mode and the nucleation of ZnO

induced by the electrochemical pretreatment. Compared

with the potentiostatic deposition, the galvanostatic depo-

sition technique is favorable for its precise control over the

deposition current and the growth rate of the films. So a

detail investigation on this field is both interesting and

technologically important.

In the present work, we have demonstrated the tech-

nique to grow ZnO films from zinc nitrate aqueous solu-

tion, by applying the potentiostatic process for the

nucleation process and the galvanostatic deposition for film

growth. Effects of the potentiostatic parameter on the

structure, morphology and optical properties of ZnO films

were investigated in detail. The nucleation process and

formation mechanism of ZnO film were discussed by

analyzing the current-time curve during the electrochemi-

cal process and the surface morphology of the film at the

early stage.

Experimental details

ZnO films were electrodeposited on indium-tin oxide

(ITO)/glass substrates in the aqueous solution of zinc ni-

trate hexahydrate (0.1 M Zn(NO3)2
. 6H2O , A.R.) with the

pH adjusted to about 6.0 by NaOH solution. The electro-

chemical deposition was performed in a conventional

electrochemical reaction cell with a standard three-elec-

trode configuration. ITO/glass substrates (about 1.5 cm ·
1.5 cm), a platinum sheet (99.99%) and a saturated calo-

mel electrode (SCE) in saturated KCl solution were em-

ployed as the work, counter and reference electrode,

respectively. The deposition temperature was maintained at

80 ± 2 �C by a thermostat. Prior to the deposition, the ITO/

glass substrates were ultrasonically rinsed in acetone,

alcohol and distilled water first, and then etched in the

diluted hydrochloric acid (5–6%) for 10 s, and finally

rinsed in distilled water. To make a comparison, the control

sample deposited on substrate without the etching in

diluted HCl was prepared.

The deposition of ZnO films consisted of two steps, i.e.,

the potentiostatic process for a short time (referred as the

pretreatment in the following text), and the galvanostatic

deposition for the film growth. For the pretreatment pro-

cess, the applied potential is more cathodic than that

commonly-required for the deposition of ZnO, and typi-

cally two cathodic potentials (–1.2 V, –1.4 V) and three

times (5 s, 15 s, 60 s) were chosen. For the subsequent

galvanostatic deposition process, the current density was

maintained at –0.5 mA.cm–2 and deposition time at

20 min.

The electrochemical deposition process was performed

by the Electrochemical Autolab (CHI660B, CH Instrument,

Inc.), which could also record the current-time or potential-

time curves. The crystalline structure characterization of

ZnO thin films was carried out by X-ray diffraction (Model

D/max 2200 PC with Cu Ka, Rigaku Co., Tokyo, Japan).

The morphologies of surface and cross section were ana-

lyzed by field emission scanning electron microscope

(SEM) (JSM-6700F). Optical properties were characterized

by transmittance spectra measured using spectrophotome-

ter (Shimadzu Ltd., UV-3101PC, Japan) in the wavelength

range of 200–800 nm. An ITO/glass substrate was placed

in the reference optical path to compensate the light

intensity.

Results and discussions

Crystalline structure

Figure 1 shows the influence of the potentiostatic pre-

treatment conditions on the crystalline structure of ZnO

films as characterized by XRD pattern. Apart from the

characteristic peaks of ITO substrate, only one peak of

wurtzite ZnO could be observed distinctly. ZnO films both

with and without the pretreatment showed (002) preferred

orientation. The intensity of (002) diffraction peak in ZnO

film can be used to evaluate the effects of pretreatment

process in view of the relatively short pretreatment time

Fig. 1 XRD patterns of electrodeposited ZnO films prepared (a)

without pretreatment, and with different pretreatment conditions: (b)

–1.2 V for 15 s, (c) –1.4 V for 15 s, and (d) –1.2 V for 5 s
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(usually less than one minute) and the subsequent identical

deposition condition. Compared with the film without

pretreatment, the intensity of (002) diffraction peak of ZnO

film with pretreatment was significantly enhanced. Also

the intensity of (002) peak varied with the pretreatment

potential and time, that is, the intensity decreased when the

potential became more cathodic or the pretreatment time

increased, indicating the change of the crystalline degree of

the film. At the pretreatment condition of –1.2 V for 15 s,

ZnO film exhibited the highest crystallinity.

