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Zinc oxide thin films were prepared by thermal oxidation of zinc films at a
temperature of 500�C for 2 h. The Zn films were deposited onto glass sub-
strates by magnetron RF sputtering. The sputtering time varied from 2.5 min
to 15 min. The physico-chemical characterization of the ZnO films was carried
out depending on the Zn sputtering time. According to x-ray diffraction, ZnO
films were polycrystalline and the Zn-ZnO phase transformation was direct.
The mean transmittance of the ZnO films was around 80% and the band gap
increased from 3.15 eV to 3.35 eV. Photoluminescence spectra show ultravi-
olet, visible, and infrared emission bands. The increase of the UV emission
band was correlated with the improvement of the crystalline quality of the
ZnO films. The concentration of native defects was found to decrease with
increasing Zn sputtering time. The decrease of the electrical resistivity as a
function of Zn sputtering time was linked to extrinsic hydrogen-related de-
fects.
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INTRODUCTION

Among the transparent and conductive oxides
(TCO), zinc oxide (ZnO) is a promising material for
different applications in the optoelectronic field
such as: transparent electrode in displays,1 window
layer in solar cells,2 ultraviolet laser emission,3

piezoelectricity,4 bio-sensors,5 short wavelength
light emitting diodes and information technology.6

This material is a n-type semiconductor and has a
direct band gap of 3.37 eV at room temperature.7

Because of its interesting properties, many works
were focused on the elaboration of ZnO films by
several methods such as magnetron sputtering,8

molecular beam epitaxy,9 chemical vapor deposi-
tion,10 pulsed laser deposition (PLD),11 chemical
bath deposition (CBD),12 spray pyrolysis,13 sol–

gel,14 electrochemical deposition,2 hydrothermal
growth15 and thermal decomposition.16

Another process to obtain ZnO films is the
thermal oxidation of metallic Zn layers which takes
advantage of its simplicity of the process. For
example, ZnO thin films were obtained by thermal
oxidation of ZnS thin films deposited by both
chemical baths17 and SILAR18 methods and, also
by thermal oxidation of Zn films deposited by
vacuum evaporation method.19 The optoelectronic
properties of ZnO films attracted the interest of
many researchers due to its above cited applica-
tions.20,21 The luminescence mechanism in ZnO is
still not well understood, in spite of the extensive
experimental and theoretical works done
before.22–28 There is a big controversy as regards
of the origin of the different emission bands.29 This
controversy is generally due to the presence of many
defects emitted at the same time.29 For the green
emission around 516 nm, native defects (oxygen
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vacancies VO
22,28 and zinc vacancies VZn

27) and
impurities26 are considered to be at the origin of this
emission. In addition to this green emission band,
other emission bands are also observed.30 A yellow
emission band was detected in pulsed laser depos-
ited ZnO31 and in ZnO:Al prepared by solid-state
reactions.32 A red emission band was detected in
spray pyrolysis deposited ZnO33 and in ZnO single-
crystals implanted, at 475�C, with Li, Na, N, P and
Ne ions.34

These emissions are mainly due to native (or
intrinsic) defects, including vacancies, interstitials
and anti-sites. They considerably influence the
optoelectronic properties of a semiconductor by
affecting the doping charge carrier lifetime and
the luminescence efficiency. Native defects have
been invoked as sources of n-type conductivity in
ZnO35,36 since the intrinsic defects include also
donor defects. However, it was found that these
defects are not directly responsible for the uninten-
tional n-type conduction in ZnO.37

In this work, we report on the fabrication of ZnO
thin films by thermal oxidation of Zn deposited by
RF magnetron sputtering. We report also on the
investigation of the effect of Zn sputtering time on
the structural an optoelectronic properties of ZnO
films. The origin of UV, visible and infrared lumi-
nescence bands and the defects-related electrical
conductivity will also be presented.

