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a b s t r a c t

Polycrystalline ZnO films were fabricated using rf magnetron sputtering under different oxygen flow
rates (PO). The surface morphology of the films can be affected by changing PO, and the average surface
roughness decreases with the increasing PO. The increasing PO can improve the grain growth with (0 0 2)
orientation. Typical ZnO infrared vibration bands have been observed at 408 and 513 cm−1, and the full
width at half maximum of the infrared peak decreases with the increase of PO due to the improved crys-
tallinity. The optical band gap (Eg) of the polycrystalline ZnO films increases from 3.22 eV at PO = 0 sccm
to 3.25 eV at PO = 10 sccm because the defects decrease with the increasing PO. The photoluminescence
peaks in the region of 2.4–2.7 eV are from the transition between conduction band edge and oxide antisite
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defects (OZn), and also be influenced by oxygen vacancies (VO).
© 2009 Elsevier B.V. All rights reserved.
ptical properties
rystal structure and symmetry

. Introduction

ZnO with wide band gap (3.37 eV) and large binding energy
60 meV) has attracted considerable attention from both funda-

ental and application points of view, such as solar cells, blue
nd ultraviolet light emitting devices [1–4]. Furthermore, ZnO
anostructures can also be used in various applications such as
anowire, nanolasers, biosensors and field emission devices [5].
iezoelectric properties of ZnO are being explored for fabrication
f various pressure transducers, acoustic and optoacoustic devices
6]. Zn vacancies induced magnetic order in the pure ZnO films
as been reported by Khalid et al. [7]. With the development of
aterial science, ZnO will offer more applications in the associ-

ted fields. Nano-size polycrystalline and epitaxial ZnO films have
een extensively fabricated by using several methods including
ulse laser deposition [8,9], molecular beam epitaxy [10–12], mag-

etron sputtering [13,14], oxidation of metallic zinc films [15],
ol–gel method [16], etc. The surface morphology, microstructure,
lm growth, electrical and optical properties of ZnO films can be
ffected by the experimental conditions, such as substrates, fab-

∗ Corresponding author. Tel.: +86 22 23679372; fax: +86 22 23679457.
E-mail address: wangxccn@126.com (X.C. Wang).
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rication methods, oxygen flow rate, and element doping [17–21],
which can be ascribed to the change of the defects in the films. It
is well known that the sputtering technology is an effective and
the most widespread method for fabricating thin films in indus-
try nowadays, and the oxygen flow rate can affect the intrinsic
defects in the ZnO films during the film deposition significantly.
In this paper, polycrystalline ZnO films were fabricated using rf
magnetron sputtering from ZnO target under different oxygen
flow rates. Morphology, microstructure and optical properties of
the polycrystalline ZnO films are investigated systematically using
atomic force microscopy, X-ray diffraction, infrared spectroscopy,
UV–vis transmission spectroscopy, and photoluminescence spec-
troscopy.

2. Experimental details

Polycrystalline ZnO films were fabricated using rf magnetron sputtering method
at room temperature from ZnO target in Ar and O2 gas mixture on glass and Si
(1 0 0) wafers with natural oxide layer. The base pressure of the chamber reached
6.0 × 10−6 Pa or better. During the film deposition, the total pressure of sputtering

gas was kept at 1.0 Pa (100 sccm) and the O2 flow rate (PO) was changed from 0
to 10 sccm. The film thickness was about 300 nm determined using a Dektak 6 M
surface profiler. The morphology, structure, and chemical states of the films were
characterized using atomic force microscopy (AFM), X-ray diffraction (XRD), and
Fourier transform infrared spectroscopy (FTIR, Brucker 8 V). The UV–vis transmis-
sion spectra were measured using the UVPC spectrophotometer system (Shimadz

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wangxccn@126.com
dx.doi.org/10.1016/j.jallcom.2009.08.089
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Fig. 1. AFM images of the polycrystalline ZnO films fabricated

101 PC). Photoluminescence spectra (PL) were used to study luminescence proper-
ies of the films recorded by a Hitachi F-4500 fluorescence spectrophotometer with
enon lamp as the excitation light source at room temperature.

