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Abstract Zinc oxide (ZnO) nanostructures were

deposited under potentiostatic control on indium tin

oxide coated glass substrate from an aqueous solution

containing zinc nitrates. Voltammograms were recorded

to determine the optimal potential region for the depo-

sition of ZnO. The deposition was carried out at various

concentrations of Zn?2 and constant bath temperature

(65 �C). The nucleation and growth kinetics at the initial

stages of ZnO studied by current transients indicated a

3D island growth (Volmer–Weber). It is characterized by

an instantaneous nucleation mechanism followed by

diffusion-limited growth. The Mott–Schottky measure-

ments, the flat band potential and the donor density for

the ZnO nanostructures were determined. The morpho-

logical, structural, and optical properties of the nano-

structures have been investigated. Scanning electron

microscopy images showed different sizes and morphol-

ogies of the nanostructures which depends on the con-

centrations of Zn?2. X-ray diffraction study confirms the

wurtzite phase of the ZnO nanostructures with high

crystallinity. UV–visible spectra showed a significant

optical transmission (up to 90 %), which decreased with

Zn2? concentrations. The energy band gap values have

been estimated to be in the range 3.36–3.54 eV.

1 Introduction

The synthesis of semiconductor crystals with well-defined

shapes, sizes, and structures has attracted extraordinary

interest in order to realize their unique properties that not

only depends on their chemical composition, but also on

their shape, structure, phase, size, and size distribution [1,

2]. Among various synthesis methods, electrochemical

deposition represents a simple and inexpensive solution-

based method for synthesis of semiconductor nanostruc-

tures. Zinc oxide (ZnO)-based semiconductors have been

investigated as promising materials for advanced electronic

and optoelectronic devices due to their interesting physical

and chemical properties [3, 4]. It is an established fact that

the electrodeposition of ZnO is a versatile growth method

and various nanostructures can be easily designed by this

technique. Due to its simplicity and low cost, there has

been growing interest in ZnO nanostructures fabricated by

electrodeposition methods, and a range of morphologies

and growth conditions have been reported [5–10]. These

nanostructures have attracted considerable interest owing

to their excellent electronic and optical properties [11–13].

In effect, ZnO has a band gap of 3.37 eV at room tem-

perature with a high exciton binding energy of 60 meV.

Hence, ZnO has been considered as a material of choice for

use in short-wavelength light-emitting diodes (LEDs), laser

diodes, organic LEDs [14], as sensors [15], photovoltaic

cells [16], LEDs [17] and nanogenerators [18].
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Consequently, in recent years, there has been extensive

interest in synthesizing various ZnO nanostructures,

including nanorods [18, 19], nanowires [20], nanoneedles

[21], nanocombs [22], nanoplates [23] and nanobelts [24].

The properties and applications of ZnO-derived devices are

strongly dependent on the size, shape and orientation.

Therefore, the precision control of the morphology of ZnO

crystals is a matter of considerable importance for tailoring

their physical properties and improves device performance

exploring the potential oxide material [25–28].

The growth of nanostructures was controlled by the

deposition parameters such as electrolyte bath composi-

tion, bath temperature, pH, deposition potential or

deposition current density, agitation or electrodeposition

dynamics [29]. A small variation in the electrodeposition

parameters conducts remarkable changes in the mor-

phology and crystallography of the ZnO thin films [29,

30]. Consequently, in this work we studied the effect of

concentrations of Zn?2 on the properties of ZnO

nanostructures.

2 Experimental

ZnO nanostructures were prepared by electrodeposition

onto polycrystalline indium tin oxide (ITO)-coated con-

ducting glass substrate with an exposed area of 1 9 1 cm2

(10–20 X/cm2 sheet resistance). The substrates were soni-

cated in acetone, and rinsed in isopropanol and deionized

water to remove any organic contaminations. All the

depositions were made in a three-electrodes cell containing

Pt as a counter electrode, saturated calomel electrode

(SCE) as reference, and ITO-coated glass as a working

electrode. The nanostructures were deposited in a poten-

tiostatic mode, using a computer-controlled potentiostat/

galvanostat (Voltalab 40) as a potential source. All ZnO

nanostructures were deposited from aqueous solutions of

zinc nitrate aqueous solution with 1 M KNO3. The pH was

fixed at 6.5. All the solutions were prepared using type I

water (Milli-Q). In this work, the bath temperature was

fixed at 65 �C, and the concentrations of Zn(NO3)2 were

varied from 60 to 120 mM. Cyclic voltammetry (CV)

measurements were conducted to determine the deposition

potentials of the thin films.

