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Abstract The effect of annealing temperature on the

structural morphology and optical properties of preferential

nonpolar plane orientated ZnO thin films on Si (100)

substrates by single source chemical vapor deposition

(SSCVD) was investigated. The structural and morpho-

logical properties of the films were characterized by X-ray

diffraction (XRD) and atomic force microscope (AFM)

measurements respectively. All the ZnO films annealed at

the selected temperatures (500–800 �C) exhibiting a–b axis

orientation, but with preferential nonpolar (100) plane

orientation. It is found that the intensity of the (100) peak

depends strongly on the annealing temperature, while that

of (101) peak shows a variation in a very small scale. The

surface morphology demonstrates that the film is of the

uniform grains except for that annealed at 800 �C, for the

aggregation of the ZnO particles occurred. The film shows

a superior smooth surface annealed at 600 and 700 �C in

comparison with other thermal annealed. It is also found

from the photoluminescence(PL) measurements that the

film annealed at 700 �C exhibits the lowest deep-level

emission(DLE). However, the intensity of the near band

edge emissions (NBE) and DLE show a wavelike variation,

which are consistent to the variation of the intensity of

(100) peak in the XRD results.

Introduction

ZnO is a promising material for light emitters in the UV

region. Compared to other wide bandgap semiconductors,

ZnO has a larger exciton binding energy (60 meV) [1],

which provides more efficient excitonic emissions at room

temperature. Thus the fabrication of ZnO thin films has

attracted considerable attention. There are many different

deposition techniques, such as molecular beam epitaxy

(MBE) [2], sputtering [3], pulsed laser deposition (PLD)

[4], metal organic chemical vapor deposition (MOCVD) [5,

6], atomic layer deposition (ALD), [7, 8] and also a novel

single source chemical vapor deposition (SSCVD) [9, 10,

11]. But according to the reports, the ZnO thin films are

always fabricated with polar c-axis orientation. The polar

ZnO can induce electric fields along the growth direction

and resulted in quantum confined Stark effect (QCSE) and

poor transition probability, which is harmful for light

emitting device applications. Therefore, nonpolar films are

needed for future applications of ZnO for light emitting

devices. Among these methods, SSCVD technology is

promising to fabricated non-polar ZnO thin films using a

single solid organic zinc source as precursor. Different

precursors used may result in the different crystal

orientation of ZnO thin films.

In general, thermal annealing is an important tool to

modify the properties of films, and the crystal and optical

properties of the films are always improved for the effi-

ciency of LED or LDs. There are many reports about the

effects of annealing on the c-axis orientation ZnO films,

but little research on a–b axis orientation ZnO films. In this

study, we fabricated a–b axis orientation ZnO thin films on

silicon (100) substrates using a single solid organic zinc

source (Zn4(OH)2(O2CCH3)6�2H2O) by SSCVD technol-

ogy, and investigated the effect of annealing temperature
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on the structural morphology and optical properties of the

films.

Experiment

The ZnO thin films deposition was performed in the

SSCVD system as reported [9]. The base pressure for

the system was 1.5 · 10-5 Torr. During the deposition, the

precursor sublimated from a resistively heated Knudsen

cell with a temperature of 220 �C and the silicon (100)

substrates with the temperature 450 �C, deposited for about

45 min. Then the films were inserted into a furnace and

annealed at various temperatures between 500 and 800 �C

in air for an hour, then cooled to room temperature natu-

rally inside the furnace. All the films with uniform

thickness of about 500 nm were examined by the

cross-section of scanning electron microscopy.

The crystalline structures of the ZnO thin films annealed

were investigated using a Philips X-ray diffraction (XRD)

apparatus with CuKa radiation (0.15408 nm) in the h–2h
mode, the surface morphologies were characterized by a

Dimension-3000 atomic force microscope (AFM), and the

PL of the films were measured at room temperature by

the fluorescence spectrophotometer (SHIMADZU, RF-

5301PC) using a Xe lamp (150 W) as a light source, and

the exciton wavelength was chosen to be 340 nm.

Results and discussion

XRD profiles of the ZnO thin films on silicon substrates

annealed at various temperatures are shown in Fig. 1. It is

found that all the films have a polycrystalline hexagonal

wurtzite structure with (100) and (101) orientation [12],

i.e., a–b axis orientation. But all show the preferential

nonpolar (100) and relatively weak (101) orientation.

Table 1 shows the intensity value and the ratio (I(100)/

I(101)) of the two peaks at different annealed temperatures,

the RMS roughness of the film is also listed for discussion

as following: At the annealing temperature range of 500–

700 �C, the intensity of the (100) peak increases and then

decreases with increasing temperature. While temperature

increased to 800 �C, it increases again. Although the

intensity of the (101) peak varies in a similar manner, it

varies in a very small scale in contrast with (100) peak.

