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ZnO nanorod arrays with tunable size and field

emission properties on an ITO substrate achieved

by an electrodeposition method∗
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In the present work, vertically aligned ZnO nanorod arrays with tunable size are successfully synthesized on

nonseeded ITO glass substrates by a simple electrodeposition method. The effect of growth conditions on the phase,

morphology, and orientation of the products are studied in detail by X-ray diffraction (XRD), scanning electron mi-

croscopy (SEM), and transmission electron microscopy (TEM). It is observed that the as-prepared nanostructures

exhibit a preferred orientation along c axis, and the size and density of the ZnO nanorod can be controlled by changing

the concentration of ZnCl2. Field emission properties of the as-synthesized samples with different diameters are also

studied, and the results show that the nanorod arrays with a smaller diameter and appropriate rod density exhibit

better emission properties. The ZnO nanorod arrays show a potential application in field emitters.

Keywords: ZnO nanorod, microstructure, electrodeposition, field emission properties

PACS: 81.07.Bc, 81.15.Pq, 79.70.+q DOI: 10.1088/1674-1056/21/6/068101

1. Introduction

The synthesis of nanostructured semiconductor

materials has attracted much attention from both the

fundamental point of view and the increasing num-

ber of potential practical applications. In particular,

wide band gap II–VI semiconductor nanostructures

have aroused a great interest as optoelectronic mate-

rials with functions in flat-panel displays, field-effect

thin film transistors, light-emitting diodes, and single-

electron transistors.[1−5] ZnO, a new type of semicon-

ductor with a large bandgap in the UV range (3.37 eV)

and a large exciton binding energy of 60 meV,[1] has

attracted extraordinary attention in the past decade

because of its high mechanical strength, chemical sta-

bility, ambient insensitivity, and thermal stability,

which allow it to be used in many fields, such as solar

cells,[6] gas sensors,[7] field emission devices,[8,9] light-

emitting diodes,[10] and so on.

Up to now, ZnO nanostructures with var-

ious forms including nanobelts,[11] nanowires,[12]

nanorods,[13,14] nanoneedles,[15] nanotubes,[16] and

nanoplates[17] have been synthesized. Recently, Wang

and Song[18] demonstrated that mechanical energy can

be converted into electrical energy using ZnO nanorod

arrays as an agent, which indicates that the ZnO

nanorod arrays are the most important nanostructures

in the ZnO family. To date, various methods have

been developed to synthesize the ZnO nanorods, such

as metal–organic chemical vapour deposition,[19] ther-

mal evaporation,[20] pulsed laser deposition,[21] and

chemical vapour transport.[22] Usually, these methods

are operated in a vacuum and/or at high tempera-

ture, and thus often require expensive and sophisti-

cated equipment. In particular, the use of gold as nu-

cleation and growth seeds has been the most successful

method for the nanowire synthesis process. However,

the Au atom may substitute the Zn atom during the

growth process, which will significantly affect its phys-
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ical properties. It is still a challenge to synthesize the

ZnO nanorod array at low temperature with neither

seed nor catalyst.

Electrochemical deposition technique is an attrac-

tive electrosynthetic alternative to the conventional

deposition method because the electrochemical depo-

sition is a simple and cheap technique operated at am-

bient temperature and pressure, and it is convenient to

control the growth of the film. In addition, the method

is appropriate for growing a large area of thin film and

does not need to consider the shape of the substrate.

In this paper, we successfully synthesize ZnO nanorod

arrays with different morphologies on indium tin oxide

(ITO) glass substrates via an electrochemical deposi-

tion method. The as-prepared products are charac-

terized by scanning electron microscopy (SEM), trans-

mission electron microscopy (TEM) and X-ray diffrac-

tion (XRD). Field emission properties of ZnO nanorod

arrays with different morphologies are carefully stud-

ied to establish the relationship between them.

2. Experimental details

All chemicals were purchased from commercial

sources, and were used without further purification.

All solutions in this study were prepared with deion-

ized water.

The electrodeposition was carried out in a three-

electrode cell system, in which a piece of indium tin

oxide (ITO) glass substrate was used as the working

electrode, a saturated calomel electrode (SCE) served

as the reference electrode and a zinc sheet was used

as the counter electrode to ensure a constant Zn2+

concentration in the electrolyte. The ITO glass sub-

strates were cleaned ultrasonically in detergent, de-

ionized water and ethanol sequentially prior to the

film deposition. The ITO substrate had a sheet resis-

tance of 10 Ω/square, which was cut into strips with

a width and length of 1.0 cm and 2.0 cm, respectively.

