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Abstract

Zirconium thin films were deposited on a glass substrate using direct current magnetron sputtering technique and
then post-annealed at different temperatures (100°C to 500°C in steps of 100°C) in an oxygen constant flow. The
dependence of crystallographic structure, surface morphology, chemical composition, and electrical and decorative
properties of the films on the annealing temperature was investigated. X-ray diffraction showed different phases of
zirconium oxide at different annealing temperatures. It is observed that crystallite size and nanostrain increase with
annealing temperature. Atomic force microscopy results showed granular structure in all samples, while both grain size
and film surface roughness increased with the annealing temperature. Energy dispersive X-ray analysis data showed that
the ratio of O/Zr was approximately 1.6, 1.7, 1.9, 2.1, and 2.2 at annealing temperatures of 100°C, 200°C, 300°C, 400°C, and
500°C, respectively. The annealed films at higher temperatures (400°C and 500°C) were transparent, while annealed films
at lower temperatures (100°C to 300°C) were grey and brown, respectively. The variation of electrical resistance of
samples with applied voltage was approximately constant, while it increased with annealing temperature.
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Background
The study of metal oxides, especially in the form of thin
films, has both scientific and technological significance.
Zirconia (ZrO2) is one of these materials that exhibit re-
markable properties. Because of its desirable physical
and chemical properties, such as high melting point
(2,700°C), low thermal conductivity (4.2 W m−1 K−1 at
room temperature) [1], high hardness (18 GPa for mono-
clinic phase and 14 to 11 GPa for amorphous [2,3]), ex-
cellent chemical and corrosion resistance [2,4], high
refractive index (2.2), large band gap (5 eV), high transpa-
rency in the visible and near-IR region [5], high dielectric
constant (approximately 25 [6]), and biocompatibility [7],
it is widely used in coating materials against corrosion,
wear and oxidation, electronic devices, high refractive mir-
rors, broadband interference filters, decorative devices, ac-
tive electro-optical devices, and anti-reflection coatings in
optical industries [6,8-12]. Furthermore, because of its
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color (similar to tooth color), biocompatibility, and ad-
equate mechanical properties, zirconia is widely used in
dentistry [13].
Among various physical and chemical methods for

preparation of zirconium oxide thin films [14-22], post-
annealing of zirconium layers is a simple, low-cost, suit-
able, and flexible method. In this technique, variation of
annealing conditions including annealing temperature,
time, and environment results in different nanostruc-
tures with interesting properties. Some researchers have
also used post-annealing of Zr or ZrO2 layers for pre-
paration of zirconia thin films with new and different
properties [23-25].
In this paper, in order to more deeply understand the

post-annealing effect on the Zr thin films, we have
performed the post-annealing procedure on sputter-
coated Zr/glass thin films with constant flow of oxygen
at different temperatures and investigated the effect of
this process on the crystallographic structure, surface
morphology, chemical composition, and decorative and
electrical properties of the produced zirconium oxide
thin films.
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Figure 1 X-ray diffraction patterns of zirconium thin films
annealed at different temperatures with constant flow of oxygen.
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Experimental details
Zirconium thin films of 90-nm thickness were deposited
by means of a direct current (DC) magnetron sputtering
system using a circular sputtering target (99.998% purity)
of 76-mm diameter and 1-mm thickness. The target-to-
substrate distance was 10 cm. A continuously variable DC
power supply of 600 V and 150 mA was used as a power
source for sputtering. The thickness and deposition rate of
Zr films were checked in situ using a quartz crystal moni-
tor (6 MHz gold, INFICON Company, East Syracuse, NY,
USA) located near the substrate during the sputtering
process. The zirconium thin films were deposited with a
deposition rate of 9 Å/s at room temperature. The base
pressure was 4×10−5 mbar which changed to 2.8×10−3

mbar during deposition of Zr. The purity of argon gas in
this work was 99.998% and controlled by a mass flow con-
troller. The substrates for the deposition were 20×20 mm2