. Results and discussion

.1. Morphology and microstructure

Fig. 1 shows the AFM images of the polycrystalline ZnO films
abricated at different PO. From this figure, one can see that at
O = 0 sccm, the film surface is composed of uniform clusters with
size of 500 nm, and the clusters are composed of several uni-

orm 200-nm islands. For observing the surface morphology of the
lm clearly, the large-scale AFM image of the film fabricated at
O = 0 sccm is given in Fig. 2. From Fig. 2, one can see that the islands

n the film surface are so uniform, and the distance between the
arge clusters is similar, but the film surface is not so smooth. At
O = 2 sccm, there are some rods with the diameter of about 200 nm
n the film surface, and the rods are separated with the large dis-
ance of 300–2000 nm and arbitrary distribution. The film surface
fferent PO, (a) PO = 0 sccm, (b) PO = 2 sccm, and (c) PO = 6 sccm.

looks more smooth, and the longitudinal height is in the scale of
10 nm. As PO increases to 6 sccm, no obvious islands can be observed
on the film surface, and the film surface is so smooth in the scale of
5 nm. The average surface roughness Ra is defined as the arithmetic
average deviation from the mean line within the assessment length
L

Ra = 1
L

∫ x=L

x=0

|y|dx, (1)

where x is the displacement along the lateral scan direction and y is
the vertical fluctuation. The average surface roughness of the films
decreases from 5.155 nm at PO = 0 sccm to 0.419 nm at PO = 6 sccm.
The surface morphology should be determined by crystal growth

mechanisms and the diffusion behavior during the film deposition.
In the present samples, the change of the oxygen flow rate can affect
the crystal growth and diffusion of the atoms/ions deposited on
the substrates, so the surface morphology of the films fabricated at
different PO is different.
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[28]. The decreasing FWHM with the increasing PO shows that
the vibration energy becomes narrower, which suggests that the
crystallinity of the sputtered ZnO films is improved as PO increases.
ig. 2. Large scale AFM images of the polycrystalline ZnO films fabricated at
O = 0 sccm.

For investigating the crystallization and the growth orientation
f the ZnO grains in the films, Fig. 3 presents the XRD patterns of
he polycrystalline ZnO films fabricated at different PO. The wide
ignal presented between 20◦ and 40◦ is from the glass substrates.
rom Fig. 3(a), the strongest peak situates at 34.5◦ corresponding
o wurtize ZnO (0 0 2), and the intensity ratio of the peaks from
ifferent orientations is not the same as that of ZnO powders with-
ut a certain orientation. The other diffraction peaks are from ZnO
1 0 1), (1 0 2), (1 0 3), (2 0 1) and (0 0 4). However, the intensity of
1 0 1) and (1 0 3) peaks is larger than that of (0 0 4) peak. So the
nO film fabricated at PO = 0 sccm does not grow with (0 0 2) orien-
ation, and the orientation of the ZnO grains in the film is random.
t PO = 1 sccm, there are only two obvious diffraction peaks from

0 0 2) and (0 0 4) planes. The shoulder at 36.4◦ and a small peak
t 62.7◦ are from (1 0 1) and (1 0 3) planes, as shown in Fig. 3(b).
ith the further increase of PO, the shoulder at 36.4◦ and the peak

t 62.7◦ disappear gradually, and only the peaks from ZnO (0 0 2)
nd (0 0 4) can be observed in Fig. 3(c)–(g), suggesting that the films
abricated at higher PO grow with (0 0 2) orientation. The enhanced
0 0 2) orientation growth by increasing PO was also observed in
he ZnO films fabricated by sputtering Zn target in the Ar and O2
as mixture [22], so the (0 0 2) orientation growth by increasing
he PO can be ascribed to the decrease of oxygen vacancies. It is
ell known that the full width at half maximum (FWHM) of the
iffraction peaks can be affected by the grain size and strain. In
ig. 3, with the increase of PO, the FWHM of the diffraction peaks
ecreases, showing the increased ZnO grain size and/or weakened
train in the films with the increasing PO.

Wurtzite ZnO belongs to the space group C4
6v with two formula

nits in the primitive cell. The optical phonons at the � point of

he Brillouin zone have the following irreducible representation
23,24]

opt = 1A1 + 2B1 + 1E1 + 2E2, (2)
ompounds 488 (2009) 232–237

where A1 and E1 modes are polar and split into transverse (TO)
and longitudinal optical (LO) phonons, and they are both infrared
and Raman active [25]. The nonpolar E2 modes are Raman active
only. For investigating the Zn–O bonds, the FTIR spectra of the poly-
crystalline ZnO films fabricated at different PO are shown in Fig. 4.
Theoretical calculation results show a strong IR band at 406 cm−1

