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Abstract
A systematic study for the optimization of the deposition process of ZnO thin films grown by
dc magnetron sputtering at room temperature was carried out using different oxygen partial
pressures and deposition times. We have established a correlation between the oxygen partial
pressure, the chemical composition and the crystalline structure of the films.

Stoichiometric and highly oriented ZnO thin films along the (0 0 2) crystal plane with very
good optical performance were obtained for a relative oxygen gas flow of 20% in the gas
mixture. Higher O2 concentrations resulted in non-stoichiometric ZnO with an excess of
oxygen, which exhibited a lower degree of crystallinity and slightly higher band-gap energy.

X-ray absorption near edge structure (XANES) analysis indicated that this excess of
oxygen was incorporated in molecular form inducing a reduction in the crystallinity of the
material. Post-deposition annealing treatments up to 500 ◦C significantly improved their
crystallinity as confirmed by x-ray diffraction and XANES. Therefore, it has been found that it
is possible to grow ZnO at room temperature with high crystal quality and good optical
response by controlling the growth conditions.

(Some figures may appear in colour only in the online journal)

1. Introduction

Transparent conductive oxides have been extensively studied
for being one of the most important components for large
area electronics devices such as solar cells, flat panel displays
or optical sensors [1–3]. Zinc oxide possesses a unique
position among these materials owing to its superior and
diverse properties. ZnO is a transparent semiconductor
of natural n-type conductivity with a direct band gap
of 3.37 eV and large excitation binding energy (60 meV).
Moreover, its optical behaviour (high transparency, near-
UV emission and absorption), piezoelectricity, chemical
stability, biocompatibility, high voltage–current nonlinearity,
etc, have found many potential applications in the fabrication

of microelectronic and optoelectronic devices such as thin film
transistors (TFTs), ultraviolet resistive coatings, gas sensors,
sonar and mobile phones [4–7]. In this sense, an advantage
of zinc oxide over other materials is its low price, placing
it as a highly potential candidate for outstanding industrial
applications both as a transparent conductive oxide and as a
semiconductor [8].

Recently, significant progress in ZnO crystal quality
with hexagonal wurtzite structure and a strong tendency for
self-organized growth has been made [9, 10]. In addition,
nanostructures such as nanotubes, nanorods, nanowalls or
nanofibers, high-quality undoped and doped ZnO thin films
have also been grown [11–14]. Several techniques have been
used for the fabrication of ZnO thin films, including chemical
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vapour deposition, sol–gel, spray-pyrolysis, molecular beam
epitaxy, pulsed laser deposition, vacuum arc deposition,
sputtering and magnetron sputtering [15–18]. The latter is
commonly used for the preparation of polycrystalline ZnO
nanomaterials owing to the combined advantages of low
deposition temperatures, reduced film damage, high deposition
rates and compatibility with integrated circuit processing.
Nevertheless, the energetic balance during film growth by
magnetron sputtering is rather complicated. The flux of
particles impinging the substrate consists mostly of low energy
atoms (∼1 eV), gas ions of a few eV and some negative ions of
much higher energy, typically a few 100 eV [19]. Depending
on the experimental design of the magnetron sputtering
system, this energy balance will change and, consequently,
the properties of the films grown will be different. Therefore,
despite the numerous research works carried out about the
synthesis and properties of ZnO thin films grown by magnetron
sputtering [20–23] it is difficult to find a systematic study about
them.

Until now, mostly rf (radio frequency) magnetron
sputtering has been used for the synthesis of ZnO obtaining
high-quality ZnO thin films with a good c-axis orientation
[24, 25]. However, the use of dc reactive magnetron sputtering
has some advantages over rf magnetron sputtering, such as the
possibility to grow ZnO films with tailored stoichiometries,
a higher deposition rate and the lowest price for metal Zn
targets as compared with ZnO targets (metal Zn targets are
approximately three times cheaper than ZnO mixed targets).

Moreover, another advantage of the deposition by
sputtering is the possibility of growing ZnO at room
temperature, allowing the use of substrates that do not support
high temperatures such as polymers and glasses [26, 27].

