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Abstract-Vanadium doped ZnO films with the doping
concentration of 0.8% were deposited onto glass substrates at
different sputtering pressures by direct current (DC) reactive
magnetron sputtering using a zinc target doped with vanadium.
The effect of the sputtering pressures (510~ - 3*10” mbar) on
the structural properties of the deposited films have been
studied by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and Energy Dispersive Spectrometry (EDS).
The results of XRD show that all the films have a wurtzite
structure and grow mainly with the c-axis orientation. The
residual stresses which have been estimated by fitting the XRD
results decrease with increasing sputtering pressure. The optical
properties of the films were studied by measuring the
transmittance. The optical constants (refractive index and
extinction coefficient) and the film thickness were obtained by
fitting the transmittance. All the results are discussed in relation
with the sputtering pressure and the doping of the vanadium.

L INTRODUCTION

ZnO is a wide band gap semiconductor with optoelectronic
properties that make it an attractive candidate for a variety of
device applications[1]-[4] . Diluted magnetic semiconductors
(DMS) have recently attracted great attention because of their
potential application for spintronics devices[5]. In DMS
materials, transition or rare earth metal ions are substituted
onto cation sites of the host semiconductor and are coupled
with free carriers to introduce ferromagnetism [6],[7]. K. Sato
et al , predicted that ZnO doped with Cr, Fe, Co, V and Ni can
be ferromagnetic [8]-[11]. Recently, some experimental work
show that V doped ZnO can introduce ferromagnetism (FM).
However, so far, not much work has been done about this.
There have been some reports of ZnO:V films prepared by
magnetron sputtering [12] , pulsed laser deposition [13],[14],
ion plating [15] , etc. Among the deposition techniques, DC
reactive magnetron sputtering technique has some advantages
in comparison to the other methods[16]. This technique is
quite simple and the required equipment is less expensive,
and is considered to be the most favorable deposition method
to obtain highly uniform films with high packing density and

* Email: wangleewei@hotmail.com

978-1-4244-1573-1/08/$25.00 (© 2008 IEEE

strong adhesion at a high deposition rate.

In the present work we have studied the influence of the
total pressure on the structural and the optical properties of
the ZnO:V thin films prepared by dc reactive magnetron
sputtering. It has been found that the structural and the optical
properties are strongly dependent on the processing
conditions.

1L EXPERIMENT

Zn0O:V thin films were deposited on the glass substrate by
DC magnetron sputtering using Znic (99.99%) metal target
with some pieces of vanadium. The distance between the
target and the substrate was 50 mm. The sputtering chamber
was evacuated to a base pressure below 3*10”mbar. The
target were well cleaned and etched for 5 min with pure Ar
atmosphere using the current of 0.3A and the substrate was
covered with the shutter in the chamber before deposition.
During sputter deposition, the sputtering current applied to
the target was fixed at 0.3A. The substrate temperature was
kept at room temperature. The sputtering gas Ar with a purity
of 99.99% and the reactive gas O, with a purity of 99.99%
were introduced to the chamber separately and controlled by
the standard mass flow controllers. The deposition pressure
were 3*1072, 1.5*107, 9%10, 7*10° and 5*10” mbar at the
constant oxygen partial pressure 3*107 mbar.

The crystal structures of the films were characterized by
XRD, using a Cu Ka radiation source and the scanning range
from 10° to 80°. Peak position and the peak intensity were
obtained by fitting the measured peaks with two Gaussian
curves in order to get the true peak position and intensity
corresponding to monochromatic Cu Kal radiation. The
surface morphology and cross-section microstructure of the
films were observed by SEM and the stoichiometries of the
films were determined by EDS. The transmittance spectra
were measured in the range of 300-2500 nm wavelength
using a Shimadzu UV-3101PC spectrophotometer.

III.  RESULTS AND DISCUSSION

A Structural properties

Vanadium concentration in ZnO films deposited at
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different sputtering pressures has been detected by EDS
measurement. It has been found that the doping concentration
is about 0.8 mol % and is same for all samples.

Fig. 1 shows the XRD patterns of the ZnO:V thin films
deposited on glass substrates at different pressure with an
oxygen partial pressure of 3*10mbar. The XRD has been
done at 20 between 10° to 80°. As only (002) and (004)peak is
observed for all samples. The XRD results indicate that all the
samples are wurtzite structure. This result implies that a few
of V impurities doesn’t change wurtzite structure of ZnO. It
can be seen also that vanadium doped ZnO films have a
preferred c-axis orientation of ZnO. The c-axis orientation in
ZnO:V films can be understood by the ‘‘survival of the
fastest’” model proposed by Drift [17]. According to this
model, nucleations with various orientations can be formed at
the initial stage of the deposition and each nucleus competes
to grow but only nuclei having the fastest growth rate can
survive, i.e., c-axis orientation is achieved.