The crystallite size of ZnO can be estimated on the basis

of Scherrer’s relation [25] and full-width half-maximum

(FWHM) data shown in Fig. 1. The size of primary ZnO

crystallites for the film without the pretreatment, and with

the pretreatment of –1.2 V 15 s, –1.4 V 15 s, and –1.2 V

5 s was 41.5, 47.4, 43.8, and 43.6 nm, respectively. An

obvious increase in the primary crystallite size can be

observed. We think the increase of primary crystallites

after the pretreatment may be related to the more cathodic

potential applied during the nucleation stage than the case

without the pretreatment.

It should be also noticed that, all the ZnO films grown in

this work exhibited the strong preferential orientation along

c-axis, which is not very common for electrodeposited ZnO

films from zinc nitrate solution [3, 13, 23]. Because no

direct relationship between the preferential orientation and

the pretreatment could be found, we started to examine

other experimental parameters influencing the crystalliza-

tion of ZnO film. It was found that the etching of ITO

substrate in diluted hydrochloric acid (HCl) is the imme-

diate cause of the orientation. For ZnO film deposited on

ITO substrate without the etching process in diluted HCl

(with the potentiostatic pretreatment of –1.2 V 15 s), three

diffraction peaks along (100), (101) and (102) plane can be

clearly observed except (002) peak, as shown in Fig. 2. The

underlying mechanism can be explained as follows. In the

ZnNO3 based electrochemical system, ZnO can be formed

at cathode through following reactions:

NO�3 þ H2Oþ 2e� ! NO�2 þ 2OH� ð1Þ

Zn2þ þ 2OH� ! ZnðOHÞ2 ! ZnOþ H2O ð2Þ

It is known that the growth of ZnO along (002) plane

possesses the lowest energy compared with the growth

along other planes. Many researches have observed that the

orientation of ZnO film along (002) plane can be obtained

by increasing the temperature in spray pyrolysis [26] or

electrochemical deposition methods [21], which would be

expected to improve the driving force of ZnO to accom-

modate the lattice sites with the lowest energy. However,

the orientation of ZnO film in this work cannot be

explained by the temperature rise. We think the increase of

the surface energy on ITO substrate due to its etching in

diluted HCl may be responsible for the underlying reasons.

It has been confirmed that the ITO layer on glass

(~200 nm) can be fully removed by immersion in diluted

HCl for 1 min. So the etching of ITO substrate in diluted

HCl for 10 s will peel off the ‘‘old’’ surface by dissolve the

ITO layer, exposing the ‘‘fresh’’ surface. The fresh surface

possesses a large quantity of dangling bond (In3+), which

has the great tendency to react with oxygen, to lower the

surface energy. In the electrodeposition process of ZnO

film, this is equivalent to the decrease of the activation

energy for the formation of ZnO, which will promote the

preferential orientation of ZnO along the lowest energy. In

addition, the newly-exposed ITO surface may be also much

coarser than the original one because of the very rapid

corrosion rate. The coarse surface possesses higher energy

than the smooth one, which is also beneficial for the

orientation of ZnO film.

Morphology

Figure 3a–d shows SEM images of electrodeposited ZnO

films on surface and cross section with and without elec-

trochemical pretreatment. For the film without pretreat-

ment, the obtained layer exhibited an open structure

composed of separate columnar rods with a well-defined

hexagonal cross section. The distribution density of rods on

the substrate was low and the average size of ZnO rod was

500 nm. For the film with pretreatment, the dense film

structure was obtained, with the crystallite size decreasing

remarkably. That is to say, the pretreatment process favors

the formation of dense ZnO films. With the pretreatment of

–1.2 V for 15 s, the hexagonal shape of crystallites dis-

appeared, all ZnO crystallites were packed compactly, and

Fig. 2 XRD patterns of electrodeposited ZnO films prepared on ITO

substrate (a) without and (b) with etching process in diluted HCl

(5–6%) for 10 s. Pretreatment condition: –1.2 V for 15 s
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no pores or defects could be observed. The average value

of particle size was less than 100 nm. With the pretreat-

ment of –1.4 V for 15 s, the film structure was dense as

well. However, ZnO particles exhibited the hexagonal

shape, with the size increasing to about 250 nm. With the

pretreatment of 1.2 V for shorter (5 s) or longer (60 s, not

shown) time, the particle size increased and the degree of

compactness of the film decreased slightly.