In this work, several ZnO thin films have been deposited
by dc reactive magnetron sputtering at room temperature
on single-crystal silicon substrates. We have established a
correlation between the deposition parameters (relative O2

gas flow and deposition time) and the final composition,
microstructure (grain size and crystallinity) and optical
properties (refractive index, n and optical band gap, Eg) of
the films. In this way, stoichiometric ZnO samples with
good optical and structural properties have been obtained. On
the other hand, non-stoichiometric samples deposited with
an excess of oxygen (non-stoichiometric oxygen) have been
annealed, and the evolution of their properties with the post-
deposition annealing treatments has been discussed.

2. Experimental details

ZnO films were grown by dc reactive magnetron sputtering
on single-crystal silicon (1 0 0) wafers using a commercial
zinc target of 99.99% purity, 3 inch diameter and 0.125 inch
thickness. All experiments were performed introducing a
mixture of Ar (99.999%) and O2 (99.992%) gases in the
vacuum chamber at a constant total gas flow (Ar + O2) of
30 sccm (standard cubic centimetres per minute). The chamber
was pumped out to a base pressure of 2 × 10−4 Pa and the
working pressure was 3 × 10−1 Pa, approximately.

The silicon substrates were cleaned ex situ in consecutive
ultrasonic baths of trichloroethylene, acetone, ethanol and
distilled water. Prior to deposition, the target was pre-sputtered
for 15 min to remove any impurity on its surface. To ensure
that we were working under the reactive sputtering regime, the
samples were grown after the total poisoning of the cathode.
In all the deposition processes the target to substrate distance
was kept at 13 cm and the cathode power was maintained
at 100 W. Even though no intentional heating was applied
to the substrate, a temperature between 90 and 100 ◦C was
reached during deposition due to the impinging sputtered
atoms.

Firstly, sputtering time was kept at 30 min while
decreasing the relative O2 gas flow (fO2 ) in the reactive
atmosphere from 100 to 15%. Secondly, in order to minimize
thickness effects, the sputtering time was adjusted to produce
films with a constant thickness of approximately 200 nm for
three fO2 : 20%, 50% and 83%. The thickness of the films
was measured using a mechanical stylus profilometer (Veeco
Dektak 150).

For the study of the chemical composition of the
ZnO films, Rutherford backscattering spectroscopy (RBS)
experiments were carried out with the 5 MV HVEE Tandetron
accelerator sited at the Centro de Micro-Análisis de Materiales
of Universidad Autónoma de Madrid [28]. The RBS
experiments were performed using 3.035 MeV He+ ions to
make use of the cross-section resonance 16O (α, α) 16O at
that particular energy and, therefore, to improve the sensitivity
to oxygen. The chemical composition of the ZnO films has
been extracted using the RBX software [29].

The films’ crystalline structure was determined by
x-ray diffraction (XRD) using a Cu anode (Cu Kα =
1.54 Å) working under grazing incidence conditions (angle of
incidence 0.7◦) at room temperature. The XRD measurements
were performed on a Siemens D-5000 diffractometer.

The surface and fracture cross-section morphologies of
the thin films were examined by a Nova NanoSEM 230 FEI
scanning electron microscope (SEM).

In selected samples, we studied the bonding structure and
phase composition by x-ray absorption near edge structure
(XANES) analysis. These measurements were done at the
PM4 beamline of the Bessy II synchrotron facility (Berlin,
Germany), using the SurICat endstation. The XANES spectra
were recorded in the total electron yield (TEY) mode by
registering the current drained to ground from the sample. The
latter was normalized to the current from a gold-coated grid
located upstream in the x-ray beam path.

Spectroscopic ellipsometry (SE) was used to determine
the optical properties (refractive index n, and extinction
coefficient, k) in the visible range. Measurements
were performed on a M-2000U ellipsometer working in
the 250–1600 nm range and an incidence angle of 70◦.
The CompleteEASE 4.06 software was used to analyse the
ellipsometric data [30]. The optical energy gap Eg was
derived from SE assuming a direct type transition. Post-
deposition annealing treatments were carried out in vacuum
(P = 4 × 10−3 Pa) for 30 min at 400 and 500 ◦C in a resistive
furnace with a heating rate fixed at 4 ◦C min−1.
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Figure 1. Variation of the deposition rate as a function of the
relative oxygen gas flow. The error in the deposition rate is inside
the symbols.