In addition to the c-axis orientation, a small shift of the
peak position of the (002) plane is observed with the variation
of deposition pressure as shown in the inset graph of Fig.1 and
the 26 value for all the films is found to be less than the
unstressed pure ZnO powder value[18] . It indicate that the
value of c-axis lattice parameter for the ZnO:V films is large
in comparison with unstressed bulk value of 2.6033 A[18].
The large value of lattice constant for the ZnO:V thin films
compared to the unstressed powder value shows that the unit
cell is elongated along the ¢ axis, and compressive forces act
in the plane of the film. The residual stress of the films were
calculated from the value of lattice parameter of film using
the expression by (1) [19]

_ 20”2—033(0” tcp)d-d, (1)
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where d is the crystallite plane spacing of the films, and
d0=2.6033A is the standard plane spacing from X-ray
diffraction The values of the elastic constant from single
crystalline ZnO are used, C11=208.8 GPa, C33=213.8 GPa,
C12=119.7 GPa and C13=104.2 GPa. Substituting these
values in the above equation gives 6=-233(d-d,)/ do. The
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Fig. 1. X-ray diffraction pattern of films prepared at different sputtering
pressures. The inset graph shows the XRD pattern with 30<26<40

TABLE I

Grain size along (002) direction, residual stress and thickness of the ZnO:V films prepared at different
sputtering pressures

Sputtering Thickness | FWHM Stress Grain
pressure dA) .
(mbar) (nm) (degree) (Gpa) | size(nm)
3*10° 782 0.19 2.6260 | -2.03 46
1.5%107 1473 0.22 2.6352 | -2.86 40
9*10° 1434 0.28 2.6481 | -4.00 30
7*10° 1250 0.42 2.6626 | -5.30 20
5%107 1023 0.76 2.6937 | -8.09 11

calculated residual stresses of the films are shown in Table 1.
From Table 1 it can be seen that all the samples have a
negative residual stress which indicates a compressive stress
in the films. The residual stress of the films increases with the
decrease of sputtering pressure. The large value of lattice
parameter may be attributed to the incorporation of defects in
the form of interstitial oxygen during deposition. During the
deposition, the energy of the sputtered particles arriving at the
substrate surface raised with decreasing the pressure. This can
generate more defects, holes and substituted atoms which can
expand the volume to make residual stress the greater.

The full width at half maximum (FWHM) of (002) x-ray
peak was found to decrease with increasing of the sputtering
pressure. The average crystallite dimension of films, D, was
calculated using the (2)[20]

_ 094 )
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where A is the X-ray wavelength, e is the Bragg diffraction
angle and B is the full width at half maximum(FWHM) after
correction for the instrument broadening. By fitting the
measured X-ray diffraction data, the average crystallite size
of the films has been calculated from diffraction peak of
(002). The calculated grain sizes are shown in Table 1.
Crystallites size in the direction of vertical the substrates of
the films prepared at high sputtering pressure is larger than
that of films prepared at low sputtering pressure. So it can be
found that the films, which have large crystallites, have low
residual stress. This is because the films, which have large
crystallites, have less dislocation and crystallite boundaries.
Compared with the crystallite of pure ZnO film[21],
Vanadium doped in ZnO films will stimulate the grain growth
of ZnO films and make the doped films have larger crystallite
sizes, which improve the crystallinity of ZnO films. This
phenomenon has been found in the experiments with
Tb-doped ZnO films and Ga doped ZnO films [22],[23].

B Surface morphology

Fig.2 shows the SEM surface and cross-section
morphology of the ZnO:V thin films deposited at different
total pressures. It can be seen that the average of grain size
along the surface and the roughness of film increase with the
raising of sputtering pressure and the films have a normal
columnar structure as observed from the cross-section. The
grain size vertical the surface also increase with the sputtering
pressure. These agree with the calculated result of XRD.
From Fig.2 it can be seen that the film prepared at high total
pressure has more porous structure than the film prepare at
low pressure. As the total pressure is raised, the energy of the
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the surface mobility of the sputtered particles on the substrate.
Usually, low surface mobility is connected with 3-D island
growth, whereas high surface mobility means that the growth
of the film take place in a more or less 2-D manner,
completing a monolayer before the second layer begins to
form. So the dense packing structure was formed for the films
prepared at low sputtering pressure and the porous structure
was formed for the films prepared at high sputtering pressure.

