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Abstract Zirconium oxide thin films were grown suc-
cessfully by thermal annealing of zirconium thin films
deposited on quartz and silicon substrates by direct current
magnetron sputtering technique. The structural and optical
properties in relation to thermal annealing times were
investigated. The X-ray diffraction patterns revealed that
structure of films changes from amorphous to crystalline by
increase of annealing times in range 60-240 min. The
composition of films was determined by Rutherford back
scattering spectroscopy. Atomic force microscopy results
exhibited that surface morphology and roughness of films
depend on the annealing time. The refractive index of the
films was calculated using Swanepoel’s method. The
optical band gap energy of annealed films decreased from
5.50 to 5.34 eV with increasing thermal annealing time.

Keywords ZrO, - Morphology - Optical band gap -
Annealing - Sputtering

Introduction

Zirconia thin films (ZrQO,) are one of the transition-metal
oxides with outstanding physical, optical and chemical
properties [1-14] including high hardness, low electrical
conductivity, high melting point, good thermodynamic
stability in contact with silicon, transparency in the visible
and near-infrared region, high refractive index, high
dielectric constant and large optical band gap [2, 10, 11].
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Through having such properties ZrO, thin films have
attracted a lot of attention and applied in diverse field such
as, optical filters [5], memory device [6], it is also used as a
material to store capacitors [7] in dynamic random access
memories. Such wide range of important applications has
motivated researchers into growing ZrO, thin films on
different substrates by a variety of techniques. Balakrish-
nan et al. [8] fabricated ZrO, thin films on silicon substrate
at different oxygen partial pressure by pulsed laser depo-
sition. Shen et al. [10] were employed electron beam
evaporation technique to prepare ZrO, thin films. Rebib
et al. [11] have studied the structural and optical properties
of zirconia thin films deposited by sputtering a ZrO, target
under an argon—oxygen gas mixture and different total gas
pressures. The sol-gel dip coating method was used for the
preparation of highly transparent nanocrystalline zirconia
thin films by Joy et al. [12]. RF sputtering deposition was
employed by Yildiz et al. [13] for preparation of nano-
crystalline zirconia thin films with high transparency. In
this investigation nanocrystalline zirconia thin films were
prepared by thermal annealing of zirconium (Zr) thin films
grown on silicon and quartz substrates by DC magnetron
sputtering. As the structural and optical properties of thin
films can be affected by some factors such as the growth
method, the deposition conditions and thermal annealing,
this investigation focuses on the influence of annealing
time on structural and optical characteristics of ZrO, thin
films.

Experimental details
In the present experiment, firstly, the zirconium (Zr) thin

films were grown on silicon and quartz substrates by DC
magnetron sputtering from a zirconium target (purity
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99.999 %). The deposition chamber was initially evacuated
to achieve a base pressure of 5.3 x 107> torr by means of a
rotary and diffusion pumps. After introducing argon gas as
working gas, the total pressure was kept constant at
5.3 x 1072 torr. Silicon and quartz substrates were first
cleaned, using ultrasonic bath for 15 min in acetone and
ethanol. Then deposition process was performed for 2 min
for all films. After that, the prepared films were annealed in
an electrical furnace at 450 °C for 60-240 min under the
oxygen atmosphere. The effect of annealing time on the
structural, morphological and optical properties of ZrO,
thin films were studied by different analyzing method. The
crystal structure of the films were characterized by X-ray
diffraction (XRD, Philips, pw 1800) using Cu Ko radiation
(4 = 0.1506 nm) at 40 kV and 30 mA in the 20 scan range
from 10 to 60. The morphology of prepared thin films was
studied by atomic force microscopic (AFM, park Scientific
Instrument, Auto probe cp USA) and the transmittance
spectra of the annealed films were recorded using a spec-
trophotometer (CARY 500 Scan). The composition of films
were determined by Rutherford back scattering spec-
troscopy (RBS) [15] using a 2 MeV proton beam of a 3
MYV single-ended Van de Graaff machine. The scattered
particles were measured by a surface barrier detector at
165°. Numerical analysis of the collected data was per-
formed via the SIMNRA simulation package.