3. Results and discussion

3.1. Optimization of growth parameters for ZnO thin films

ZnO thin films were deposited using different relative O2

gas flows in the reactive mixture (15–100%) for a constant
deposition time of 30 min. In this way, the thickness of the
layers varied between 170 and 3000 nm, approximately. The
deposition rate shown in figure 1, abruptly decreases from 97 to
13 nm min−1 up to a relative O2 flow of 30%, and then it stays
fairly constant at a value of (8 ± 2) nm min−1 for higher O2

partial pressures (the oxygen partial pressure was considered
to be the concentration percentage of the O2 introduced in the
total flow gas).

The two typical regimes of a sputtering process [31] are
clearly differentiated from figure 1: (i) a metallic regime with
high deposition rates for low fO2 (<30%) and (ii) a reactive
regime with lower deposition rates for high fO2 (>30%). An
extensive chemical, structural and optical characterization of
these ZnO films has been consequently carried out.

3.1.1. Chemical composition. Figure 2(a) displays the RBS
spectra (experimental data and the global fit results) of the
ZnO films deposited at different oxygen partial pressures.
For the particular case of a film deposited at fO2 = 50%
(also applicable to the other samples), figure 2(b) shows
three different components that can be extracted from the
experimental data fitting: Zn and O belonging to the film and
Si from the substrate.

The RBX simulations were carried out assuming a single
ZnO layer on silicon substrate and considering the ZnO layer
thickness measured by profilometry. A very precise fitting
was obtained without an interfacial layer between the ZnO
film and substrate. This indicates that deposited films were
homogeneous along the thickness with an abrupt interface. The
above-mentioned differences in the deposition rate are clearly
observed in the RBS spectra of figure 2(a). The Zn signal
narrows as the O2 partial pressure increases for a constant
deposition time of 30 min, indicating a decrease in the ZnO

Figure 2. RBS collected spectra at the 3.035 MeV oxygen
resonance for ZnO samples grown during 30 min. (a) RBS
experimental data and global fitting of results for samples deposited
at fO2 = 15–100%. (b) Elemental components extracted with RBX
simulations from the original experimental spectrum for a deposited
sample at fO2 = 50%.

thickness. In order to avoid the effect of thickness variation
and to isolate the effect of the oxygen partial pressure (as
discussed in section 3.1.2), ZnO coatings with a fixed thickness
close to 200 nm have also been grown using three different fO2

(20%, 50% and 83%). In table 1 a summary of the chemical
composition (and optical properties discussed in section 3.1.3.)
of the deposited samples is shown. Comparing theses samples
with the 200 nm thick ones presented in section 3.1.2, it is clear
that the thickness of the films does not affect their chemical
composition. The RBX analysis, together with profilometry
thickness measurements, was also used to estimate the density
(ρ) of the deposited films (see table 1).

Note that the density values obtained are close to the
reference value for ZnO (5.6 g cm−3) [32]. In particular,
the samples grown at fO2 = 20% have the same density as
the reference. In figure 3 the variation of the ZnO films’
composition with the oxygen partial pressures used during the
growth process is shown.

3



J. Phys. D: Appl. Phys. 45 (2012) 025303 M Yuste et al

Table 1. Summary of the chemical composition, density and optical
properties of the ZnO samples. The error in the composition and
density was estimated to be of ±1 at% and ±0.1 g cm−3,
respectively.

fO2 Thickness Zn O Density, n, Eg

(%) (nm) (at%) (at%) ρ (g cm−3) 600 nm (eV)

15 2945 ± 55 56 44 4.8 1.61 a

20 1457 ± 40 47 53 5.6 1.99 3.31
200 ± 4 46 54 5.6 2.00 3.31

25 639 ± 13 45 55 5.4 2.02 3.41
30 361 ± 6 45 55 5.4 1.99 3.42
40 335 ± 4 45 55 5.4 2.02 3.41
50 231 ± 5 43 57 5.4 1.97 3.42
75 197 ± 13 43 57 5.4 2.04 3.42
83 173 ± 4 43 57 5.4 2.02 3.42

190 ± 10 43 57 5.4 2.05 3.43
100 167 ± 3 41 59 5.4 1.99 3.41

ZnO reference 5.6 [32] 2.03 [33] 3.37 [34]

a Due to the metallic character of this sample, no Eg was measured.