and one of small intensity at 580 cm−1 for slab-type ZnO particles
(c/a � 1) [26]. Hayashi et al. analyzed the surface phonon modes of
ZnO small crystals using the FTIR spectra [27]. The FTIR spectra of
the ZnO films on Si substrates show a strong peak at 408 cm−1 and
two weak peaks at 513 and 567 cm−1 [28]. In the present FTIR spec-
tra, the peaks are mainly situated at 276, 408, 513 and 595 cm−1.
The peaks located at 408 and 513 cm−1 are from Zn–O bonds, which
is consistent with the previous report [28]. The other two peaks
observed at 276 and 595 cm−1 are the results of the host lattice
defects. In addition, at PO = 0 sccm, the peak near 408 cm−1 shifts
to 418 cm−1, and there appears such a weak peak at 380 cm−1

because the optical modes of the Zn–O bonds can be decided by
the bond length, bond angle, bond strength, and atomic coordi-
nation numbers [29]. There are defects in the films fabricated at
PO = 0 sccm so that the bond length, bond angle and bond strength
of the Zn–O bonds can be affected. When the bond strength is
enhanced, the peak shifts to 410 cm−1, and the peak is at 380 cm−1

as the bond strength is weakened. The FWHM of the peak situated
at 408 cm−1 decreases with the increase of PO but no significant
change in the peak position is observed. The FWHM values of the
peaks at 408 cm−1 are given in Table 1. Larger FWHM value indi-
cates wider distribution of vibration energy of the Zn–O bonds
Fig. 3. XRD patterns of the polycrystalline ZnO films fabricated at different PO,
(a) PO = 0 sccm, (b) PO = 1 sccm, (c) PO = 2 sccm, (d) PO = 4 sccm, (e) PO = 6 sccm, (f)
PO = 8 sccm, and (g) PO = 10 sccm.
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ig. 4. FTIR spectra of the polycrystalline ZnO films fabricated at different PO.

.2. Optical characteristics

Fig. 5 shows transmission spectra of the polycrystalline ZnO
lms fabricated at different PO. The spectra of the films show wave-

orms (ripples), which is the characteristic of the interference of
ight. The transmission spectra in the visible optical region are

ransparent, and the transmittance maxima of the polycrystalline
nO films are near 90%. Due to the fundamental absorption in the
icinity of the band gap, the transmittance decreases sharply as the
avelength reaches the ultraviolet range. It can be found that the

able 1
he full width at half maximum (FWHM) of FTIR peak at 408 cm−1 from the poly-
rystalline ZnO films.

PO (sccm) 0 1 2 4 6 8 10
FWHM (cm−1) 83 69 67 64 57 53 50

ig. 5. Transmission spectra of the polycrystalline ZnO films fabricated at different
O.
Fig. 6. Dependence of (˛h�)1/2 on photon energy for the polycrystalline ZnO films
fabricated at different PO. The inset gives the derived optical band gap value.

absorption edge shifts monotonically to the shorter wavelength as
PO increases, which is correlated to the change in the optical band
gap value. It is well known that the absorption edge of the glass sub-
strates are much smaller than that of ZnO, so the absorption edge
shown in Fig. 5 is from the ZnO films, but not from glass substrates.
The optical band gap Eg can be derived from the absorption coef-
ficient ˛ calculated as a function of incident photon energy E(h�).
Near the absorption edge, ˛ can be expressed as [30,31]

˛ = − ln(T)
d

, (3)

where d is the film thickness. The optical band gap Eg can be derived
from the expression of [30,31]

˛ h� ∝ (h� − Eg)m, (4)

where m = 0.5 for the direct allowed transition. Fig. 6 presents the
dependence of (˛h�)1/2 on photon energy for the polycrystalline
ZnO films fabricated at different PO. The Eg value can be obtained
by extrapolating the linear portion to the photon energy axis, as
shown in the inset of Fig. 6. There is substantial variation in the val-
ues of the optical band gap quoted for ZnO films, and there are three
distinct values quoted for ZnO single crystals of 3.1, 3.2 and 3.3 eV.
Whilst it can be argued that the higher value must correspond to
the true band gap [32]. The variability in the reported values of the
band gap in the films can be rationalized on the basis of the pres-
ence of growth stresses, thermal expansion mismatch stresses and
dopants [30]. The derived optical band gaps of the present films
ranging from 3.2 to 3.3 eV are smaller than that of single crystalline
ZnO with the band gap of 3.3 eV. Meanwhile, with the increase of PO,
the optical band gap value increases from 3.22 eV at PO = 0 sccm to
3.25 eV at PO = 10 sccm. Srincant et al. [30] reports a valence band-
donor transition at 3.15 eV, which suggests that the presence of
vacancies and dopants decreases the band gap of ZnO films. There-
fore, the increase of band gap of the present ZnO films with PO may
be due to the decrease of the defects.