Morphological characterization was performed by field

emission scanning electron microscopy (FESEM, JEOL

JSM-6700F). Phase identification and crystallographic

structure determination were carried out using X-ray dif-

fraction (XRD) on a Philips X-Pert Pro diffractometer

with CuKa1 incident radiation source (k = 1.54056 Å) in a

h–2h geometry. The optical properties of the ZnO nano-

structures were measured with an UV–Vis-NIR spectro-

photometer (Shimadzu UV-3150).

3 Results and discussion

3.1 Synthesis of ZnO nanostructures

During the electrodeposition process of ZnO, nitrates ions

are reduced to nitrite ions in the presence of Zn2? adsorbed

on the surface of the substrate. Consequently, excess

hydroxide ions are produced, increasing the local pH. This

pH increase facilitates the formation of Zn(OH)2 on the

working electrode, which spontaneously decomposes to

ZnO at temperatures above 50 �C [31, 32]:

NO�
3 þ H2O þ 2e� ! NO�

2 þ 2OH� ð1aÞ

Zn2þ þ 2OH� ! ZnðOHÞ2 ð1bÞ

ZnðOHÞ2 ! ZnO# þ H2O ð1cÞ

The complete balanced reaction is as follow:

Zn2þ þ NO�
3 þ 2e� ! ZnO þ NO�

2 ð2Þ

According to this mechanism, the formation rate of

Zn(OH)2 is affected by applied current density, Zn2?

concentration [Zn2?]. The crystallization is accompanied

by dehydration which depends on the deposition tempera-

ture (bath temperature). In our case, the applied potential

was fixed at -1.3 V versus SCE, and deposition temper-

ature at 65 �C and [Zn2?] were changed to systematically

examine the electrochemical, morphological and structural

properties of electrodeposited ZnO.

In order to study the effect of Zn2? concentration in the

electrochemical behavior of ZnO electrodeposition, the CV

was investigated from solution at different concentrations

of Zn2?. Figure 1a shows the CV performed in the

potential range 0 to -1.2 V versus SCE onto ITO-covered

glass substrate from (60 to 120 mM) zinc nitrate aqueous

solution with 1 M KNO3 at 70 �C and pH 6.5. The

potential scan was initiated in the negative direction from

the open circuit potential at scan rate of 20 mV s-1.

Cathodic current due to reduction of NO3
- emerged at a

potential of -0.68 V versus SCE and rapidly increased at

around -0.87 V (Fig. 1a).

From the CV scans, the variation of Zn2? concentration

influences the reaction, thus leading to an increase in ZnO

nanostructure growth rate. The effects of Zn2? concentra-

tion on the growth rate of ZnO deposition can be seen in

Fig. 1b. As Zn2? concentration increases in the electrolyte,

the deposition rate increases and there is an equivalent rise

in the growth rate. The deposition rates ranging from 6.27

to 9.25 nm/s are obtained depending on the Zn2? concen-

tration from 60 to 120 mM. From this Fig. 1b, it is well-

known that the deposition rate of ZnO nanostructures could

be controlled by adjusting the Zn2? concentration. The

changes in the ZnO growth rate related to Zn2? concen-

tration in the electrolyte correlate well with the CV curve.
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The growth rate curve indicates that the deposition process

becomes too fast resulting in an uniform nanostructures

growth at very large current densities due to high Zn2?

concentrations (120 mM). Similar reports of increased

current density observed in the electrochemical growth of

doped ZnO elsewhere [33, 34].

Chronoamperometric measurements were made at var-

ious bath compositions to explore the nucleation and

growth process associated with electrochemical deposition

of ZnO. Figure 2a represents a series of current–time

transients for the deposition of ZnO in zinc nitrate bath at

different concentrations. The shape is typical of a 3D

electrocrystallization growth process; the current density

decreases with increasing Zn concentration. This result can

be explained at least in part by the well-known suppression

effect of nitrate concentration on the ZnO growth rates.