Figure 3. ZnO layers composition obtained from RBS
measurements.

The oxygen content in the films increases with the O2

partial pressure. The most metallic like films with a 56 at% of
zinc content are obtained for the lowest O2 gas concentration
(15%). Applying a mixture rule, the amount of metallic Zn in
the film can be estimated to be of approximately 15 at%. For
fO2 = 20% the most stoichiometric ZnO is obtained (Zn/O =
47/53) whilst for higher O2 concentrations (up to 83%) the
chemical composition of the ZnO layers is almost constant
at Zn/O = 44/56. The sample grown with fO2 = 100%
presents the lowest Zn at% content because it was deposited
with no argon in the total gas flow. Therefore, for fO2 > 20%,
an oxygen excess of more than 5 at% is detected by RBS with
respect to stoichiometric ZnO. This additional oxygen might
be incorporated either (i) in the ZnO lattice as interstitial atoms
or at Zn sites or (ii) out of the lattice being absorbed on the
surface or embedded as molecular oxygen (O2). In any case,
the presence of additional non-stoichiometric oxygen in the
films will entail a stress of the ZnO lattice. This will be
discussed later (in section 3.2) in more detail from XRD results

Figure 4. XRD pattern of ZnO films grown at different relative
oxygen gas flows and a fixed deposition time of 30 min.

and in connection with the XANES analysis of post-deposition
annealed samples.

3.1.2. Structural properties. The XRD patterns of the ZnO
films deposited at different oxygen partial pressures and a fixed
deposition time of 30 min are shown in figure 4.

The XRD spectra revealed that the grown ZnO films were
crystalline with a wurtzite structure (w-ZnO) (JCPDS card No
36-1451) [35]. Only for the sample with the highest Zn content
deposited using fO2 = 15%, both wurtzite ZnO and metallic
zinc (JCPDS card No 40831) structures were simultaneously
present.

In general, a higher degree of polycrystallinity was
observed for samples grown with low fO2 between 15% and
30%, except for the film grown with fO2 = 20% due to
thickness effects at this relative oxygen gas concentration
(discussed below). For samples deposited with higher fO2

(40–100%) we detected a more monocrystalline structure, as
confirmed by the presence of a dominant and very intense
(0 0 2) diffraction peak in the XRD patterns. This indicates
a preferential orientation with the c-axis perpendicular to the
substrate surface. We ascribed the changes observed in the
crystallinity to the size of the ZnO particles formed during
the deposition process. When the relative oxygen gas flow
is high and the amount of Ar particles in the plasma is low,
the Zn particles sputtered from the target and the ZnO grains
deposited on the substrate are small being easy to orientate in
one direction entailing a monocrystalline ZnO [24].

To disclose thickness effects on the ZnO structure for
a fixed oxygen concentration in the gas mixture, we have
followed the evolution of the diffraction peaks of samples
deposited with fO2 = 20% and thicknesses ranging from 100
to 1925 nm (see figure 5(a)).

From the XRD pattern, we have calculated the grain size
from the (0 0 2) orientation according to Scherrer’s formula
[36], the internal stress σ , derived from the change in the
‘c’ lattice parameter [37] and the film texture (defined as
the I(0 0 2)/I(1 0 3) ratio between the intensities of (0 0 2) and
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Figure 5. (a) XRD pattern of ZnO films grown at fO2 = 20% with a
thicknesses range from 100 to 1925 nm. (b) Variation of the intensity
ratio (0 0 2)/(1 0 3), the grain size and the internal stress with the
thickness for ZnO grown at fO2 = 20%. The errors in the intensity
ratio (0 0 2)/(1 0 3) and in the internal stress lie inside the symbols.

