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Abstract Well-aligned ZnO nanorods are obtained by a

liquid phase epitaxial growth on the indium-doped tin

oxide glass deposited with a ZnO thin film as the seed

layer, which is prepared by combining a sol–gel process

and a spin coating technique. The effects of water content

in the sol and heat treatment temperature on the properties

of the ZnO thin film are investigated. Relationship among

the seed layer, the growing time, the growing temperature,

the concentration of Zn2? in the solution, the anions in the

solution and the resulting ZnO nanorods are discussed in

detail. X-ray diffraction analysis and scanning electronic

microscopy are employed to characterize the structural and

morphological properties of the resulting ZnO nanorods.

Results indicate that the ZnO nanorods with a preferred

orientation show a single crystal with a wurtzite structure

in the direction of [0001], the diameter of the ZnO nano-

rods seems to depend on the size of the seed grain, while

the length of the ZnO nanorods is determined by the

growing time and the growing temperature.

Keywords ZnO � Nanorods � Sol–gel process �
Liquid phase epitaxial growth

1 Introduction

Semiconductor ZnO has attracted more and more atten-

tions in recent years because it can lead to lasing action

based on exciton recombination even at room tempera-

ture. During the past several decades, ZnO with different

structures such as powder, films and porous diaphragm

have been widely studied in detail, which leads to the

discovery of many new properties of the semiconductor.

Recently, there has been a growing interest in ZnO

nanorods for their high surface area and specific crystal-

line orientation [1] and broad applications in many fields

such as solar cells [2], photodetectors [3], light-emitting

diodes [4], ultraviolet lasers [5], optical modulator wave

guides [6], and gas sensors, etc. [7]. Therefore, various

fabrication techniques have been employed to grow ZnO

nanorods. For example, Ref. [5] reported a vapor-liquid-

solid growth method, which uses an Au thin film as the

catalysts for the growth of the nanowires and the diameter

of the grown nanowires can be controlled by the sizes of

the Au nanocluster. Ref. [8] reported a synthesis of highly

ordered and narrow dispersive ZnO nanowires whose

diameter and length can be controlled by the anodic

alumina membranes (AAM) template. In addition, some

other methods, including electrochemical deposition

[9–11], chemical vapor deposition [12], and catalyst-

based chemical vapor deposition [13], have been also

employed to synthesize ZnO nanorods with a controlled

morphology. However, these mentioned methods are not

simple enough or need expensive equipments, which are

not suitable for commercial run to fabricate the ZnO

nanorods for various applications. Although ZnO nano-

rods derived from liquid growths have been also reported

in Refs. [14, 15], the details about the growing process

are still unclear.
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Here, we report a simple process to fabricate well-

aligned ZnO nanorods on the indium tin oxide (ITO) glass

through liquid phase epitaxy process from the mixture of

zinc nitrate and sodium hydroxide as precursory solution.

Before the epitaxy process, a highly preferred orientation

ZnO thin film is first prepared on the ITO glass by com-

bining a simple and low-cost sol–gel process and a spin-

coating technique. The effect of addition content of water

in the sol on the spin-coating process was studied. The

optimum temperature for obtaining the preferred orienta-

tion film along (002) plane is proved to be at 500 �C. The

resulting nanorods have single crystals with a terminal of

(002) plane, which is in parallel with the glass substrate.

The relationship between the morphology and the growing

conditions is discussed in detail. Results indicate that the

seed layer plays a crucial role in the liquid epitaxy process

of the ZnO nanorods. The diameter of the ZnO nanorods

seems to depend on the property of the seed layer, rather

than the growing time and temperature in the initial period

of the growing. On the contrary, the length of the nanorods

is determined by the growing time, the growing tempera-

ture and the concentration of Zn2? in the solution.

According to above these facts, a growth mechanism is

proposed to explain the growing process of the ZnO

nanorods as follows: The ZnO nanorod starts to grow along

(002) plane when the seed layer is immersed into the

supersaturate solution of Zn ion, this should be attributed to

the fact that the (002) plane has the highest surface energy

and growing velocity, as well as the intense induction and

space constraint of the dense seed layer. It should be

mentioned here that the most significant merit for our

method is cost-effective, simple, and suitable for mass

production of the ZnO nanorods.

2 Experimental

2.1 Materials

All the chemicals used in our experiment are analytical

pure and are purchased from Sinopharm Group Chemical

Reagent Co. Ltd. China.