The three-dimensional island growth of each crystal

rapidly increases the active surface area. The current passes

through a maximum during the coalescence process. In

order to determine whether the nucleation is progressive

or instantaneous at each Zn concentration, (i/imax)2 versus

t/tmax were compared to the Sharifker–Hills model, the

instantaneous nucleation models agreed with the experi-

ment (Fig. 2b).

The conduction type, the flat band (Efb), and the esti-

mated donor densities of ZnO were determined using

Mott–Schottky (M–S) measurements with 1/C2 versus E at

a fixed frequency of 20 kHz. The capacitance-potential

measurements are presented as a M–S plot following the

equation below [35]:

1

C2
¼ 2

NDee0e
ðE � EfbÞ �

kT

e

� �
ð3Þ

where C is the space charge capacitance in the semicon-

ductor, ND is the hole carrier density, e is the elemental
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Fig. 1 a Cathodic scan of (60–120 mM) Zn(NO3)2 with 1 M KNO3

aqueous solution at 65 �C on ITO electrode, the scan rate was

20 mV s-1. b Growth rate of ZnO nanostructures as a function of

Zn2? concentration in the growth solution
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Fig. 2 a Current transients for ZnO deposition on ITO substrates

with the concentration of Zn2? ions ranging from 60 to 120 mM.

b Normalized transients (i/imax)2 versus t/tmax from Fig. 2a. In each

plot, the full line corresponds to the calculated curve for instantaneous

nucleation and diffusion-limited growth, and the dotted line repre-

sents the calculated curve for progressive nucleation and diffusion-

limited growth
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charge value, e0 is the permittivity of the vacuum of free

space (8.859 9 10-14 F cm-1), e is the relative permit-

tivity of the semiconductor (e of ZnO is 8.5), E is the

applied potential, Efb is the flat band potential, T is the

temperature, and k is the Boltzmann constant.

The M–S plot (Fig. 3) of the samples deposited in the

electrolyte containing different Zn2? concentrations, shows

a positive slope, which confirms the n-type semiconducting

behavior of ZnO [36]. Thus from Fig. 3, the flat band

potential for all the samples and the donor densities cal-

culated from the slope ¼ 2
ee0eND

� �
and intercept at C = 0,

are estimated. Table 1 listed the carrier concentration

obtained from the linear fitting of the curves. The carrier

density fluctuates from 4.05 to 1.73 9 1020 cm-3. It is

shown that carrier concentration decreases with the

increase in Zn2? concentration in ZnO nanostructures. The

higher donor densities of the samples clearly indicate that

there is n-doping for the ZnO nanostructure which is in

good agreement with reported carrier concentrations for

ZnO [37]. The resources of carrier are due to the oxygen

vacancies via nitrate solutions, and the mobility was

influenced by a few scattering mechanisms. In addition, the

extrapolation of the linear regions in these plots permits to

estimate the flat band potential (Efb). Table 1 also sum-

marizes the Efb values for different Zn2? concentrations of

zinc nitrate aqueous solution.

3.2 Morphological and structural properties

It is well established that the electrodeposition of nano-

structures is a versatile growth method and many various

nanostructures can be easily designed by the technique. We

obtained different morphologies of ZnO nanostructures

using different Zn(NO3)2 concentrations. Figure 4 displays

FESEM images of ZnO nanostructures obtained from four

different concentrations of Zn2? for a constant deposition

time (15 min). At 60 mM concentration of Zn2?, the sub-

strate is not totally covered and the morphology is not

homogeneous with few hexagonal structures having ran-

dom orientations (inset Fig. 4a). All grains deposited at

80 mM have hexagonal structure oriented perpendicularly

to the substrate; along the (001) orientations, which is in

agreement with the XRD analysis. At 100 mM (Fig. 4c), a

net rod morphology with random orientations are observed.

