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Zr thin films were deposited by DC magnetron sputtering technique on Si substrate and then post-
annealed at different temperatures (150-750 °C in steps of 150 °C) and times (60 and 180 min) with flow of
oxygen. X-ray diffraction (XRD) method was used for study of crystallographic structure. These results
showed an orthorhombic structure for annealed films at 150 ~Cand a mixed structure of monoclinic and
tetragonal for annealed films at higher temperatures (300-750°C). XRD result also showed that an
increase in annealing temperature and time caused increasing of crystalline size. EDAX and AFM tech-
niques were employed for investigation of chemical composition and surface morphology of samples, re-
spectively. The results showed a granular structure for all samples, while the O / Zr ratio, grains size and
surface roughness were increased with increasing of annealing temperature and time. A two probe instru-
ment was used for electrical properties investigation, while hardness of films was measured by nano-
indentation test. These results showed that increasing of annealing temperature and time caused increas-
ing of electrical resistance and decreasing of hardness in the films.
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1. INTRODUCTION

Physical properties of nano-materials have been a
subject of intense scrutiny over the past two decades
because of the scientific and technological interest on
the preparation method and nanostructure dependence
of these properties [1-4]. Zirconia (ZrQOz2) is one of these
materials that especially in the thin film form is very
attractive. ZrOz has been applied at thermal barrier
coatings [5], optical filters and laser mirrors [6], alter-
native gate dielectrics in microelectronics [7, 8], a buff-
er layer for a high 7T¢ ceramic superconductor on Si [9],
high temperature oxygen separation [10], oxygen sen-
sors [11] and fuel cells [12] due to its heat resistance,
low thermal conductivity, a relative high dielectric con-
stant, high refractive index, high transparency in the
visible and near-infrared region [13, 14]. In all these
practical applications, the preparation method, control
of growth, crystal structure, chemical composition, and
electronic properties of ZrOz thin films are very im-
portant. Hence, characterization of structural, electrical,
mechanical and optical properties of Zirconia thin films
prepared using different deposition techniques and cor-
relation between nano-structure and different properties
of these films play an important role in their technical
applications. Many researchers have been reported on
investigation of different properties of ZrOz thin films
prepared by different methods including thermal anneal-
ing [15, 16], sputtering [17, 18], reactive sputtering
[19, 20], Chemical Vapor Deposition [21], electron beam
evaporation [22], and sol-gel processing [23].

In this work, in order to more deeply understand
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the effect of annealing conditions on the Zr thin films,
we have prepared the Zirconium oxide thin films by
post-annealing of Zr / Si films at different temperatures
and times, and studied the influence of these variables
on crystallographic structure, surface morphology,
chemical composition and electrical and mechanical
properties of these layers.

2. EXPRIMENTAL DETAIL

Conventionally polished silicon (Si (400), n-type)
with dimensions of 20 x 20 mm? were used as a sub-
strate. The substrates were cleaned with acetone and
ethanol in ultrasound cleaner for several minutes and
were dried by argon gas flow. Zr thin films of 90 nm
thickness were deposited by means of DC magnetron
sputtering system using a circular sputtering target
(99.998 % purity) of 76 mm diameter and 1 mm thick-
ness. 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 the Zr films were
checked in situ using a quartz crystal monitor (6 MHz
gold, Inficon Company, USA) located near the sub-
strate during the sputtering process. Zirconium thin
films were deposited at a deposition rate of 9 A/s. The
base pressure was 4 x 10-5 mbar, achieved with a
diffusion pump coupled with a rotary pump that was
changed to 2.8 x 10-3 mbar after presence of Argon.
The purity of argon gas in this work was 99.998 % and
controlled by mass flow controller. Post-annealing of
Zr / Si films were performed by a tube furnace at five
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different temperatures (150 to 750 °C in steps of
150 °C) with flow of oxygen (purity of 99.98 %) at
200 scem (standard cubic centimeter per minute). Two
annealing times of 60 and 180 min were used. The
samples were reached the selected annealing temper-
ature with a thermal gradient of 5 degree/min, and
then gradually cooled down to room temperature. The
details of the samples produced in this work are given
in Table 1. Nanostructure and crystallographic orien-
tation of the samples were obtained using a Philips
XRD X’pert MPD Diffractometer (Cu Ka radiation,
40 kV and 30 mA) with a step size of 0.02° and count
time of 1 s per step. A Field Emission Scanning Elec-
tron Microscope FESEM (model: CamScan MV2300,
Czech & England) and an Atomic Force Microscope
(Auto probe PC, Park Scientific Instrument, USA)
were also employed for investigation of chemical com-
position and surface morphology, respectively. The
electrical resistance of films was also measured by two
probe instrument with an excitation wavelength at
320 nm, while films hardness was measured by nano-
indentation test.