EXPERIMENTAL DETAILS

Zn thin films were first deposited by RF mag-
netron sputtering onto glass substrates under a
pressure of 10�5 Torr. This pressure was reached by
using a rotary pump and a diffusion pump succes-
sively. The sputtering target was a thick Zn disc of
99.9% purity and the target-substrate distance was
about 8 cm. The AC power used for Zn target
sputtering was kept at 100 W and the used fre-
quency was 13.56 MHz. The magnetron cathode
was used to increase the deposition rate. The Zn
films of different thickness were obtained by vary-
ing the sputtering time from 2.5 min to 15 min. The
Zn films were then annealed, in ambient air for 2 h,
at a temperature of 500�C using a muffle furnace.
Samples were pushed into the furnace when the
temperature reaches the acquired value and pulled
out quickly when oxidation is finished.

Several techniques were used to characterize the
obtained oxide films for their structural, transmit-
tance, photoluminescence and electrical properties.
X-ray diffraction (XRD) was used to study the
structural properties of the Zn oxidized films. The
used diffractmeter was a Burker D8 Advanced
equipped with an energy dispersive Sol-X detector
and a CuKa1 radiation k = 0.154056 nm source in
the symmetric h–2h geometry ranging between 20�
and 70�. The surface morphology of the oxide films
was examined using a scanning electron microscope
(SEM) operated at 3.0 kV. The samples for SEM

were coated with a thin layer of carbon to reduce
any charging effect. Optical transmittance spectra
were recorded using a Perkin Elmer UV–Visible-
NIR Lambda 950 spectrophotometer at room tem-
perature in the wavelength range 350–900 nm. The
photoluminescence (PL) spectra were acquired at
room temperature with a 325-nm line of a fre-
quency-tripled Nd-YAG laser as an excitation
source. The electrical measurements were done
using a Jandel four point probe connected to a
Keithley 2400 source-meter.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns for the Zn films,
of different sputtering time, after oxidation at 500�C
for 2 h. Miller indices are indicated on each diffrac-
tion peak. For all films, the hexagonal ZnO phase
(wurtzite) is obtained from peaks located at about
31�, 34�, 36�, 47�, 56�, 62�, 67� and 69� correspond-
ing respectively to (100), (002), (101), (102), (110),
(103), (112) and (201) orientations (JCPDS 36-1451).
From these diffraction peaks, one can deduce that
an oxidation at 500�C for 2 h is sufficient to fully
oxidize the sputtering deposited Zn films. Also, the
Zn-ZnO phase transformation is direct whatever the
Zn sputtering time. This is consistent with previous
observations of ZnO films prepared by thermal
oxidation of Zn.38,39 For the Zn film deposited by
sputtering for 2 min and 30 s, the amorphous XRD
pattern, in spite of the presence of three small and
narrow peaks corresponding to ZnO, is due to
scattering by the glass substrate of the x-rays
penetrating through the film. However, when the
Zn sputtering time is increased, wurtzite peaks are
observed in addition to the amorphous background
of the glass substrate located between 20� and 40�.
The peak intensity increased with the increasing Zn
sputtering time indicating the high crystalline
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Fig. 1. XRD patterns of ZnO films obtained by thermal oxidation, at
500�C for 2 h, of Zn films. The Zn sputtering time varies from 2.5 min
to 15 min.
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quality of the formed ZnO films. The ZnO films were
preferentially oriented along the (002) planes.

The (002)-oriented grain size D is presented, in
Fig. 2, as a function of the Zn sputtering time. The
increase of the grain size, as a function of the Zn
sputtering time, reflects the improvement of the
crystalline quality of ZnO (or completely oxidized
Zn) films. The grain size of ZnO films was estimated
using the Debye–Scherrer’s formula neglecting
peak broadening40:

D ¼ 0:9k
b cos h

ð1Þ

where k is the wavelength of the applied x-ray (kCu-

Ka1 = 0.154056 nm), h is the Bragg’s angle and b is
the broadening of the diffraction line measured at
half its maximum intensity in radians.