Results and discussion

The XRD patterns of the as-deposited Zr thin film and the
annealed films on silicon substrate at different annealing
times are shown in Fig. 1.

We can observe that the as-deposited films show a peak
due to the Zr in (100) crystallography direction. After
annealing the Zr films for 60 min the film is amorphous.
The tetragonal ZrO, phases can be observed in annealing
times in rangel120-240 min due to the oxidation of zirco-
nium films after thermal annealing in oxygen atmosphere.
Also, nanocrystalline tetragonal ZrO, thin films at different
annealing temperatures was obtained by Joy et al. [12] Up
to annealing time of 180 min the peak along with (111)
plane of tetragonal ZrO, phase can be observed and the
crystallography direction, changes to (002) direction at
annealing time of 240 min. The surface morphology of thin
films is one of the important factors that can influence the
thin films applications. Therefore the surface morphology
and the microstructural properties of deposited thin films
were studied by AFM analyses. The 2 x 2 um’> AFM
images of as-deposited Zr thin films and the ZrO, films
annealed at various annealing times are shown in Fig. 2.
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Fig. 1 The XRD patterns of as-deposited Zr films and the annealed
films on silicon at different annealing times

The 3D micrographs show the presence of hills on the top
of the surface. The sharpness and number of the hills
increased after annealing time of 60 min. Also we can
observe the growth of columnar structure on the surface of
the films due to the grain nucleation and growth during the
crystallization process [16]. The root mean square rough-
ness (R.,s) and average roughness (R,) of prepared films
are shown in Fig. 3. As can be seen from Fig. 3, the R
and R, follow the similar evolution as previous micro-
scopic observation. The R, value of 1.42 nm for as-de-
posited Zr thin films increased to 2.28 nm by increasing of
annealing times up to 120 min due to phase change and
grains growth then for higher annealing times the R
decreased. The AFM results exhibited that the surface
morphology and roughness of ZrO, thin films depend on
the annealing time.

The composition of films was determined by RBS
analysis. The typical experimental RBS spectrum of zir-
conium oxide film on silicon substrate at annealing time of
240 min along with simulated curve calculated by
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Fig. 2 2d and 3d AFM images
of a as-deposited Zr films and
the annealed films on silicon at
different annealing times: b 60,
¢ 120, d 180 and e 240 min
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Fig. 3 The roughness of as-deposited Zr film and ZrO, films on
silicon at different annealing times

Energy (KeV)

400 800 1200 1600 2000
T T T T
—— Experimental data
—— Simulated data

annealing time:240 min

1400

1200

1000

800

Counts

600

400

200

I 1 1 1 1
100 200 300 400 500 600

Channel

Fig. 4 The RBS spectrum of zirconium oxide film on silicon
substrate at annealing time of 240 min

SIMNRA cod is shown in Fig. 4. The signals of the ele-
ments of the film such as Zr, O as well as Si substrate are
clearly observe in the spectrum. The ion scattering from Zr
atoms occurs at higher backscattering energy. This is
because the backscattered energy of the incident ions is
depending on the atomic mass of the elements from which
the ions backscatters. The atomic masses of the elements
are 15.99, 28.09 and 91.22 for O, Si and Zr, respectively,
and the Zr is the heaviest among the elements either in the
film or in the substrate.

The RBS spectra of the zirconium oxide films at various
annealing times are displayed in Fig. 5. As can be seen
from the Fig. 5 the back edge of the Zr peak in RBS spectra
shifted to lower energies and the width of peak which is a
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Fig. 5 The normalized RBS spectra of zirconium oxide films at
different annealing times
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Fig. 6 The transmittance spectra of the ZrO, thin films on quartz
substrate at different annealing times

measure of thickness of oxide layer is increased with
annealing time. Similar behavior was obtained for ZrO,
thin films prepared at different annealing temperatures.
[17].

The optical behavior of thin films is generally charac-
terized by their optical constants, such as refractive index
(n) and extinction coefficient (k). In order to determine the
optical constant of annealed zirconium oxide films, we
used the transmittance spectra and Swanepoel’s method
[18]. The optical transmittance spectra of the ZrO, thin
films on quartz substrates as a function of wavelength in
range 200-900 nm are shown in Fig. 6.