The electrodeposition parameters are described

elsewhere.[23] In a typical procedure, the electrode-

position of ZnO was performed in a classic three-

electrode electrochemical cell at a constant temper-

ature of 70 ◦C by immersing the ITO substrate in an

electrolyte bath. The electrolyte contained 0.1-M KCl

(analytical grade, purity 99.5%) and various concen-

trations (5 mM, 1 mM, 0.5 mM, and 0.2 mM) of ZnCl2

(analytical grade, purity 98%). An Electrochemical

Workstation (Model CS350, Wuhan Corrtest Instru-

ment Co. Ltd, China) was used to provide a constant

potential of –1.0 V versus SCE. The growth process

lasted 90 min. After the deposition, the substrate was

removed from the electrolyte bath and immediately

rinsed in flowing deionized water to get rid of the resid-

ual salt from the sample surface. By changing the con-

centration of ZnCl2, we prepared four samples under

different concentrations of ZnCl2, named A (5 mM),

B (1 mM), C (0.5 mM), and D (0.2 mM) respectively.

The morphologies of the product were investi-

gated using SEM (Philips XL-30, FEI USA) and

TEM (Tacnail-F20 operated at 200 kV, FEI, USA).

For TEM observation, a drop of ethanol suspension

containing ZnO nanorods which were scrapped from

the substrate was deposited on a copper grid before-

hand. The crystalline structure was detected by XRD

(ARL XTRA, Themo Electron Co., USA) with Cu

Kα radiation in a 2θ range between 20◦ and 60◦, the

working current and potential of the tube were 20 mA

and 20 kV respectively. The field emission properties

Fig. 1. Schematic diagram of the field emission measurement system.
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were carried out under a pressure of 10−5 Pa in a lab-

built field emission measurement system.[24] The as-

synthesized sample was fixed on a stainless steel holder

and used as a cathode, and a copper tip (frustum

shape with 5-mm tip diameter) served as an anode.

The distance between them could be adjusted by a

micromanipulator outside the measurement chamber.

The current data were acquired by changing the volt-

age applied between the cathode and anode in steps

of 100 V.

3. Results and discussion

XRD is used to investigate the crystalline struc-

ture and phase purity of the as-synthesized ZnO prod-

uct. The XRD patterns are shown in Fig. 2, which

corresponds to samples A, B, C, and D respectively.

As can be seen from the figure, except for the peaks

of the ITO glass substrate (labeled by *), all the

diffraction peaks can be well indexed to the hexag-

onal wurtzite structure of ZnO with lattice constants

of a = 0.325 nm and c = 0.521 nm. The intensity

of (0002) peak intensity at 34.4◦ became gradually

stronger from sample A to sample D, which indicates

that the orientation of the ZnO nanostructure can be

well controlled by adjusting the electrolyte concentra-

tion. When the concentration of ZnCl2 is 5 mM, the

nanostructure (sample A) exhibits a c axis preferred

orientation. Peaks from neither ZnO in other phases

nor impurities are observed.

Fig. 2. (colour online) XRD patterns of the as-

synthesized ZnO nanorod arrays.

In order to find the influence of the ZnCl2 concen-

tration on the morphology of the as-synthesized ZnO

nanostructure, we study the morphologies of the sam-

ples synthesized under different ZnCl2 concentrations

systematically. The results are shown in Figs. 3(a)–

3(d), which correspond to the SEM images of samples

A–D respectively. It can be seen that the nanorods

are nearly perpendicularly aligned to the substrate

plane when the ZnCl2 concentration is 5 mM, and the

nanorods are close to each other. The average diame-

ter of the ZnO nanorods is 280 nm. As the concentra-

tion of ZnCl2 decreases from 2 mM to 0.2 mM, the av-

erage diameter of the nanorods becomes smaller grad-

ually from 210 nm to 80 nm (the statistical nanorod

diameters are shown in Table 1). Meanwhile, the den-

sity of the ZnO nanorods beomes smaller and smaller

with the decrease in ZnCl2 concentration and part of

the nanorods lie on the substrate (see Fig. 3(d)). It

should be noted that the size and density of the ZnO

nanorod arrays can be easily controlled by adjusting

the concentration of ZnCl2.