(1 0 3) orientations) [38] (see figure 5(b)). Initially, for samples
below 300 nm thick, the ratio I(0 0 2)/I(1 0 3) remains lower than
15 presenting a state of compressive stress (σ < 0) with
grain sizes smaller than 46 nm. With the increase in the
ZnO thickness (up to ∼1000 nm), the stress changes from
compressive to tensile (σ > 0), the I(0 0 2)/I(1 0 3) ratio rises
up to 30 and a marked preferential orientation of the films is
observed resulting in the highest grain size (∼62 nm). Finally
for samples with thickness above 1000 nm, the residual stress,
the texturization and the grain size monotonically decrease
and for the particular case of the thickest sample (1925 nm)

Figure 6. XRD pattern of 200 nm ZnO films grown at fO2 = 20%,
50% and 83%.

the internal stress returns again to a compressive state. In view
of these results, we can conclude that the grain size, the texture
and the stress of the samples are determined by the thickness.
In particular, the evolution of the stress with the film thickness
(from compressive to tensile, and then again to compressive
stress) can be explained in terms of a mechanism of stress
generation and relaxation during coalescence as Floro et al
showed in their work [39].

Now, in order to determine solely the influence of the
oxygen partial pressure we proceeded to deposit films at
different fO2 (20%, 50% and 83%) with a fixed thickness of
200 nm (see figure 6).

The three 200 nm ZnO thin films grew with (0 0 2)
preferential orientation, but the film deposited with fO2 = 20%
presented a narrower and more intense (0 0 2) reflection at the
position corresponding to the ZnO reference. Moreover, two
extra peaks corresponding to (1 0 0) and (1 0 1) orientations are
also detected, which are not observed for the samples grown
with fO2 = 50% and 83%. This confirms our preliminary
observation that for a constant thickness, the polycrystallinity
of the films decreases with increasing the relative oxygen
gas flow.

Regarding the stress, as we increase the O2 partial
pressure, the position of the (0 0 2) orientation appears shifted
to lower angles with respect to the value for a ZnO bulk crystal.
This again points to a residual compressive stress, although
its source cannot be ascribed in this case to the thickness of
the films, as occurred for the thicker samples in figure 4(a).
In contrast, this stress observed in the 200 nm thick layers
grown with fO2 = 50% and 83% is due to the formation
of crystallite imperfections during growth. The formation of
these defects depends, among other deposition factors, on the
incorporation of additional oxygen [40]. The RBS results
already suggested the presence of such non-stoichiometric
oxygen in the samples. In fact, it is worth noting that the
crystallinity of the films, determined from the grain size and
the d-spacing values, improves at low oxygen partial pressures.
The values obtained for the grain size were 51 nm, 14 nm and
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14 nm for the 200 nm thick samples deposited at 20%, 50%
and 83% relative O2 gas flows, respectively. The d-spacings,
calculated from Braggs’s law, were 2.60, 2.64 and 2.63 Å,
respectively (d-spacingZnO = 2.6032 Å [40]).

Regarding the morphology of the samples, a transversal
SEM view of a ZnO film deposited at an intermediate fO2

(50%) is shown in figure 7(a).
The ZnO film has a uniform structure with the crystalline

growth parallel to the c-axis. A columnar structure throughout
the film thickness is clearly visible. The low temperature
during the film growth (∼100 ◦C), associated with low
bombardment conditions, promotes the development of this
kind of structure, due to the low adatom mobility as described
by Movchan and Demchishin [41] and Thornton [42]. The rest
of the samples grown at different O2 partial pressures show
the same columnar structure. The influence of the oxygen
partial pressure in the surface morphology of 200 nm thick
ZnO films can be appreciated in the surface SEM images of
figure 7. Histograms of the column width distribution are also
included as insets. The histograms indicate that the sample
deposited with less oxygen (20%) has a more heterogeneous
distribution of wider columns (37 ± 13 nm). In contrast,
the film deposited with more oxygen (83%) presents a more
homogeneous distribution of narrower columns (23 ± 4 nm).
Therefore, there is a correlation between the grain size and the
column width of the ZnO films obtaining higher values using
low relative oxygen gas flow.