There is a clear difference between the growth of
ZnO films deposited by other methods and their
growth by the thermal oxidation of Zn films. The
thermal oxidation method involves downward
growth of ZnO from the ZnO surface to Zn-substrate
interface41 in contrast to the direct depositing
methods where ZnO grows from the substrate
upward.

The variation of the lattice constant c of ZnO films
is shown, in the inset of Fig. 2, as a function of the
Zn sputtering time. The lattice constants a and c
can be calculated using the following equation:

1

d2
hkl

¼ 3

4

h2 þ hkþ k2

a2

� �
þ l2

c2
ð2Þ

where h, k and l are the Miller indices. dhkl is the
lattice spacing calculated using the Bragg’s equa-
tion. For calculation of the lattice constant c, we
have used the peak position corresponding to (002)
planes (h = k=0 and l = 2), which reduces Eq. 2 to
c = 2d002.

The lattice constant c decreases, as a function of
the Zn sputtering time, and then stabilizes from
5 min which indicates a relaxation of residual stress
in ZnO films. The residual stress comprises thermal
and intrinsic components.42 The intrinsic stress
may be induced by the growth parameters such as
deposition temperature, applied power and pres-
sure. It involved the creation of some defects like
twins, precipitates, disoriented grains, grain bound-
aries and microcracks. A typical SEM image of ZnO
film (Fig. 3) shows uniform deposited film without
any above-cited defect. It has to be noticed that the
grain size from SEM is a little bit bigger than that
determined from XRD spectra using the Debye–
Scherrer’s formula. This may be due to the neglect
of the peak broadening when using the Debye–
Scherrer’s formula.

Figure 4 shows optical transmittance spectra of
ZnO films prepared by thermal oxidation of Zn
deposited by sputtering at different times. All
samples are transparent to the visible light, and
the mean optical transmittance value was around
80%. The optical transmittance values depend on
several factors such as thickness and defects. The
interference fringes, observed in the visible region,
confirm the uniformity of ZnO films. The rapid
decrease of the transmittance, at the absorption
edge, indicates a high crystalline quality of the
films. One can observe that the absorption edge
shifted toward lower wavelength with the increas-
ing Zn sputtering time. This indicates a convergence
of the energy band gap values to the bulk value
(3.37 eV) may be caused by a decrease of lattice
parameters. The ZnO film thickness d was esti-
mated from the interference fringes using the
following relation43:
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Fig. 2. (002)-oriented grain size in ZnO versus Zn sputtering time
(Inset. The lattice parameter c versus Zn sputtering time).

Fig. 3. Typical SEM image of ZnO surface obtained by thermal
oxidation of Zn films.
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d ¼ k1 � k2

2 nf k1ð Þk2 � nf k2ð Þk1

� � ð3Þ

where d is the film thickness and nf(k1) and nf(k2)
are the refractive indices at k1 and k2 , respectively.
The estimated thickness increases with the increas-
ing Zn sputtering time, as shown in the inset of
Fig. 4, from 194 nm to 653 nm. Because we have a
complete transformation of Zn to ZnO, the thickness
ratio for ZnO to Zn must be close to the volume ratio
for wurtzite ZnO to Zn, i.e. 1.57.

The energy band gap values, as can be seen in
Fig. 5, increase as a function of the Zn sputtering
time from 3.15 eV to 3.35 eV and tend to converge
toward the bulk ZnO value. These values are
smaller than that of ZnO (3.37 eV); however, they
are in good agreement with those reported in Refs.
44 and 45. The increase of the band gap energy can
result from stress relaxation or defects decrease.
For ZnO films, the variation of the absorption
coefficient with the photon energy can be given by
the following equation46:

aht ¼ A ht� Eg

� �1=2 ð4Þ

where a is the absorption coefficient, ht is the
photon energy, Eg is the optical band gap and A is a
characteristic parameter independent of photon
energy. The optical band gap (Fig. 5) is calculated
by extrapolation of the linear part of (aht)2, as a
function of ht, to aht = 0 (inset of Fig. 5).