These results are also proved by the variety trend of the

ratio (I(100)/I(101)) with the annealing temperature as dis-

played in Fig. 3, the ratio increases from 3.11 at 500 �C

to 4.30 at 800 �C, but with value of 4.13 at 600 �C, then

decreases to 3.76 at 700 �C, just as the variety trend of

the intensity of (100) peak. It indicates that the intensity

of the (100) peak and the ratio of I(100)/I(101) depends

strongly on the annealing temperature, which shows the

dominant difference from that of c-axis orientation ZnO

thin film [13, 14]. And it is also interestingly found that

the similar behavior can be observed in the variety of

NBE and DLE intensity, as shown in the PL spectra will

be discussed.

Tapping mode AFM was used to study the surface

structure of the films. Figure 2 presents the surface mor-

phologies of ZnO thin films with various annealing

temperatures. It is observed that the grains are uniformly

grown and distributed with the annealing temperatures

from 500 to 700 �C. But as the temperature increases to

800 �C, there appears the aggregation of particles, this

phenomenon can be attributed to a thermally activated

coarsening process arising when excess thermal energy

supplied [15, 16]. And the AFM study also reveals the

influence of annealing on the surface roughness of the

films, the roughness value is listed in Table 1, with the

data accuracy of ±2%. Figure 3 shows that RMS
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Fig. 1 XRD patterns for ZnO films annealed at various temperatures

Table 1 Annealing effect on XRD parameters and RMS roughness

of surface morphology

ZnO film I(100) I(101) I(100)/I(101) RMS (nm)

Annealing temperature (�C)

500 312.59 100.40 3.11 16.31

600 624.75 151.23 4.13 10.41

700 436.36 115.83 3.76 10.05

800 539.65 125.42 4.30 15.22
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roughness of the films as a function of annealing tem-

perature, the roughness decreases between 500 and

600 �C, is constant or so at 600 and 700 �C, and sharply

increases at 800 �C.

The annealing effect on the ZnO films was also inves-

tigated by room temperature PL measurement. Figure 4

shows the PL characteristics of the films at the selected

annealing temperatures, a UV NBE peak around 387 nm

and a broad DLE band located in the visible region at the

low energy part are observed. The NBE corresponds to the

exciton emission, the intensity of the NBE increases and

then decreases with increasing temperature in range (500–

700 �C), then increases at 800 �C, the insert in Fig. 4 is the

magnified NBE peak, the intensity of which varying with

the annealing temperature is consistent to the variation

trend of the intensity of (100) peak in the XRD results. A

similar manner observed in DLE, while the DLE of ZnO

thin film is located in the visible region of a broad blue

luminescence band, which is different from the reports

about c-axis orientation ZnO film always with DLE of

green luminescence [17]. The broad blue emission band is

always believed to come from intrinsic or dopant-induced

defects in ZnO [18], and the blue PL curve at 600 �C

shifted upward much contrast with other three curves, may

attribute to that the special annealing temperature can

induce defects. And it is found from the PL measurements

that the film annealed at 700 �C exhibits the weakest DLE

peak. However, the DLE related defects cannot be removed

by annealing, as the temperature increases to 800 �C, the

PL peak in the broad blue luminescence region increases

along with the NBE again, this phenomenon suggests that

the DLE related defects can be suppressed, also can be

favored through annealing. The variation of the UV and

visible emission intensity may be attributed to the

annealing temperature effect on the structure of ZnO films.

Fig. 2 AFM images of ZnO

films annealed at different

temperatures: (a) 500 �C, (b)

600 �C, (c) 700 �C, (d) 800 �C
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Fig. 3 Annealing effect on RMS roughness and XRD parameters

(I(100)/I(101)) of ZnO films
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Conclusions

In this article, the influence of annealing on the properties

of preferential nonpolar plane orientation ZnO thin films

was presented. The results reveal that the intensity of dif-

fraction peak of nonpolar (100) plane depends strongly on

the annealing temperature, while that of (101) peak show

variation in a very small scale at the selected annealing

temperatures, which is also proved by the variation of the

ratio of I(100)/I(101). It is clearly found that annealing can

change the surface structure and surface morphology, the

film shows the uniform grains except for annealed at

800 �C, for the aggregation of the ZnO particles in high

temperature. And the surface roughness of ZnO thin film

decreases with increasing temperature, but the surface

morphology becomes worse as increased to 800 �C.The

effects of annealing temperature on the films structure are

some causes for the variation in the optical properties. It is

observed from the PL measurements that the film annealed

at 700 �C exhibits the smallest DLE. However, the inten-

sity of the UV NBE shows a wavelike variation, which is

consistent to the variation of the intensity of (100) peak in

the XRD results. It is deduced that the properties of a–b

axis orientation ZnO thin film strongly depend on the

annealing temperature, which shows the dominant differ-

ence from that of c-axis orientation ZnO thin film. Thus,

the study of thermal annealing is significant for modifying

the properties of preferential nonpolar plane orientation

ZnO films, and for further improving the efficiency of

optoelectronic devices.
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