In view of the above-mentioned results, it is concluded
that the best crystalline quality (by means of texture, grain size
and d-spacing closed to the reference value) is obtained for
films deposited at fO2 = 20% with thicknesses above 300 nm.

3.1.3. Optical properties. The refractive index (n) and
extinction coefficient (k) of the samples have been obtained
by spectroscopic ellipsometry. The values of n and k were
calculated using a Cauchy model suitable for semiconductor
materials from the experimental data (ψ and �, which describe
the polarization state of the light reflected off the surface of the
film). To definen and k, the following formulae were used [43]:

n(λ) = A +
B

λ2
+

C

λ4
, (1)

k(λ) = αe12400β(1/λ−1/γ ). (2)

where λ (wavelength) is in nm and A, B, C, α (coefficient
amplitude), β (exponent factor) and γ (band edge) are fitting
parameters. The energy band gaps were estimated assuming a
direct type transition [44] from equations (2) and (3) [45]:

(αhν)2 = A(hν − Eg), (3)

α = 4πk

λ
, (4)

where A is a constant, Eg is the optical energy band gap and
α is the optical absorption coefficient that can be calculated
from the k of SE results. The optical band gap Eg can then
be obtained from the intercept of (αhν)2 versus hν for direct
allowed transitions [46]. The n and Eg values obtained are

Figure 7. (a) Transversal SEM image of a ZnO film deposited at
fO2 = 50%. Surface SEM images of 200 nm ZnO films deposited at
fO2 = 20% (b) and 83% (c). The inset figures show the histogram
of the column widh distribution.
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Figure 8. Variation of the refractive index n at 600 nm, and the
optical energy band gap Eg, calculated from ellipsometric
measurements, with the relative oxygen gas flow. In dotted line,
reference values for ZnO [32, 33].

presented in table 1 and figure 8 shows the variation of n (left
axis) and Eg (right axis) with the relative O2 gas flow.

At 600 nm the refractive index of the deposited samples is
close to the reference value (nZnO = 2.03) [33], except for the
sample deposited at fO2 = 15% for which the refractive index
tends to the metallic zinc refractive index (nZn = 1.002) [32].
This fact can be explained by the metallic character of the
ZnO coating deposited at the lowest O2 partial pressure. The
sample deposited at fO2 = 20% presents an Eg of 3.31 eV,
slightly below the reference value (EgZnO = 3.37 eV) [34],
while samples grown with high fO2 were found to have higher
Eg values (3.41 ± 0.01 eV). This behaviour is in agreement
with the work by Tan et al [47] showing that a decrease of the
crystallinity entails an optical band gap shift to higher energies.
It is worth noting that the optical properties of the films are
independent of the thickness for a fixed partial pressure of
oxygen (i.e. samples grown at fO2 = 20% and thicknesses
of 1457 and 200 nm). Hence, it is mainly the oxygen partial
pressure which will determine the final optical characteristics
of the ZnO material prepared.

3.1.4. Chemical environment. Figure 9 shows the IR spectra
of the 200 nm ZnO films deposited at 20%, 50% and 83% of
relative oxygen gas flow in the spectral range 3000–250 cm−1.

In this spectral range, the very weak absorption bands
located at 1578 and 1100 cm−1 are assigned to the existence
of hydroxyl groups [48] on the surface of the samples and
to the native SiO2 of the silicon substrates [49], respectively.
These vibration modes are mainly observed for the sample
grown with a 50% of fO2 . The absorption at 608 cm−1

corresponds to the Si–Si stretching from the substrate [50].
The only absorption band associated with Zn–O bonds appears
at 410 cm−1 [48]. Thus, the same chemical environment is
observed by IR absorption in all the 200 nm thick samples
investigated. Similar results were obtained for thicker
samples. More information about the chemical environment
was obtained by XANES and the results will be presented
in section 3.2. Anticipating the results, we mainly observed

Figure 9. Infrared absorption spectra of 200 nm-thick ZnO films
grown at fO2 = 20%, 50% and 83%.

changes in the O K-edges XANES spectra of the ZnO samples
deposited with higher oxygen flows (50% and 83%) where an
excess of oxygen content was detected.