C. Optical properties

Fig. 3 shows optical transmittance spectra of the ZnO:V
films. As can be seen from Fig.3, the transmittance increases
with increase of sputtering pressure. The absorption edge of
the transmittance for the film prepared at 3*10mbar shifts to
the shorter wave length, i.e., blue shift.

The thickness, refractive index and extinction coefficient of
films were obtained by fitting from the transmittance spectra
using the Drude Model and OJL model[24],[25].

The calculated refractive indices of all ZnO:V thin films are
shown in Fig.4(a). The decrease of refractive index indicates
i the decrease of the density of the films with the increase of
- sputtering pressure. That means the film density decrease as
the pressures are increased. This leads to the decrease of the
refractive index. From Fig. 2 it can be seen that samples at
higher pressure is formed by disordered nano-rods, the space
between these nano-rods results in a low packing density and
subsequently a low refractive index. The index of refraction,
n, become less when increasing the sputtering gas pressure
during deposition. This can be easily understood as a
thermalization effect. The sputtered particles lost their initial
high energy due to collisions with gas atoms and become
thermalized. This reduces the adatom mobility at surface of
the growing film and leads to a porous film structure due to a
shadowing effect. Consequently the index of refraction, n, is
reduced. [26]

It is observed that the refractive index of the ZnO:V thin
films are smaller than that of the pure ZnO film in the
measured wavelength range[21],[27]. The decrease in
refractive index is attributed to the deceasing of the value of
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sputtered particles arriving at the substrate surface falls
because of collisions with the gas components, leaving less Fig. 3. Transmittance spectra of films prepared at
energy for surface diffusion. This will result in a decrease of different sputtering pressures.
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Fig. 4. a) The refractive index and
b) The extinction coefficient of the films with different sputtering pressure

grain size and an increase in the porosity of ZnO:V thin film.

Fig. 4(b) shows the extinction coefficient of films prepared
at different sputtering pressures. The scattering centre
concentration decreases with the increase of sputtering
pressure due to the increase of the crystallite size with the
increase of sputtering pressure. the light loss introduced by
scattering increasing. In our films, the scattering mainly
results from oxygen vacancies and grain boundaries. The
films which have big grain size should have small scattering
coefficient. Comparing with Table 1, it is true for our films.
Hence the extinction coefficient increases with the increase of
sputtering pressure.

To obtain the band gap E,, we have used Tauc et al.'s plot
28] where the absorption coefficient o is a function of the
incident energy and optical band gap Eg is given by

a=A(hv-Ep)'"*/hv 3)

T=(1-R)e™ %)

where A is a function of refractive index of the material,
reduced mass and speed of light. 7'is the transmittance of the
thin film, R the reflectance and ¢ the thickness of the film
obtained from the simulation. Since the reflectivity is
negligible and insignificant near the absorption edge. (ohv)? is
a function of the energy of incident radiation .The energy
band gap can be evaluated from the linear part of the curve
with the energy axis. The optical energy band gap of the films
decreased from 3.34, 3.32 to 3.31 eV with decreasing the
sputtering pressure. This may be due to different effects, but
the most relevant are grain size, lattice strain or defect states.

IV.  ConcLusioN

ZnO:V thin films were deposited on glass substrate by dc
reactive magnetron sputter. The structural and optical
properties of the ZnO:V thin films are dependent on the
sputtering pressure.

The films have highly preferred orientation with c-axis

perpendicular to the substrate at higher sputtering pressure.
The grain sizes are increasing with the sputtering pressure and
the stain of all the samples have a compressive stress which
increases with decreasing the sputtering pressure. The XRD
patterns of the samples indicated that the crystallites of the
ZnO:V thin films grown at higher sputtering pressure were
good quality.

The average transmittance for all prepared samples is about
80% in the wavelength range of the visible spectrum. The
refractive index and extinction coefficient—-wavelength
dependence was calculated from the transmission spectra.
With lessening of sputtering pressure, the refractive index and
extinction coefficient both decreased.

The thickness, refractive index and extinction coefficient of
films were obtained. The transmittance drops and refractive
index decreases and extinction coefficient rises with the
decreasing of sputtering pressure. The refractive index of the
ZnO:V thin films are smaller than that of the pure ZnO film in
the measured wavelength range. The optical bandgap was
found to increase with increasing sputtering pressure.
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