2.2 Preparation of ZnO seed layer

ZnO thin film, which is used as seed layer for epitaxial

growth of the ZnO nanorod, was prepared by combining a

sol–gel process and a spin-coating technique. The solution

for ZnO thin film layer was prepared by following the steps

as reported in Ref. [16]. It should be stressed here that as

compared to Ref. [16], the only difference is that in order to

investigate the effect of water content in the solution on the

property of the resulted ZnO thin film, three kinds of sols

with different water contents were prepared, which include

that molar ratios of monoethanolamine (MEA): zinc ace-

tate: deionized water are: A = 1:1:0, B = 1:1:2, and

C = 1:1:4. Finally, the mixed solution was stirred for about

30 min at a temperature of 60 �C and then the mixed sols

were aged at room temperature for another 24 h. Prior to the

spin-coating process, the substrates including Si wafer and

ITO glass were ultrasonically cleaned in acetone and eth-

anol, respectively. The resultant sol was employed to fab-

ricate the thin film by the spin-coating process and the film-

coated samples were immediately put in a furnace at 200 �C

and 300 �C for about 5 min and 10 min, respectively. Then

the films were further heated at different temperature from

400 to 750 �C for 1 h. In order to study the relationship

between the seed layer and the morphology of the ZnO

nanorods, the ZnO thin films with different thickness were

prepared by multi-spin-coating process.

2.3 Liquid epitaxial growth of ZnO nanorods

The precursory solution for epitaxial growth was prepared

from zinc nitrate hexahydrate and sodium hydroxide. The

molar ratio of Zn2? to OH- is 1:20 and the concentration of

sodium is 0.8 M. The ITO substrates with and without seed

layers were immersed into the precursory solution perpen-

dicularly at different growth temperature and time. In order

to investigate the effect of the concentration of Zn2? in the

solution, the precursory solutions with different Zn2? con-

centrations were prepared to grow ZnO nanorods. Further-

more, zinc nitrate was replaced by zinc chloride and zinc

acetate, responsively, so as to investigate the effects of the

anions on the morphological properties of the ZnO nanorods.

2.4 Characterization

X-ray diffraction (XRD) analysis was employed to charac-

terize the orientation and crystallinity of the ZnO seed layer

and the resultant ZnO nanorods, using a D/max 2400 X

Series X-ray diffractometer. The X-ray radiation source

used was Cu Ka, obtained at 40 kV, 100 mA and the scan-

ning speed was 10o min-1 at a step of 0.02o. A field emission

scanning electron microscopy (JSM-6700F, JEOL Inc.,

Japan) was used to characterize the morphology of the ZnO

seed layer and the ZnO nanorods. The UV–Vis absorption

spectrum of the ZnO thin film was obtained from the thin

film deposited on ITO glass in the range of 250–800 nm by a

JASCO V-570 UV/VIS/NIR Spectrometer.

3 Results and discussion

It was noted that the solution C with an addition of much

water content became opacity seriously after aging 24 h in
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air, indicating that it is not suitable for fabricating the ZnO

thin film. That is to say, the amount of water added into the

sol is too much to keep the sol stable at a relative long time.

However, the solutions A and B are still transparent and

thus they were used to fabricate the seed layer on the ITO

glass by the spin-coating technique. It is found that some

macroscopic pore-like structures can be clearly observed

on the surface of all the film-coated samples if without

drying, and it is also noted that the density of the macro-

scopic pore-like structure seems to be related to the

humidity of environmental atmosphere. However, the

number of these pore-like structures in the thin film pre-

pared from the solution B is always less than that of the

thin film prepared from solution A. In addition to, few

pore-like structures was found if the thin films were dried

immediately after being spin-coated. One possible expla-

nation for this phenomenon is that the occurrence of these

pore-like structures is probably caused by the non-homo-

geneous coactions between the gels and water vapor in the

environmental atmosphere. Since some additional water is

added and thus the Zn ions hydrolyze more adequately as

compared to solution A, it is probably that the thin film

prepared from solution B suffers less from this coactions,

which results in much less pore-like structures. Whereas

the detail reason for this phenomenon is still unknown at

present stage. However, it should be stressed here that the

pore-like structures can be avoided by drying the samples

immediately after the spin-coating.