In this first part of the research we have established a
correlation between the oxygen partial pressure, the chemical
composition, the structural and optical properties and the
chemical environment of the ZnO films. As a whole,
it is possible to obtain ZnO thin films by dc reactive
magnetron sputtering at room temperature with a controlled
stoichiometry and optical properties similar to bulk ZnO.
Regarding crystalline properties, ZnO films present wurtzite
structure and columnar growth with the (0 0 2) preferential
orientation. It has been observed that samples deposited at
low oxygen partial pressure (fO2 = 20%) have a chemical
composition very close to stoichiometric ZnO. Furthermore,
they present the best crystal quality, higher grain size and
denser morphology. In contrast, samples deposited at higher
oxygen partial pressures (fO2 = 50 and 83%) were found
to have an excess of oxygen atomic content and less crystal
quality in terms of grain size and d-spacing. Therefore, in the
second part of this work, post-deposition annealing treatments
were done on these samples that present an excess of oxygen
in order to (i) improve their quality, (ii) study the changes
that high temperatures produce in the ZnO properties and (iii)
establish a correlation between these changes and the bonding
structure by XANES analysis.

3.2. Post-deposition annealing treatments

Post-deposition annealing treatments at 400 and 500 ◦C during
30 min were done on samples deposited at room temperature
with fO2 = 50% and 83%.

The chemical composition and the optical properties of
the annealed samples were measured by RBS and SE, and
the obtained results are shown in table 2 together with the as-
deposited samples.

Changes in the stoichiometry of the samples have been
observed detecting a slight loss of oxygen after heating which is
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Table 2. Summary of the chemical composition, density and optical properties of 200 nm-thick ZnO films as deposited and annealed at 400
and 500 ◦C. The error in the composition and density was estimated to be of ±1 at% and ±0.1 g cm−3, respectively.

Chemical composition
fO2 Annealing Density, n, Eg

(%) temperature (◦C) Zn (at%) O (at%) ρ (g cm−3) 600 nm (eV)

20 As deposited 46 54 5.6 2.00 3.31
50 As deposited 43 57 5.4 1.97 3.42

400 45 55 5.4 1.99 3.41
500 45 55 5.4 1.97 3.41

83 As deposited 43 57 5.4 2.05 3.43
400 45 55 5.4 2.05 3.41
500 45 55 5.4 1.98 3.41

ZnO reference 5.6 [32] 2.03 [33] 3.37 [34]

plausible to be ascribed to the desorption of molecular oxygen.
These small changes are, however, higher than the error of the
measurement and they have been confirmed by elastic recoil
detection analysis (not presented in this paper). The annealed
samples presented a composition similar to the samples with
the best crystallinity (deposited at fO2 = 20%) while the
thickness and the density of the films did not vary. Regarding n

and Eg, they did not present significant changes after annealing
treatments.

The XRD analyses of the treated samples are shown in
figure 10 and compared with their as-deposited diffraction
spectra.

Changes in the intensity and position of the preferential
(0 0 2) diffraction are clearly observed. On the one hand,
the highest crystallinity was obtained after post-annealing at
400 ◦C and 500 ◦C for samples deposited at fO2 = 50% and
fO2 = 83%, respectively. On the other hand, a shift of the
(0 0 2) diffraction peak to higher 2θ angles was detected after
annealing for the two samples. This shift indicates a shorter
(0 0 2) interplanar distance. Therefore, the annealing at 400
and 500 ◦C of the samples grown at fO2 = 50% and 83%
entailed a relaxation of the stress and the improvement of
crystal quality. This behaviour has also been observed in other
reported works [37, 40].

The bonding structure of these samples, for which the
change in crystallinity is most noticeable, was investigated by
XANES before and after the annealing, and in comparison
with the most crystalline as-deposited sample (fO2 = 20%).
The corresponding Zn L3,2- and O K-edge XANES spectra are
depicted in figure 11, together with a w−ZnO reference taken
from [51].