glass (cut from a microscope slide) and were cleaned with
acetone and ethanol in an ultrasound cleaner for a few mi-
nutes. The surface roughness of the substrates was mea-
sured by a Talysurf profilometer (Taylor-Hobson, Leicester,
UK). The root mean square (rms) substrate roughness was
0.3 nm. Post-annealing of Zr/glass films was performed
using a tube furnace at five different temperatures (100°C
to 500°C in steps of 100°C) with a 200 sccm (standard
cubic centimeter per minute) flow of oxygen (purity of
99.98%). The samples reached the selected temperature
with a thermal gradient of 5°/min and were kept at the
annealing temperature for 60 min, then gradually cooled
down to room temperature. The flow rate of oxygen gas
was controlled by a mass flow controller. Nanostructure
and crystallographic orientation of the samples were
obtained using a Philips XRD X'pert MPD diffractometer
(Cu Kα radiation, 40 kV and 30 mA; FEI Co., Hillsboro,
OR, USA) with a step size of 0.02° and count time of 1 s
per step. A field emission scanning electron microscope
(model: MV2300, CamScan, Czech and England) and an
atomic force microscope (AFM; Auto Probe PC, Park
Scientific Instrument, Santa Clara, CA, USA) were also
employed for investigation of chemical composition and
surface morphology of the samples, respectively. The
electrical resistance of the films was also measured by a
two-probe instrument with an excitation wavelength at
320 nm. The excitation wavelength in UV range was
needed due to the high dielectric constant (approximately
25 [6]) of zirconium oxide, so that the electrical resistance
measurement of samples without the UV excitation wave-
length was impossible.

Results and discussion
Crystallographic structure
Zirconium oxide exists in different crystalline phases,
namely amorphous [26,27], cubic [28,29], monoclinic
[28,30], tetragonal [31,32], orthorhombic [33,34], and
combination of different phases [24]. All these structures
are strongly affected by the preparation method and
growth parameters. X-ray diffraction patterns of Zr/glass
thin films annealed at different temperatures for 60 min
are shown in Figure 1, while the numerical data of this
analysis are given in columns 3 and 4 of Table 1. The X-
ray diffraction (XRD) pattern of an annealed sample at
100°C shows two peaks at 31.89° and 36.53° that can be
related to the ZrO2(012) diffraction line of orthorhombic
phase (with reference to JCPDS card no. 33-1483, 2θ:
31.889°) and Zr(101) diffraction line (with reference to
JCPDS card no. 05-0665, 2θ: 36.510°). At 200°C annealing
temperature, the intensity of the zirconium peak is de-
creased, while the ZrO2(012) peak intensity is increased.
By increasing the annealing temperature to 300°C, the
abovementioned peaks disappeared and three new peaks
appeared at 28.05°, 29.81°, and 34.21° diffraction angles.
These peaks can be attributed to the ZrO2(111) crystallo-
graphic orientation of monoclinic phase (with reference
to JCPDS card no. 05-0543, 2θ: 28.036°), ZrO2(101) crys-
tallographic orientation of tetragonal phase (with refe-
rence to JCPDS card no. 24-1164, 2θ: 29.807°), and ZrO2

(002) crystallographic orientation of monoclinic phase
(with reference to JCPDS card no. 05-0543, 2θ: 34.195°),
respectively. When the annealing temperature increased
to the higher temperatures (i.e., 400°C and 500°C), only
the intensities of these peaks are increased and no new



Table 1 Details of XRD and AFM analyses

Sample XRD analysis AFM analysis

Code AT (°C) 2θ (deg.) (hkl) d (Å) ɛ ×10−5 D (nm) D (nm) rms Rave.

I 100 31.89 O(012) 2.80 −142 27 32 2.5 2.1

36.53 Zr(101) 2.45 −366 28

II 200 31.91 O(012) 2.80 −142 34 41 2.9 2.3

36.53 Zr(101) 2.45 −366 32

III 300 28.05 M(111) 3.17 −314 32 48 4.2 3.4

29.81 T(101) 2.99 −166 30

34.21 M(002) 2.61 −381 28

IV 400 28.07 M(111) 3.17 −314 62 78 6.8 7.8

29.85 T(101) 2.99 −166 55

34.25 M(002) 2.61 −381 49

V 500 28.09 M(111) 3.17 −314 74 102 7.6 10.8

29.87 T(101) 2.98 −500 70

34.27 M(002) 2.61 −381 62

AT annealing temperature, D crystallite/grain size, O orthorhombic, M monoclinic, T tetragonal, Zr zirconium.
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peaks are observed. On the other hand, it may be sug-
gested that by increasing the annealing temperature be-
tween 300°C and 500°C, little change may occur in the
structure of ZrO2 films.
In summary, the results of XRD analysis of the sam-

ples produced in this work show that one may distin-
guish two groups of nanostructures. Group I (samples I
and II) includes the films annealed at lower temperatures
(100°C and 200°C) with a complex structure of ZrO2