Figure 6 shows the dependence of room temper-
ature photoluminescence (PL) spectra of ZnO films
on Zn sputtering time. Each PL spectrum is char-
acterized by a near-band-edge ultra-violet (UV)
emission between 370 nm and 400 nm, a broad
visible emission band extending from above 400 nm
up to 750 nm and infrared (IR) emission located at
about 765 nm.

The UV emission is originated from free-excitonic
transitions.9 The shift of the UV emission band to
the highest energies indicates the enhancement of
the band gap energy. In fact, both the UV emission
band positions and the band gap energy calculated
from the UV–visible spectra (Fig. 5) are close and
comparable to the band gap of the bulk ZnO
(3.37 eV). The increase of the intensity of the UV
emission band between 370 nm and 400 nm (Fig. 6)
reflects the amelioration of the crystalline quality of
ZnO films according to Lee47 in good agreement
with what was deduced from the increase of the
grain size and the diffraction peak intensity (see
Figs. 1 and 2).

For the broad visible emission band (Fig. 6), two
emission bands could be distinguished: a green
emission band located at 520 nm and a red one at
700 nm. The intensity of these two bands decreases
gradually with the increasing Zn sputtering time.
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Fig. 4. Optical transmittance spectra of completely oxidized Zn films
sputtered for different times (Inset. ZnO film thickness versus Zn
sputtering time).
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The presence of the green and the red emission
bands does not exclude the presence of other
emission bands. The broadness of the visible emis-
sion band, in Fig. 6, results from the fact that it
represents a superposition of many different deep
levels emitting at the same time.

The visible emission band is generally composed
of: a violet band around 410 nm attributed to Zni-
valence band (VB) transition,48 a blue band around
480 nm attributed to conduction band (CB)-VZn

transition,48 a green band around 520 nm attribu-
ted to CB-VO transition,49 a yellow band around
562 nm attributed to CB-Oi transition,50 an orange
band around 610 nm attributed to Zni-Oi transi-
tion48 and a red band around 700 nm attributed to
the lattice disorder along the c-axis due to Zni.

50

Another band located around 424 nm is attributed
to hydrogen-related extrinsic defect (H-I or trapped
OH�).51

The native defect concentration N (per cm3) in a
crystal can be determined by using the Smakula’s
formula52 given by:

N ¼ 1:29 � 1017 n

f n2 þ 2ð Þ2
aW1=2 ð5Þ

where n = 2 is the ZnO refractive index and f = 1 is
the oscillator strength of the optical transmission.
W1/2 represents the width at half maximum of the
PL band characterized by a maximum a.

A decomposition of the visible emission band into
seven Gaussian peaks, based on the above bands
positions, was done in order to replace the term a
W1/2 in Eq. 5, by the Gaussian peak area corre-
sponding to each native defect during calculus. An
example of such a fitting is shown in the inset of
Fig. 6.

Figure 7 shows the variation of the intrinsic
defect concentration as a function of Zn sputtering
time. We can see that the ZnO deep level concen-
tration varies conversely with the Zn sputtering
time. The decrease of the deep level concentration
indicates the improvement of the ZnO film stoi-
chiometry during the Zn-ZnO transformation
induced by a thermal annealing at 500�C for 2 h.

The infrared (IR) emission band located at
765 nm is attributed, according to Manzano
et al.,53 to transition from oxygen interstitial (Oi)
and oxygen anti-site (OZn) defects to the valence
band. According to Yang,54 the thermal annealing
could be responsible for OZn defects following the
reaction:

Oi þ VZn ! OZn ð6Þ

The intensity of the IR emission band increases
with the increasing Zn sputtering time (Fig. 6). This
increase could be related to the increase of OZn

defects. The decrease of the concentration of Oi and
VZn defects, as a function of Zn sputtering time

(Fig. 7), correlates with the increase of OZn defects,
according to Eq. 6.