After the increase of Zn2? concentration in the electrolytic

to 120 mM, the film morphologies change substantially

and a cluster-like surface is formed as shown in Fig. 4d. In

order to correlate the microstructure and the distribution of

O and Zn, elemental map and spectrum of the same region

were recorded. Elemental mapping of the ZnO sample

deposited at 80 mM concentrations of Zn2? (Fig. 4b),

revealed an uniform distribution of various ions in the

sample (Fig. 4e, f).

The phase purity and crystalline structure of ZnO samples

were also characterized using XRD. Figure 5 shows the

XRD patterns of ZnO samples deposited at different bath

Zn(NO3)2 concentrations. The sharp and intense diffraction

peaks indicate that the film is highly crystalline. All the

diffraction peaks in Fig. 5 can be indexed as the wurtzite-

type ZnO (JCPDS no. 00-036-1451, space group P63mc,

a = 3.250 Å, c = 5.207 Å). No peak of impurities was

observed, indicating that the final product is a pure com-

pound. There is only a strong (002) peak from the film

prepared using the solution with a zinc concentration of

80 mM, which has already been confirmed by FESEM

image in Fig. 4. In contrast, the film deposited with a high

zinc concentration had significantly lower (002) peak. These

results indicate that the changes in grain orientation and

microstructure were attributable to changes in the growth

mechanism induced by the variation of zinc concentrations.
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Fig. 3 Mott–Schottky plot for electrodeposited ZnO nanostructures

in different concentrations of Zn(NO3)2 (60–120 mM) ? 1 M KNO3

solution obtained at 20 kHz. The corresponding flat band potential

values are indicated. The lines were simply drawn through the data

points

Table 1 Data of the ZnO nanostructures: bath composition, condi-

tions for electrodeposition, flat band potential and carrier density

Concentration (mM) Efb (V vs. SCE) ND 9 (1020 cm-3)

60 -0.843 4.05

80 -0.730 2.50

100 -0.691 1.60

120 -0.901 1.73
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Furthermore, the sharp peaks indicate that the samples

are well crystallized. This indicates that the electrodepos-

ition method could also be useful for the preparation of

crystalline ZnO nanostructures. The crystallites size and

microstrain for the electrodeposited ZnO nanostructures

were obtained from the XRD diffraction peaks, which can

be expressed as a linear combination of the particles size,

D and microstrain e as given below. The average crystal-

lites size can be calculated with the Scherrer equation using

the (002) peak line [38]:

D ¼ 0:9 k
b cos h

ð4Þ

where D is the crystallites size, k is the incident X-ray wave-

length, h the Bragg angle and b is the full-width at half-

maximum (FWHM) of the diffraction peak. Table 2 shows the

values of crystallites size and other microstructural parameters.

In this table, the crystallites size is increased gradually with

increase in concentration of nitrate bath from 60 to 120 mM.

We attribute that crystallites size increases with increase in

deposition rate. The crystallites size can be controlled simply

by varying the concentration of nitrate bath.

The origin of the microstrain is related to the lattice misfit,

which in turn depends upon the deposition conditions. The

microstrain e is calculated using the relation [39],

e ¼ b cos h
4

ð5Þ

Table 2 shows microstrain with various concentrations

of nitrate bath. Initially, the microstrain decreases slowly

with increasing concentration of nitrates and a minimum

value of 0.001 is obtained at 120 mM.

The dislocation density (d) was defined as the length of

dislocation lines per unit volume (lines/m2). The

Fig. 4 FESEM images of ZnO

nanostructures deposited at

different concentrations of

Zn2?: a 60 mM, b 80 mM,

c 100 mM and d 120 mM. The

inset shows the corresponding

high magnification FESEM

images. e, f Elemental mapping

of sample (b) showing the

presence of (e) Zn and

(f) O ions, respectively
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dislocation density (d) of the films was estimated using the

equation [40],

d ¼ 1

D2
ð6Þ

Since d is a measure of the amount of defects in a

crystal, these values of d are summarized in Table 2. From

this table, these structural parameters are crucially depen-

dent on the concentration of nitrates in the electrolyte

solution. An increase in nitrate concentration results in an

increase in crystallites size. Increasing the nitrate concen-

tration from 60 to 120 mM significantly decreases the

microstrain of the film. Microstrain increase is caused by

increase in nitrate concentration. In addition, the small

value of d obtained for 80 and 100 mM concentrations of

Zn2? confirmed that there is an improvement in the crys-

tallinity of ZnO nanostructures.