Above morphological analysis indicated that, after the

electrochemical pretreatment, the size of secondary ZnO

particles decreased, and the quantity increased. This was

related to the formation of ZnO crystallites during the

pretreatment course (as shown in Section ‘‘Analysis on

growth mechanism’’), which will increase the nuclei den-

sity of ZnO on ITO during the film growth course and

prevent the growth of large secondary particles. It can be

also found that the film with different pretreatment exhib-

ited different morphology, and the application of higher

voltage (–1.4 V) or shorter time (5 s) resulted in the larger

secondary particles. The higher voltage will produce higher

current density, resulting in the formation of more ZnO

crystallites in the same time slit. Then the primary ZnO

crystallites will tend to amalgamate together and form

larger particles. For the shorter pretreatment time, it may

be not enough to produce large quantity of crystallites on

substrate. Then the coalescence of neighboring crystallites

will be significant, resulting in the formation of large

particles.

Figure 3e gives the cross section structure of ZnO film

obtained with the pretreatment under the condition of

–1.2 V for 15 s. The film was composed of dense column

particles perpendicular to the substrate, which agrees

well with result of XRD patterns. The film thickness was

about 250 nm and the growth rate was estimated to be

~12 nm/min.

Optical properties

Figure 4 shows optical transmittance spectra of electrode-

posited ZnO films without and with the pretreatment. For

the ZnO film prepared by the sole galvanostatic deposition,

the transmittance level was low in the visible range (~20–

40%) and the absorption edge was not sharp. Such behavior

was closely related to the lower density of ZnO film. For

ZnO films prepared with the pretreatment, higher trans-

mittance in the visible band (~60–90%) and sharp

absorption edge located at about 370 nm were obtained,

which was consistent with the behavior of a homogeneous

semiconductor film. The highest optical transmittance

(80–90%) was observed in the film with the pretreatment at

Fig. 3 SEM images of

electrodeposited ZnO films as a

function of the pretreatment

conditions: (a) without

pretreatment, (b) –1.2 V, 15 s,

(c) –1.4 V, 15 s, (d) –1.2 V, 5 s,

and (e) cross-section structure

of ZnO film obtained under the

condition of (b)
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–1.2 V for 15 s, which agrees well with its smaller grains

and smooth surface in this film. It should be noticed that

the transmittance of ITO substrate (200 nm) is 83% in the

visible band. For more negative potential, there was a slight

decrease in the transmittance due to the increase of the

crystallite size. For shorter (5 s) or longer (60 s, not shown)

pretreatment time, there was also a slight decrease in the

transmittance. It may be due to the increased light scat-

tering, which was brought by more irregular surface and

the existence of some defects such as pores in obtained film

as shown in Fig. 3.

Analysis on growth mechanism

Above experimental results suggested that, the potentio-

static pretreatment of the substrate plays a crucial role in

the formation of dense ZnO layers. Then it is very inter-

esting to investigate how this short process affects the

growth process of ZnO films. Here by examining the cur-

rent-time curve during the potentiostatic process and the

potential-time curve during the galvanostatic process, to-

gether with the morphological change of ZnO films grown

at the initial growth stage, we have made a preliminary

exploration on the nucleation and growth process of ZnO

on pretreated layer.

Figure 5 gives the current density-time curve during the

pretreatment process at the potential of –1.2 V for 15 s.