Figure 1 shows the XRD patterns of the ZnO thin films

obtained by different post-heat treatment temperatures for

1 h. It can be seen from those samples heated below

550 �C that only the peak at (002) can be observed and the

relative intensity of this peak increases obviously with an

increase of the heat treatment temperature from 400 to

500 �C, and reaches its highest point when the post-heat

treatment temperature is increased to 500 �C. However,

with further increase the post-heat treatment temperature to

550 �C or above, besides the diffraction peek at (002),

some other peaks at (100) and (101) can be also clearly

observed and the relative intensity of the peek at (002)

starts to decrease. These results indicate that the optimum

post-heat treatment temperature to obtain highly preferred

orientation ZnO thin films along (002) plane is at 500 �C

and the ZnO thin film obtained at present conditions shows

a wurtzite crystal structure. A highly preferred orientation

ZnO thin films along (002) plane can be obtained under

present processing conditions. A possible explanation is as

follows: The crystallization process can be considered as

an equilibrium process of the atoms’ disordered thermal

motion and ordered crystallization. Although the crystal-

lization of the thin film has a trend of along (002) plane, the

crystallization process at the beginning of the heat treat-

ment is random. With extension of the heat treatment time

and increase of the heat treatment temperature, atoms with

enough energy can get across the crystal boundary and the

random crystallization becomes preferred orientation,

provided that the heat treatment temperature is at a proper

value, until arrive at a balance process where all the crystal

grains grow along c axis. However, this balance can not be

arrived if either the heat treatment temperature is below or

above the certain proper value, since the energy of the

atoms’ thermal motion is either too low to get across the

crystal boundary or too high to maintain the balance. So

there is an optimum temperature to maintain this balance

and obtain the highly preferred orientation thin film.

The morphologies of the ZnO thin films obtained by

multi-spin-coating process are shown in Fig. 2. Figure 2a

shows a one-layer thin film and has a film thickness of

55 nm, and the thickness of the thin films in Fig. 2b and c

is 120 nm and 160 nm, respectively. It can be observed

from the insert of Fig. 2 that the average size of the seed

grain increases gradually with the increase of the thin film

thickness and reaches maximum as shown in Fig. 2c,

which is still less than 50 nm. Furthermore, the morphol-

ogy of the seed grain becomes clearer with the increase of

the thin film thickness. Figure 3 shows the UV–Vis

absorption spectrum of the as-prepared ZnO thin film

deposited on ITO glass by a single spin-coating process. It

can be seen that the ZnO thin film has a strong absorption

in the UV area, but the absorption in visible area is weak.

The absorption edge is about 375 nm, corresponding to a

band gap of 3.31 eV, which is very close to the intrinsic

band-gap.

Well-aligned ZnO nanorods were obtained on the ITO

glass by the liquid phase epitaxial growth process in a time

range from 0.5 to 4 h. It was noted that the nanorods with a

length of about 1.0 lm and an average diameter of about

40 nm can be easily obtained after a growing period for
Fig. 1 XRD patterns of the ZnO films prepared on Si substrates and

heated under different temperatures
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0.5 h at 80 �C. Figure 4 shows XRD pattern of the ZnO

nanorod grown in precursory solution at 80 �C for 1 h.

There is only an intense peak at (002) to have been clearly

observed, indicating that the grown ZnO nanorods are also

single crystals structure with a terminal along (002) plane

of the seed layer, which parallels with the ITO glass sub-

strate. That is to say, the highly preferred orientation ZnO

nanorods can be easily obtained under present process

conditions. Figure 5 shows the SEM images of the ZnO

nanorods grown on ITO at a temperature of 80 �C for

different time. Figure 5a and b presents the top view and

cross-sectional view of the ZnO nanorods grown for 1 h,

and Fig. 5c and d shows the top view and cross-sectional

view of the ZnO nanorods grown for 4 h, respectively.

Results from Fig. 5 indicate that well-aligned and faceted

ZnO nanorods with narrow size distribution in diameter

can be easily obtained, especially, the ZnO nanorods from

Fig. 5c shows a perfect hexagonal shape at (002) plane.

The length of the ZnO nanorods as shown in Fig. 5b and d

is about 2.8 and 3.7 lm, respectively. More detailed

experimental results indicate that the ZnO nanorods have

the highest growth rate along the c axis in the initial 1 h of

growing, but its length seems to remain little change even

the growing time is increased beyond 3 h. On the contrary,

the lateral growth velocity is much lower than the longi-

tudinal growth velocity, so that the diameter of the nano-

rods appears to be independent on the growing time,

provided that the growing time is less than 1 h. However, if

the growing time is further prolonged, the adjacent nano-

rods may coalesce together and result in some thicker

nanorods, which may be the reason of initiation of fortu-

itous section ZnO nanorods.