Fig. 3. SEM images of samples A (a), B (b), C (c),

and D (d).

Table 1. Average diameter of ZnO nanorod arrays in the

four samples respectively.

Sample A B C D

Diameter/nm 280 210 100 80

Further structural characterization of the ZnO

nanorods is performed by TEM and high-resolution

transmission electron microscopy (HRTEM). Figure

4(a) shows a typical TEM image of an individual ZnO

nanorod which is taken from sample D. From the TEM

image, it can be seen that the rod is straight and uni-

form with a diameter of about 80 nm, which is con-

sistant with the results obtained from the SEM im-

age (see Fig. 3(d)). The selected area of the electron

diffraction (SAED) pattern (see the inset of Fig. 4(a))

indicates that the ZnO nanorod is a single crystal

and of hexagonal wurtzite structure. Figure 4(b) dis-

plays a corresponding HRTEM image taken from the

edge of the ZnO nanorod labeled in Fig. 4(a), which

shows a perfect lattice structure. The lattice spac-

ing is 0.520 nm and 0.281 nm, corresponding to the

separation between two (0001) lattice planes and that
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between two (2 –1 –10) lattice planes of hexagonal

ZnO, respectively. The TEM results suggest that the

nanorods grew along the c axis, which is in agreement

with the XRD results. The energy dispersive X-ray

spectroscopy (EDX) result (see Fig. 4(c)) shows that

the nanorod is composed of O and Zn with an atomic

ratio close to 1:1, confirming that the nanorod is ZnO.

The C and Cu signals come from the supporting TEM

carbon-coated copper grid.

Fig. 4. (a) Typical TEM image of a ZnO nanorod; (b)

HRTEM image of a ZnO nanorod, with the insert showing

the corresponding ED pattern. (c) EDX image of a ZnO

nanorod.

On the basis of the above experimental results,

the growth process of ZnO nanorods is proposed as

follows: in the electrodeposition process, the dissolved

oxygen, serving as the oxygen source for the growth

of ZnO, is reduced to OH− ions near the cathode, fol-

lowing equation (1) and/or (2):[25,26]

O2 + 2H2O+ 2 e− → H2O2 + 2OH−, (1)

O2 + 2H2O+ 4 e− → 4OH− (2)

Zn2+ + 2OH− → ZnO + H2O. (3)

Follow Eq. (3), then Zn2+and OH− ions will re-

act with each other, resulting in the formation of ZnO

and its deposition on the substrate. As the poten-

tial is fixed at –1 V/SCE, the quantity of oxygen is

high enough in the solution, and the concentration of

OH− ions is almost unchanged. Therefore the Zn2+

concentration will greatly affect the growth of ZnO.

When the concentration of Zn2+ around the cathode

is relatively high, it will produce more ZnO nuclei on

the surface of the substrate at the beginning of the de-

position process, leading to very high density of nuclei

on the ITO substrate. Under these circumstances with

enough Zn precursors, the reaction between Zn2+ and

OH− takes place not only at the top of the nanorods,

but also surrounding the rods, which induces lateral

and longitudinal growth simultaneously as shown in

Fig. 5(a). On the contrary, when the Zn2+ concen-

tration becomes lower, the number of OH− ions is

much more than that of Zn2+ ions at the surface of

the substrate. This may reduce the production of ZnO

nuclei because of the lack of zinc precursors, which

will result in a lower density of nanorod arrays as

shown in Fig. 4(d). On the other hand, although

there are superabundant OH− ions surrounding the

ZnO nanorods, a low concentration of Zn2+ ions may

lead to only enough Zn2+ ions existing at the top of

the nanorods, facilitating the longitudinal growth of

the nanorod. Meanwhile, lateral growth is suppressed

due to the lower concentration of Zn2+ ions. There-

fore, ZnO nanorods with relatively small diameters are

obtained at a low concentration of Zn2+ ions as shown

in Figs. 3(d) and 4(b).

Fig. 5. (colour online) Schematic view of a possible

growth mechanism of ZnO nanorods when: (a) the concen-

tration of Zn2+ ions is high enough, (b) the concentration

of OH− ions is much higher than that of Zn2+ ions in

solution.