The Zn L3,2-edge XANES spectra are typical of a w-ZnO
material (see reference spectrum in dotted line), with no
significant differences between the deposited ZnO samples.
Only some minor intensity changes were visible in the L3-
edge features linked to Zn 2p3/2 → 4s/d transitions, which
will be discussed later in more detail. Regarding the O
K-edge XANES spectra, states between ∼530–539 eV are
mainly attributed to O 2p–Zn 4s hybridization in ZnO [52,
53]. Polarization studies and theoretical calculations have
confirmed that the sharp peak at ∼537 eV corresponds to
transitions to O 2pz and O 2px+y states [54]. For photon
energies higher than ∼539 eV, mainly transitions to O 2p
states hybridize with Zn 4pd states are detected [52, 53].
Interestingly, a narrow peak (labelled as A) was clearly visible

Figure 10. XRD pattern of ZnO films deposited at fO2 = 50% (a)
and fO2 = 83% (b) post-annealed at 400 and 500 ◦C with their
as-deposited spectra.

at 532.7 eV, which was absent in the oxygen spectrum of the
ZnO reference. This peak has previously been ascribed to an
increase in the density of unoccupied 3d states due to metal
doping [52, 55], in agreement with theoretical calculations
[56, 57]. However, in the case of pure ZnO, where no
accessible empty 3d states are present, this peak was linked
in previous studies to defects in the ZnO crystalline structure,
such as O vacancies [52]. In this sense, note that peak A is

8
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Figure 11. Zn L3,2- and O K-edge XANES spectra of ZnO films grown at different relative oxygen gas flows at room temperature (black
curves) and after the post-annealing treatment (grey curves). The reference spectra of w-ZnO are shown for comparison purposes [51].

Figure 12. Zn L3- and O K- edge XANES spectra enlarged.

hardly observable in the ZnO deposited at fO2 = 20%, which
has the most stoichiometric composition and the best crystal
quality, but is apparent in samples grown at fO2 = 50% and
83% with an excess of oxygen content and lower crystallinity.
Moreover, when the latter are annealed at 400 and 500 ◦C
a decrease in the intensity of peak A was detected. Thus,
peak A is clearly related to the degree of crystallinity of the
material. Interestingly, peaks at similar energies have been
reported for molecular O adsorbed on metal surfaces [58, 59].
Since the synthesis was carried out in oxygen atmosphere,
we tentatively assign peak A to incorporation of non-reacted

molecular oxygen in the ZnO films. An analogous effect
has been observed during the growth of N-based coatings by
PVD methods, where part of the nitrogen was incorporated in
molecular form [60]. These results suggest that the excess of
oxygen observed for the less crystalline samples with respect
to a ZnO stoichiometry (see RBS results) is assimilated as
molecular oxygen, which reduces the crystal periodicity by
inducing lattice defects.

As reflected in figure 12, the higher the intensity of peak A

the larger the density of Zn 4s and 4d states due to the presence
of defects.

9
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Crystallization of the ZnO sample after annealing is,
therefore, followed by a clear decrease of peak A and a
decrease in the Zn L3-edge absorption intensity. In conclusion,
XANES measurements support the improvement of the ZnO
crystal quality by annealing treatment observed from XRD
measurements and suggest that incorporation of molecular
oxygen during growth is responsible for the reduction in the
crystal quality of non-stoichiometric samples with excess of
oxygen.

4. Conclusions

ZnO thin films were grown by dc reactive magnetron sputtering
at room temperature proving that this is a suitable technique in
order to obtain ZnO coatings with good crystal and optical
quality. After a previous optimization of the deposition
parameters, we have obtained ZnO thin films with a controlled
stoichiometry, good structural and morphological quality
with the crystalline dimension normal to the c-axis, and
optical properties (n and Eg) in good agreement with the
reported values for stoichiometry ZnO bulk. A study of the
bond structure by XANES of the annealed samples allows
establishing a correlation between the excess of oxygen present
in non-stoichiometric samples detected by RBS, and the degree
of the crystallinity of the material. Furthermore, from these
results it is possible to conclude that this excess of oxygen
is incorporated as molecular oxygen, which produces the
reduction of the crystallinity.
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