The ZnO nanorods grown under different temperatures

were also investigated. The results indicate that the growth

along c axis depends on the growing temperature obvi-

ously. For example, our result indicates that there is no

ZnO nanorod growth to have been observed at the tem-

perature of 40 �C or below. The nanorods grown at 65 �C

for 1 h show an average diameter of 90 nm and an average

Fig. 2 SEM images of the ZnO

films obtained by multi spin-

coating process a 1-layer, b 2-

layer, c 3-layer

Fig. 3 UV-Vis absorption spectrum of the ZnO film deposited on

ITO glass by a single spin-coating process

608 J Sol-Gel Sci Technol (2010) 53:605–612

123



length of 1.7 lm, and these values are turned to 100 nm

and 2.8 lm when the growing temperature is increased to

80 �C. Actually, the diameter of the nanorods only varies a

little in the range from 40 to 95 �C in our experiment,

which indicates that the growth velocity of (002) plane is

much more sensitive than that of those lateral planes. In

addition to, the ZnO nanorods grown on seed layers with

different thickness, which have crystal grains of different

sizes, were also studied in our experiment. Figure 6 shows

the morphologies of the ZnO nanorods grown from those

seed layers with different thickness. Generally speaking,

the thicker the thickness of the seed layer is (crystal grain is

bigger), the thicker the nanorods grow. These indicate that

the diameter of the nanorods is determined by the size of

the seed grain at the initial growing period to some extent.

In order to study the relationship between the seed layer

and the obtained ZnO nanorods, ITO substrate without

deposited seed layer was employed to grow ZnO nanorods.

Result indicates that no any nanorods were observed on the

substrate, which agrees with that as reported in Ref. [15].

This suggests that the seed layer is a critical issue for the

growth of the ZnO nanorods in liquid growth process. To

explore the effect of the seed layer on the ZnO nanorods

more clearly, the growing time was shortened to 0 (just

heated the water from room temperature to 80 �C) and

5 min, respectively, and Figs. 6 (d) and (e) show the SEM

images of the resultant nanorods from the seed layer pre-

pared by three times spin-coating process. As compared

with the SEM image of the corresponding seed layer as

shown in Fig. 2 (c), it can be seen that during the first few

minutes, the nanorods have an average diameter almost the

same as the seeds, which can be attributed to the epitaxy

growth along the surface of the seeds. However, when the

growing time was prolonged to 30 min, the diameter of the

nanorods as shown in Fig. 6 (c) becomes larger than that of

the seeds, indicating the growth along lateral. According to

Ref. [14], this phenomenon results from the strain relaxa-

tion of the seeds. It should be noted that the lateral growth

rate in our experiment is not as high as that as reported in

Ref. [14]. Such difference may be related to the different

Fig. 4 XRD pattern of the ZnO nanorod grown on ITO glass in

precursory solution at 80 �C for 1 h

Fig. 5 SEM images of the ZnO

nanorods grown on ITO glass in

precursory solution at 80 �C for

different time. a and b: 1 h;

c and d: 4 h
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fabrication process of the seed layer, which results in dif-

ferent stress in the seeds. It can be concluded based on

above these results that the properties of the seed layer are

of great importance for the growing process of the

nanorods.

In order to investigate the effect of the concentration of

Zn2? in the solution on the morphological properties of the

obtained nanorods, two kinds of precursory solutions with

a Zn2? concentration of 0.02 M and 0.06 M, respectively,

were synthesized to grow ZnO nanorods. Results show that

there are no any nanorods to have been observed on the

surface of the seed layer immersed in the precursory

solution with a Zn2? concentration of 0.02 M after 1 h at

80 �C. Figure 7a shows a SEM image of the sample

obtained in solution with a concentration of 0.06 M. It can

be observed that the adjacent nanorods coalesce together,

which looks like a ZnO film rather than a ZnO nanorod. It

indicates that it is very difficult to obtain highly-ordered

nanorods from the solution with a Zn2? concentration of

0.06. A possible explanation for these phenomena is as

follows: in the solution with a Zn2? concentration of

0.02 M, there are so few Zn2? ions (or Zn(OH)4
2-) that

their thermal motions are not able to break the balance of

the solution, thus no nucleus of ZnO crystal can form,

resulting in that the growth of the nanorods is impossible.