The current density increased progressively at the begin-

ning and then tended to a stationary value. Mainly two

processes occurred in this pretreatment: the charging of the

electrode-precursor interface (causing the increase of con-

ductivity), and the reduction of NO3
– group (resulting in

the ultimate formation of ZnO, and the decrease of con-

ductivity). So the current density-time curve recorded in

the pretreatment process was the integrative function of the

two factors. Figure 7a and b illustrated SEM images of ITO

substrates before and after the pretreatment. It can be seen

clearly that the pretreatment process can produce high-

density nuclei with the size of about 20 nm on the sub-

strate, which agreed well with the study of Fujimura et al

[27]. The ZnO seed layer produced in the pretreatment

process will have significant effects on the growth of ZnO

in the subsequent stage.

Figure 6 displays the potential-time curves of ZnO film

without pretreatment (Fig. 6a) and with pretreatment at

–1.2 V for 15 s (Fig. 6b) recorded in the galvanostatic

deposition stage. For the case without the pretreatment, an

abrupt inflexion during the first 100 s was observed, and

after that, the potential decreased to a stationary value

(~–0.8 V). For the case with the pretreatment, no initial

inflexion was detected, and the potential increased pro-

gressively with the deposition time. This result indicates

that the nucleation process occurred on the treated and

untreated substrate is completely different. For the case

Fig. 4 Optical transmittance spectra of electrodeposited ZnO films

prepared with different pretreatment conditions: (a) without pretreat-

ment, (b) –1.2 V, 15 s, (c) –1.4 V, 15 s, (d) –1.2 V, 5 s. Note: Film

thickness 250 nm for (b)–(d)

Fig. 5 Current-time curves recorded at the potential of –1.2 V for

15 s during the pretreatment process

Fig. 6 Potential-time curves recorded (a) without pretreatment and

(b) with pretreatment at –1.2 V for 15 s during the deposition at

–0.5 mA for 20 min
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without the pretreatment, the nucleation took place on the

substrate in the galvanostatic deposition stage, corre-

sponding to the abrupt inflexion in curve (a). Since the

applied voltage was relatively low compared with that in

the pretreatment case, the nuclei density was low and the

distribution of ZnO grains on substrate was sparse. So the

conductive property changed hardly with the progress of

ZnO growth, corresponding to the decreasing and steady

V-t curve (Fig. 6a). In contrast, for the case with the pre-

treatment, the nucleation of ZnO has completed in the

pretreatment process. So the nucleation on substrate was

not necessary in the galvanostatic stage, and the growth of

ZnO crystals took place directly on already-formed nuclei.

The increase of the potential with the time indicates the

conductivity decrease of the electrode-ZnO layer, which

may be resulted from the coalescence of ZnO crystallites

after the initial nucleation and growth stage [27, 28].

Figure 7c shows the surface morphology of ZnO films

grown for 5 min on pretreated substrate (–1.2 V for 15 s).

Both the continuous ZnO layer and jointed ZnO nanopar-

ticles can be observed. This may support such following

growth mode of ZnO film on pretreated ITO substrate: (1)

Large ZnO particles were grown from minute ZnO crys-

tallites on substrate produced by the electrochemical pre-

treatment; (2) Neighboring ZnO particles coalesced each

other, forming the continuous ZnO layer; (3) Subsequent

crystallites grew on already-formed continuous ZnO layer,

increasing the film thickness to the desired value. In con-

trast, for the case without the pretreatment, the formation

of loosely-dispersed ZnO rods may be resulted from the

absence of ZnO seed layer and the growth of electrode-

posited ZnO crystallites on already-formed ZnO crystal-

lites instead of on substrate.

Conclusions

Compact and transparent ZnO film has been successfully

deposited on ITO substrate by the galvanostatic deposition

with the potentiostatic pretreatment process for a short

time. The obtained films show high-preferred orientation

along (002) plane, dense film structure and high optical

transmittance higher than 80% in the visible band. The

orientation of ZnO film was found to be closely related to

the substrate etching in diluted HCl solution. The pre-

treatment conditions such as the potential and time have

remarkable influence on the crystallinity and microstruc-

ture of ZnO films, and the optimal pretreatment condition

is –1.2 V for 15 s. The analysis on the growth mechanism

indicates that the potentiostatic pretreatment at more

cathodic potential can substitute the initial nucleation

process in the conventional one-step galvanostatic deposi-

tion, and significantly increase the nuclei density on

substrate.
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