(orthorhombic) and Zr (hexagonal). Group II (samples
III to V) includes the films annealed at higher tempera-
tures (300°C to 500°C) that were completely oxidized and
showed a mixed crystallographic structure of monoclinic
and tetragonal.
It can be seen in column 3 of Table 1 that the position

of all diffraction lines is shifted to higher diffraction an-
gles relative to that of the powder sample. Furthermore,
the sample annealed at the highest annealing temperature
shows a larger shift than those annealed at lower tempera-
tures. The observed shifts provide information to calculate
the nanostrain (ε) in the body of the film [35,36] using

ε ¼ d−d0ð Þ=d0; ð1Þ

where d is the plane spacing of the sample (column 5 of
Table 1) and d0 is the plane spacing of the standard powder
sample. Variations of nanostrain for all diffraction lines are
shown in column 6 of Table 1. The results for all samples
show compressive strain. Considering the ZrO2(101) (i.e.,
T(101), tetragonal) diffraction line in the samples annealed
at higher temperatures of 300°C to 500°C, it can be de-
duced that this compressive strain is increased to its
highest value at 500°C. In general, the volume energy of
the thin film decreases with increasing of the substrate
(annealing) temperature due to increased diffusion effect,
which in turn reduces the nanostrain in the structure of
the thin film [37]; at the same time by increasing the
temperature, the contribution of the thermal strain on the
total strain is increased, causing the strain to increase.
The competition between the diffusion process and

thermal strain at different substrate (annealing) tempera-
tures may have been the cause of the above observations
in the nanostrain in zirconium oxide films reported in
Table 1.
In order to obtain the crystallite size (coherently dif-

fracting domains) of the samples, we used the Scherrer
relation [38]

D ¼ kλ
B cosθ

; ð2Þ

where λ is the wavelength of X-ray, θ is the Bragg angle,
and k is a dimensionless constant which is related to the
shape and distribution of crystallites [39] (usually taken
as unity). For obtaining the value of B, we used the usual
procedure of full width at half maximum (FWHM) mea-
surement technique [40]; therefore,

B ¼ W 2
0−W

2
i

� �1
2;= ð3Þ

where W0 is the FWHM of the sample and Wi is the
FWHM of the stress-free sample (standard SiO2 single-
crystal sample). The calculated crystallite size D (cohe-
rently diffracting domains) obtained from the above
procedure is given in column 7 of Table 1. This result
shows that the crystallite size in each group of films (i.e.,
groups I and II) increases with the annealing temperature.
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This behavior may be due to the increased diffusion effect
with annealing temperature. A similar effect is reported by
Ciosek et al. [23].

Surface morphology
3-D AFM images of selected zirconium oxide samples
prepared in this work are shown in Figure 2, while grain
size (obtained from 2-D AFM images by JMicrovision
code) and surface roughness parameters of all samples
are given in columns 8 to 10 of Table 1. The results
show a granular structure for all samples, while grain
size in each group of the samples (consistent with XRD
results) and surface roughness increase with annealing
temperature. This behavior is due to the high annealing
temperature that provides energy of film atoms to en-
hance mobility. Increasing of mobility also increases the
coalescence and produces larger grains with deeper val-
leys between them; hence, higher surface roughness is
obtained. A similar behavior with annealing temperature
is also obtained and reported in [41].
The grain sizes obtained from XRD data (27 to 74 nm)

are smaller than the results obtained from AFM images
(32 to 102 nm). These differences can be attributed to the
fact that the AFM images show only surface of the grains.