As can be seen in the visible wavelength region the films
are transparent and the transparency of the ZrO, films
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Fig. 7 The refractive index versus wavelength of the ZrO, thin films
at different annealing times

enhances and reaches to 90 % by increasing the annealing
time from 60 to 240 min. The interference fringes in the
transmittance spectra of the films indicated that the films
have a uniform thickness and the ZrO, thin films are
homogeneous. The derived values of the films refractive
indices are shown in Fig. 7. We can observe that the
refractive index decreases with increasing wavelength of
incident photon and at higher wavelength the refractive
index tends to be constant. Similar behavior was obtained
for CuO thin films prepared at different annealing tem-
peratures. [19].

Also, the refractive index of the annealed ZrO, thin
films decreases by enhancing of annealing time. In this
study the values of the refractive index at wavelength of
600 nm decreased from 2.18 to 2.04 with increase of
annealing time from 60 to 240 min. A similar behavior
with annealing time is also reported for TeO, thin films by
Siciliano et al. [20]. A decrease of refractive indices with

oxygen partial pressure is also obtained and reported by
Shen et al. [10] for ZrO, thin films prepared at different
oxygen partial pressures. The refractive index values of the
zirconium oxide thin films calculated in the present study
are in good agreement with the value reported by [10-12].
Determination of band gap energy (E,) is often neces-
sary to develop the electronic band structure of thin film
materials. The band gap energy (E,) of the films is calcu-
lated from the dependence of absorption coefficient on the
incident photon energy (hv) by the relation [21] as:

ahv = B(hv — E,)P. (1)

where B is a constant that depends on the transition
probability and p is an exponent that depends on the type
of optical transition between the valence and conduction
band direct or indirect. For the crystalline semiconduc-
tors, p is theoretically equal to 1/2, 3/2, 2 or 3 for the
direct allowed, direct forbidden, indirect allowed and
indirect forbidden transitions, respectively. Figure 8
presents the variation of (othv)? versus the photon energy
(hv) for ZrO, thin films prepared at different annealing
times. The plots indicate a direct optical band gap for
annealed ZrO, films. The optical band gap energy is
evaluated by extrapolating the linear part of the curve
(ahv)?> where (o = 0). It is found that from the figure,
the deduced band gap energy of ZrO, films are in range
5.34-5.50 eV and decreases with increasing the anneal-
ing time. The decrease in energy band gap is in con-
sistent with a change in the structure of ZrO, thin films
from amorphous to crystalline phase. Also, the crys-
tallinity and the grain size of the films increases with the
annealing time resulting in a decrease of energy band
gap. The results of the band gap energy are in agreement
with the XRD results. The band gap value of the ZrO,
obtained in the present work closely matches with earlier
reports [11, 22, 23].

Fig. 8 The dependence of 0.01
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films prepared at different

annealing times 0.008-

0.009

0.007
0.006 -
0.005

0.004-

(ahv)z(eVZ.nm'z)

0.003
0.002-

0.001-

— Annealing time: 240 min
= Annealing time: 120 min

—— Annealing time: 180 min

= Annealing time: 60min

35 4 45 5 5.5 6
hv (eV)

ﬁ @ Springer



224

J Theor Appl Phys (2016) 10:219-224

Conclusion

ZrO, thin films were prepared by thermal annealing of as-
deposited Zr films on silicon and quartz substrate using dc
magnetron sputtering technique. The thermal annealing
times were varied between 60 and 240 min. It was found
that the annealed ZrO, films on silicon substrate were
crystallized in a tetragonal structure at annealing time in
range 120-240 min. XRD and RBS studies show that the
ZrQ, films has been formed in all annealed films. The AFM
studies show that the grain size of the films is very small
and the films surface is very smooth. Optical transmittance
spectra of ZrO, films on quartz substrates confirmed the
films are transparent and homogeneous. The refractive
index at wavelength of 600 nm varied between 2.04 and
2.18. A reduction in optical band gap energy is observed
from 5.50 to 5.34 eV with an increase of the annealing time
from 60 to 240 min may be due to a change in the structure
of ZrO, thin films from amorphous to crystalline phase that
observed in XRD results.
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