Field emission properties of the as-synthesized

ZnO nanorod arrays are studied in detail. A copper

plate is used as an anode and a piece of ITO sub-

strate with well-arranged ZnO nanorod arrays is used

as a cathode. The distance between the electrodes is

100 µm. The turn-on field (Eto) and threshold field

(Ethr) are defined as the electric fields that are re-

quired to produce current densities of 10 µA/cm2 and

100 µA/cm2 respectively. Figure 6(a) shows the de-

pendences of the field emission current density (J) ver-

sus the applied electric field (E) of the ZnO nanorod
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arrays synthesized under different Zn2+ concentra-

tions. The Eto values of the samples A–D are 21.94,

15.76, 11.47, and 7.11 V/µm, respectively. Their Ethr

values are 28.52, 22.62, 14.26, and 8.73 V/µm, re-

spectively. The results are listed in Table 2. It is

found that the ZnO nanorod array synthesized un-

der a lower Zn2+ concentration exhibits the best field

emission performance among the four samples.

Fig. 6. (colour online) J–E curves for samples A, B,

C, and D respectively and the corresponding Fowler–

Nordheim (F–N) plots.

Table 2. Field emission properties of samples A, B, C,

and D.

Sample
Eto Ethr

β
/V ·µm−1 /V ·µm−1

A 21.94 28.52 328.9

B 15.76 22.62 410.9

C 11.47 14.26 535.6

D 7.11 8.73 896.3

To better understand the characteristics of emis-

sion current density Against an electric field of ZnO

nanorod arrays, in this study we also analysed the

current–voltage (I–V ) data by using the Fowler–

Nordheim (F–N) equation[27,28]

J = A

(
β2E2

Φ

)
exp

(
−BΦ3/2

βE

)
, (4)

where J is the field emission current density, E is the

applied field, Φ is the work function of the emitter

and equal to 5.3 eV for ZnO,[29] A and B are approx-

imate to two constants: 1.56 × 10−10 A·V−2·eV and

6.83×103 V·eV−3/2 ·µm−1, and β is the field enhance-

ment factor. The above equation can be converted

into other form as follows:

ln

(
J

E2

)
= −BΦ3/2

β

1

E
+ ln

(
Aβ2

Φ

)
. (5)

From Eq. (5), it can be seen that the factor of –

BΦ3/2/β is equal to the slope of the F–N plot (the

curve of ln(J/E2) versus 1/E). The F–N plots of

the as-synthesized ZnO nanorod arrays under differ-

ent Zn2+ concentrations are shown in Fig. 6(b). All

the curves are shown to be roughly linear at high ap-

plied fields, indicating that the emitting electrons re-

sult mainly from barrier tunneling electrons extracted

by the electric field. Using the slope values of these

curves and the data given above, the field enhance-

ment factor β is calculated and shown in Table 2,

from which we can see that the field emission from

sample D follows F–N behaviour best with a higher

β. On all occasions, the ZnO nanorods synthesized in

the solution with 0.2-mM ZnCl2 exhibit the best field

emission properties with the lowest turn-on field, the

lowest threshold field, and the highest field enhance-

ment factor. We attribute these to several aspects

shown below:

Field emission properties depend mainly on the

morphology and density of the nanostructure.[30] In

the field emission process, ZnO nanorods with a higher

density can provide more emitters, but the screen-

ing effect between adjacent emitters will weaken their

field emission capacity. The higher the nanorod den-

sity, the stronger the degree of the screening effect,[31]

thus an appropriate density of the nanorods is needed

to gain great field emission properties. On the other

hand, ZnO nanorods with smaller diameters exhibit a

lower turn-on field as well as a lower threshold field

and a higher field enhancement factor.[31−34] In our

experiment, benefiting from its small diameter and

proper rod density, sample D achieves the greatest

field emission properties.

4. Conclusion

ZnO nanorod arrays are synthesized on ITO glass

substrates by a simple electrodeposition method un-

der atmospheric conditions using neither a catalyst
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nor a high temperature. The as-synthesized nanos-

tructures each exhibit a c-axis preferred orientation

with good crystallinity. By using different concentra-

tions of ZnCl2, ZnO nanorods with different diameters

and rod densities are obtained. When the concentra-

tion of ZnCl2 in electrolyte is lower, the diameter and

the density will grow down correspondingly. A pos-

sible growth mechanism is proposed. Field emission

properties of the as-synthesized samples are studied in

detail. It is observed that the nanorod with a smaller

diameter and appropriate rod density exhibits a better

field emission performance with a lower turn-on field,

lower threshold field, and higher field enhancement

factor β, which we attribute to the screening effect

between adjacent emitters. Further studies needs to

be conducted.
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