Chemical composition and color of the produced samples
In addition to other factors such as hardness, color of
zirconia coatings is important in dentistry and decorative
devices. For this reason, we have studied the dependence
of color and chemical composition of samples on annealing
temperature. The chemical composition deduced from en-
ergy dispersive X-ray (EDAX) measurements and colors of
Figure 2 3-D AFM images of selected zirconium thin films. The films w
constant flow of oxygen.
the films produced in this work are given in Figure 3.
These results indicate that the O/Zr ratio in the structure
of the samples (i.e., x in ZrOx) increases with the annealing
temperature. The stoichiometry of the zirconium oxide
thin films was found to be approximately 1.6, 1.7, 1.9, 2.1,
and 2.2 at annealing temperatures of 100°C, 200°C, 300°C,
400°C, and 500°C, respectively. On the other hand, the re-
sult shows that the degree of film oxidation increases with
annealing temperature. Koski et al. [42] have reported that
zirconium oxide is colorless and transparent when it is
fully oxidized. This color is due to the profusion of oxygen
atoms in the lattice structure. The color is grey or brown
when the O/Zr ratios are 1.6 and 1.8, respectively. A color
of grey happens when the thin films are rich in metal.
These results are consistent with the color of our samples
in this work. Figure 4 shows the images of our samples
annealed at 100°C, 300°C, and 500°C with grey, brown, and
transparent (colorless) colors, respectively.
The results of EDAX analysis and color of samples are

consistent with XRD patterns. The films annealed at
lower temperatures (100°C and 200°C) due to the low
influence of oxygen had a mixed structure of ZrO2 and
Zr and were substoichiometric and grey, whereas the
films annealed at higher temperatures (400°C and 500°C)
due to the deeper/more influence of oxygen were com-
pletely oxidized, colorless, and overstoichiometric.

Electrical resistance
The I-V curve was measured to study the electrical beha-
vior of the films. This work was done with a two-probe sys-
tem equipped with a nano-ammeter with an excitation
wavelength at 320 nm. Figures 5 and 6 show the variation
ere annealed at (a) 100°C, (b) 300°C, and (c) 500°C temperatures with
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Figure 3 Variation of O/Zr ratio and color of ZrOx thin films as
a function of annealing temperature.
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Figure 5 Current versus applied voltage curves for Zr thin
films. The films were annealed at different temperatures with
constant flow of oxygen.
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of current as a function of applied voltage and the voltage
dependence of electrical resistance of ZrOx thin films
obtained from Figure 5 data, respectively.
It can be seen that variation of electrical resistance

with applied voltage is approximately constant within
the experimental error of 10%, for each ZrOx sample, while
it increases with the annealing temperature. This behavior
can be related to the increased oxidation rate as discussed
above and is consistent with the EDAX results. When the
number of oxygen atoms that should bond to the zirco-
nium atoms is not enough, the remainder Zr atoms act as
Figure 4 Photographs of Zr thin films. The films were annealed at
100°C, 300°C, and 500°C temperatures with constant flow of oxygen.
donors and can provide free electrons. With these free
electrons, the films have a high carrier density and low
resistivity. However, as the number of oxygen atoms
integrated within the zirconium atoms increases, the
number of these free electrons decreases and the film re-
sistance increases.

Conclusion
A DC magnetron sputtering system was used to deposit
Zr thin films of 90-nm thickness on glass substrates.
The influence of post-annealing temperature in the pre-
sence of constant oxygen flow on crystallographic struc-
ture, surface morphology, and chemical composition of
the produced samples was studied by XRD, AFM, and
EDAX techniques, respectively. A two-probe instrument
with an excitation wavelength of 320 nm was employed
for electrical resistance investigation. The annealed films
at lower temperatures of 100°C and 200°C (group I) had
a combined structure of ZrO2 (orthorhombic) and Zr
(hexagonal), while the annealed films at higher tempera-
tures >300°C (group II) were completely oxidized and
showed a mixed crystallographic structure of monoclinic
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Figure 6 Variation of electrical resistance of Zr thin films. The
films were annealed at different temperatures with constant flow of
oxygen as a function of applied voltage.
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and tetragonal. The crystallite size, nanostrain, and surface
roughness were increased with the annealing temperature
in each group of the samples. The stoichiometry and
color of the zirconium oxide thin films were found to
be approximately 1.6 (grey), 1.7 (grey), 1.9 (brown), 2.1
(transparent), and 2.2 (transparent) at annealing tempera-
tures of 100°C, 200°C, 300°C, 400°C, and 500°C, respec-
tively. The variation of electrical resistance of the films was
almost constant with applied voltage for each sample. The
electrical resistance of ZrOx thin films was increased with
the annealing temperature.
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