Fig. 7 displays the PL spectra of the polycrystalline ZnO films
fabricated at different PO. Each PL spectrum has been deconvoluted
into multipeaks. The fitted peak positions are mainly at 2.46, 2.65,
2.74, 2.81, 2.90, 2.99, 3.09 and 3.20 eV, and smaller than the band
gap energy of ZnO film (3.3 eV), which should be related to a local
level in band gap due to the presence of defects. At different PO, the
peaks at a certain energy disappear due to the different local level
in the band gap as PO changes. The broad blue emission peak near

2.4–2.7 eV are usually observed, which extends in both directions
to green light and near UV band (See Table 2). The blue green light
may originate from the electron transition from the bottom of con-
duction band to oxygen antisite (OZn) level [33] because the energy
gap between the bottom of conduction band to OZn level is 2.38 eV,
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ig. 7. Photoluminescence spectra of the polycrystalline ZnO films fabricated at
ifferent PO, (a) PO = 0 sccm, (b) PO = 1 sccm, (c) PO = 2 sccm, (d) PO = 4 sccm, (e)
O = 6 sccm, (f) PO = 8 sccm, and (g) PO = 10 sccm.

hich is well consistent with the energy of blue green light but dif-
erent from the energy interval of other defects. According to the
rst principle calculation, the oxygen vacancies are easy to form for

ts low formation energy and the oxygen vacancies combine with
he vacancies in the valance band after capturing photo-induced
lectrons, which gives rise to blue green luminescence [34]. After
he oxidation at 600 ◦C, no deep level or trap state defect emis-
ion in the green region can be observed, indicating the absence of
nterstitial zinc or oxygen vacancies in the films [35]. A blue shift in
iolet emission with the reduction in crystal size of ZnO nanorods
36]. Especially, the quasi-LO phonon mode is related to the spe-
ific defects those strongly affect the optical properties of materials
uch as ZnO [37]. The greatest Raman shift to lower wave num-
er for the ZnO annealed in ambient atmosphere was observed,
hich suggests that it has the largest concentration of defects that

ay be related to the green light emission [37]. The near UV emis-

ion peak at 384 nm (3.24 eV) is also observed in the PL spectra of
he ZnO films incorporated with low nitrogen contents [38], which
orresponds to the band gap of bulk ZnO, which is from the recom-

able 2
he photoluminescence (PL) peak position of the ZnO films fabricated at different
2 flow rate (PO).

PO (sccm) 0 1 2 4 6 8 10

Peak position (eV) 2.47 2.46 2.46 2.47 2.47 2.46 2.47
2.65 2.67 2.66 2.64 2.65 2.66 2.67
2.73 2.74 2.75 – 2.73 2.76 2.75
2.81 2.80 2.81 – – – 2.82
– 2.89 2.89 2.92 – – 2.90
– 2.97 3.00 2.99 – – –
3.09 – – 3.09 3.08 3.12 –

3.19 3.22 – 3.18 3.19 3.20

[
[
[

[
[

[
[

[
[
[

[
[

[
[

[

ompounds 488 (2009) 232–237

bination of free excision. All of these suggest that the blue green
luminescence has a close relation to the Vo.

All the polycrystalline ZnO films fabricated at different PO have a
high resistivity larger than 107 � m near our experimental extreme
of physical property measurement system so that the Hall effect
cannot be measured precisely and the carrier type cannot be deter-
mined.

4. Conclusions

The morphology, structure and optical properties of the poly-
crystalline ZnO films fabricated using magnetron sputtering under
different PO have been investigated in details. The surface morphol-
ogy of the films is affected by PO. The increase of PO can improve
the growth with (0 0 2) orientation. Typical ZnO infrared bands have
been observed at 408 and 513 cm−1. The optical band gap (Eg) of
the polycrystalline ZnO films increases from 3.22 to 3.25 eV as PO
increases from 0 to 10 sccm because the defects decrease with the
increase of PO. The blue photoluminescence peaks in the energy
range from 2.4 to 2.7 eV come from the transition between conduc-
tion band edge and oxide antisite defects, and oxygen vacancies.
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