From FESEM and XRD observations, it appears that the

shape, size, crystallinity and preferential orientation of

ZnO nanostructures depend on the bath concentration.

3.3 Optical properties of ZnO nanostructures

To study the influence of the different concentrations of

Zn2? ions on the optical properties of the grown ZnO

nanostructures, transmittance measurements were con-

ducted and the results are presented in Fig. 6.
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Fig. 5 XRD patterns of ZnO nanostructures at various concentra-

tions of Zn(NO3)2: a 60 mM, b 80 mM, c 100 mM and d 120 mM

with 1 M KNO3 at pH 6.5. The asterisk assigned the ITO substrates

diffraction peaks

Table 2 Effects of concentrations of Zn2? ions on the microstruc-

tural properties of ZnO nanostructures

C

(mM)

2h (�) Lattice

constant (Å)

D

(nm)

e
(910-3)

d
(91014 lines/m2)

a c

60 34.33 3.196 5.221 56.97 2.3 3.081

80 34.34 3.195 5.218 57.56 1.9 3.018

100 34.37 3.193 5.214 68.52 1.2 2.129

120 34.39 3.195 5.218 70.46 1.0 2.014
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Fig. 6 UV–Vis transmittance spectra of ZnO nanostructures depos-

ited at different concentrations of Zn(NO3)2: a 60 mM, b 80 mM,

c 100 mM and d 120 mM
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Transmittance in the visible range (400–800 nm) for the

electrodeposited nanostructures is 80–90 % for all con-

centrations of Zn(NO3)2; and a sharp absorption edge

was observed at around 380 nm. The drop in transpar-

ency in the infrared region shown by all films is due to

their high charge carrier concentration [41]. It is well-

established fact that the optical transmission in the vis-

ible range is important for transparent conductive oxide

applications such as solar cell windows.

The energy band gap (Eg) for ZnO nanostructures was

evaluated by using the Tauc plot [42]. A linear rela-

tionship between (ahm)2 and hm ensures the direct

allowed transition in ZnO. The value of Eg is determined

from the intercept of the straight-line portion at the

horizontal axis when a = 0. This method is known to be

accurate for the estimation of the Eg of ZnO nano-

structures [43–45]. The relationship of (ahm)2 and photon

energy hm for ZnO nanostructures deposited at different

concentrations of Zn2? is shown in Fig. 7. The values of

Eg for ZnO nanostructures are estimated to be between

3.36 and 3.54 eV (inset Fig. 7). These Eg values of ZnO

nanostructures obtained by electrodeposition are similar

to other reports [46].

4 Conclusion

In this study we have presented an electrochemical depo-

sition method and studied the properties of ZnO nano-

structures on ITO surfaces from aqueous zinc nitrate

aqueous solution. The effects of Zn2? concentrations on

electrodeposition process, nucleation-growth, morphology

of microstructures and optical properties were investigated

by means of CV, Mott–Schottky, FESEM, XRD and UV–

Vis spectroscopy techniques. The experimental results

show that the electrochemical behavior of ZnO electrode-

posits varied with the concentrations of Zn2? and the

mechanism for formation of the film in the early deposition

stages was proceeded according to the three dimensional

(3D) instantaneous nucleation followed by diffusion-lim-

ited growth rather than an instantaneous one. The Mott–

Schottky plot shows that all the nanostructures are n-type

semiconductors, and presented the electron carrier density

between 1.60 and 4.05 9 1020 cm-3 when the Zn2? con-

centration was varied between 60 and 120 mM. FESEM

images reveal that the Zn2? concentrations have a very

significant influence on the surface morphology, shape and

size of the crystallites of ZnO. XRD measurements reveal a

wurtzite structure with improved crystallization state. It

was established that the crystallites size varies with the

Zn2? concentrations from 57 to 70 nm. The optical band

gap obtained through transmittance measurements is in the

range of 3.36–3.54 eV. It is quite reasonable that the films

synthesized by electrochemical method at various Zn2?

concentrations in nitrates aqueous solution can generate a

high potential for photovoltaic applications in the near

future for ZnO nanostructures.
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