The variation of the electrical resistivity as a
function of Zn sputtering time is shown in Fig. 8.
We can see that the electrical resistivity decreases
with the increasing Zn sputtering time. The
decrease of the electrical resistivity is directly
linked to the increase of the charge carriers, which
depend on the donor-type defects concentration
since ZnO is n-type semiconductor. Native defects
are often considered as candidates to explain the n-
type conductivity in ZnO. However, according to
Janotti and Van de Walle,37 these donor-defects are
not responsible for n-type conductivity in ZnO. This
correlates with our result since, as can be seen in
Fig. 8, the above cited donor-defects concentration
decreased as a function of the Zn sputtering time.
Among the candidates to be a source of n-type
conductivity in ZnO, hydrogen (H) impurities (noted
H-I) have been proposed by Janotti and Van de
Walle37 as shallow donors. Their emission band is
located at 424 nm in our PL spectra (see Fig. 6). The
presence of hydrogen in our samples may result
from the fact that sputtered Zn films were subjected
to the ambient atmosphere for 6 days before oxida-
tion and, according to Shi et al.,55 hydrogen is
stable in ZnO up to 500�C. To test the contribution
of H-I defect in n-type conductivity, we have plotted,
in Fig. 8, the evolution of their concentration,
determined using Eq. 5, with the electrical resistiv-
ity as a function of Zn sputtering time. One can see
that the H-I defects concentration increases when
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the electrical resistivity decreases. This may indi-
cate that H-I defects directly contribute to the n-
type conductivity of the investigated ZnO films.
Hydrogen contribution in the increase in n-type
conductivity was experimentally observed before by
Lander56 after the diffusion of H into ZnO and, by
Baik et al.57 after the proton implantation in ZnO
followed by an annealing at 200�C. Other possible
contributions in n-type conductivity are interfacial
or depletion effects which are more important in
thinner films and therefore produce a similar trend.

CONCLUSION

In this work, we found that physico-chemical
properties of ZnO films, obtained by thermal oxida-
tion of Zn at 500�C for 2 h, could be controlled by the
Zn sputtering time. X-ray diffraction spectra
showed that ZnO films were polycrystalline with a
preferential orientation along the (002) planes. The
absence of diffraction peaks linked to Zn or to other
Zn-related phases indicated that the Zn-ZnO phase
transformation was direct. The increase of the
(002)-oriented grain size, as a function of Zn sput-
tering time, reflected the improvement of the crys-
talline quality of ZnO films. The investigated
samples presented a high transmittance in the
visible domain (around 80%). The interference
fringes in the visible domain confirm the uniformity
of the samples observed by the SEM technique. The
optical band gap values ranged between 3.15 eV and
3.35 eV. These values were in good agreement with
those reported by other teams for bulk ZnO. PL
spectra of the investigated ZnO samples showed
that they emitted in ultraviolet, visible and infra-
red. The increase of the ultraviolet emission band
intensity, as a function of Zn sputtering time, was
correlated to the improvement of the crystalline
quality. The ultraviolet emission band coincided
with the optical band gap values determined from
the transmittance spectra. The intensity of the

boarder visible emission band decreased with the
increasing Zn sputtering time. The concentration of
all native defects was found to decrease as a
function of Zn sputtering time. The origin of
infrared emission was confirmed to be the transition
from Oi and OZn to the valence band. The increase of
infrared emission band intensity was attributed to
the increase of OZn defects. The electrical resistivity
was observed to decrease with the increasing Zn
sputtering time. Comparing this result to PL
results, it has been deduced that the native donor-
type defects (VO, Zni and ZnO) were not responsible
for the n-type conduction in investigated samples. A
correlation between the electrical resistivity and the
extrinsic donor-type H-I defect concentration was
established indicating that the H-I defects con-
tribute to the n-type conduction in ZnO films. To
measure the amount of hydrogen in the film and for
the determination of the film density, nuclear
techniques like elastic recoil detection analysis
(ERDA) and Rutherford backscattering spec-
troscopy (RBS) should be used.
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