On the contrary, when the concentration of Zn2? is

increased to 0.06 M, the balance of the solution is

destroyed totally at the very beginning of the growing

process. That is to say, so many nucleuses are formed

around the seed layer that the epitaxy growing along (002)

phase of the ZnO crystal is disturbed seriously, which leads

to the adjacent nanorods growth together. These results

indicate that the concentration of Zn2? in the precursory

solution has an important impact on the morphology of the

resultant ZnO nanorods. Further, zinc chloride and zinc

acetate were also chosen as the substitutes of zinc nitrate to

Fig. 6 SEM images of the ZnO

nanorods grown on seed layers

with different thickness for

different time. a, b and c: grown

on seed layers with a thickness

of 55, 120, 160 nm for 0.5 h,

respectively; d and e: grown on

seed layer with a thickness of

160 nm for 0 and 5 min,

respectively
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study the effect of the anions in the solution on the mor-

phology of the nanorods. Figure 7b shows the image of the

nanorods grown in precursory solution prepared by zinc

chloride at a growth temperature of 80 �C for 1 h. The

nanorods are about 4.5 lm in length, which is much longer

than those grown in precursory solution prepared by zinc

nitrate at the same conditions. However, there is no much

difference in the average diameter between them. The

similar results were also found in those nanorods grown

from zinc acetate precursory solution. It should be men-

tioned here that the growth of the nanorods is also

impossible from the precursory solution prepared either by

zinc chloride or by zinc acetate, provided that the con-

centration of Zn2? is decreased to 0.02 M, which further

demonstrates that the concentration of Zn2? is a critical

issue in the liquid growing process of the ZnO nanorods. It

can be concluded based on above these results that the

anion in the solution can affect the growth process of the

ZnO nanorods seriously, though the detailed reason for this

phenomenon is unknown now and further study is being

done in our laborary.

It should be mentioned here that the pH value of the

precursory solution employed in our experiment is between

13.15 and 13.66 and the form of zinc ion is Zn(OH)4
2-

predominantly. The Zn(OH)4
2- ion can exist stably in the

solution at room temperature, which should be attributed to

the Coulomb force and hydration sphere surround it [17].

However, with an increase of the growing temperature,

these ions’ thermal motion becomes more drastic and

makes them easer for the ions to react each other. Since

(002) plane is formed by Zn atoms with a –OH terminal

[18], the Zn(OH)4
2- ion is more likely to react at the

interface between the ion and the solution. In summary,

chemical reactions may occur at the interface between the

crystal and the solution as follows [19, 20]

ZnðOHÞ2�4 ! ZnðOHÞ2 þ 2OH�

ZnðOHÞ2 ! 2Hþ þ ZnO2�
2

Zn2�
surface þ ZnO2�

2solution ! 2ZnOcrystal

As reported that the growth velocity of ZnO crystal with

wurtzite structure under hydrothermal conditions is

Vð0001Þ[ Vð0110Þ[ Vð1000Þ [21]. In addition, it is also

possible that the induction and the space constraint of the

dense seed layer make the epitaxial growth along lateral

much more difficult. These indicate that the growth process

of the ZnO nanorods may be an epitaxy along (002) plane

of the seed layer due to above–mentioned these reasons,

but if the growing time is long enough, those adjacent

nanorods may coalesce together and result in thicker and

fortuitous section ZnO nanorods.

4 Conclusions

ZnO nanorods have been successfully grown on ITO glass

by the liquid epitaxy process. XRD results indicate that the

optimum heat treatment temperature for a preferred ori-

entation seed film along (002) plane is 500 �C, and the

resulting nanorods have a single crystal structure with a

terminal plane of (002). Effects of the seed layer, the

growing time, the growing temperature, the concentration

of Zn2? in the solution and the anions in the solution on the

resulting ZnO nanorods have been also investigated.

Results indicate that the length of the resulting nanorods

depends on the growing time and the growing temperature

highly. However, the diameter of the nanorods seems to be

determined by the size of the seed grain at the initial

growing period. The probable reason of this phenomenon is

that the (002) plane has the highest surface energy and the

Fig. 7 a SEM image of the ZnO nanorods grown in a precursory

solution with a Zn2? concentration of 0.06 M for 1 h at 80 �C; b SEM

image of the ZnO nanorods grown in a precursory solution with a

Zn2? concentration of 0.04 M prepared by zinc chloride for 1 h at

80 �C
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growing velocity, as well as due to the induction and the

space constraint of the dense seed layer.
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