3. RESULT AND DISCOSION

Fig. 1 shows X-ray diffraction patterns of Zr/Si
thin films annealed at different temperature for
60 min. XRD pattern of annealed sample at
150 °Cshows two peaks at 31.91° and 34.25° can be
related to ZrOz (012) and ZrO2 (111) diffraction lines of
orthorhombic phase (with reference to JCPDS Card
No.: 33-1483, and 26 31.889° and 34.222°). By in-
creasing of annealing temperature to 300 °C, men-
tioned peaks of orthorhombic phase are omitted and
three new peaks are observed at 28.05°, 29.81°, and
34.23°. These peaks can be attributed to ZrO2z (111)
crystallographic orientation of monoclinic phase (with
reference to JCPDS Card No.: 05-0543, and 2 &
28.036°), ZrO2(101) crystallographic orientation of
tetragonal phase (with reference to JCPDS Card No.:
24-1164, and 26 29.807°), and ZrOz(002) crystallo-
graphic orientation of monoclinic phase (with refer-
ence to JCPDS Card No.: 05-0543, and 26 34.195°),
respectively. With increasing of annealing tempera-
ture to the higher temperatures (450, 600 and 750 °C)
don’t observe any new peaks. On the other hand, it
can be concluded that the annealing temperature (in
the range of 300-750 °C) have little influence on the
structure of ZrOz films. The above mentioned behavior
was also observed for annealed samples at higher an-
nealing time (i.e., samples S6-S10). The XRD results
detail of all samples are given in Table 1. It can be
seen in column 4 of Table 1, that the position of all
diffraction lines are shifted to higher diffraction an-
gles relative to that of powder sample with increasing
the annealing temperature. In addition those samples
annealed at higher time (i.e. 180 min) show larger
shift than those annealed at 60 min. These behaviors
can be related to increasing of tensile stress by in-
creasing of annealing temperature and time. The ten-
sile stress can be also attributed to higher thermal
expansion coefficient of ZrO:z to Si that increases at
higher annealing temperatures and time.

In order to obtain the crystalline size (coherently
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diffracting domains) of the samples we used the Scher-
rer relation [24]:

De kA
Bcoso

where, 1 is the wavelength of X-ray, 6 is the Bragg
angle, and % is a dimensionless constant which is re-
lated to the shape and distribution of crystallites [25]
(usually taken as unity). For obtaining the value for,
we used the usual procedure of full width at half max-
imum (FWHM) measurement technique [26], there-
fore:

B=(W 4,%2)%

where, Wy is the FWHM of the sample and W; is the
FWHM of stress free sample (standard SiO: single
crystal sample). The calculated crystalline size, D ob-
tained from the above procedure is given in column 5 of
Table 1. This result shows that the increasing of an-
nealing temperature and time cause the increasing of
crystalline size in these films. This behavior may be
due to high annealing temperature / more annealing
time that provides energy of film atoms to enhance mo-
bility. Increasing of mobility can also increases the coa-
lescence and decreases the defects and cause the im-
provement of pores and quality of ZrOs films.

M(002)

w o
ey A A 4 AP

450 °C
300 °C
) =
sy I
s} o
150 °C
10 15 20 25 30 35 40 45 50
20 (deg.)

Fig. 1 — XRD patterns of Zr/ Si thin films annealed at differ-
ent temperatures for 60 min

3D AFM images of selected samples (annealed at
different temperatures for 60 min) are shown in Fig. 2.
The grains size (calculated by JMicrovision code from
2D AFM images) and surface roughness of all samples
are plotted in Fig. 3 and 4, respectively. These results
show that an increase in annealing temperature and
time caused increasing grains size (consistent with
XRD results) and surface roughness. Increasing of sur-
face roughness can be related the increasing of grains
size as mentioned before.
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Table 1 — Detail of XRD analysis
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Fig. 2 — AFM images of Zr / Si thin films annealed at different
temperatures for 60 min

The chemical composition of films was investigated
by EDAX analysis. The results obtained from this anal-
ysis are shown in Fig. 5. These results show that ratio
of O/Zr increases with increasing of annealing tem-
perature and time. On the other hand, increasing of
annealing temperature in the range of 150-750 °C, and
annealing time improve the oxidation process.

Variation of electrical resistance of Zirconium oxide
thin films obtained from two probe instrument for selected
samples (annealed for 60 min) is shown in Fig. 6. The re-
sult shows that an increase in annealing temperature
results increasing of films electrical resistance. It can be
due to the increasing of oxygen vacancies in films body
with increasing of annealing temperature.

Detail of hardness values of films is shown in Fig. 7.
It can be seen that films hardness decreases with in-
creasing of annealing temperature and time. This re-
duction can be related to increasing of crystalline size
and surface roughness with annealing temperature and
time (according to XRD and AFM results).

Fig. 3 — Variation of grain size of zirconium oxide thin films
prepared at different times as a function of annealing temper-
ature
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Fig. 4 — Variation of surface roughness of zirconium oxide thin
films prepared at different times as a function of annealing
temperature
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Fig. 5 — The ratio of O/ Zr in zirconium oxide thin films pre-

pared at different times as a function of annealing tempera-
ture
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Fig. 5 — Variation of current as a function of voltage of Zr / Si
thin films annealed at different temperature and time

In a polycrystalline film, grain size has a tremen-
dous influence on the mechanical properties. Because
grains usually have various crystallographic orienta-
tions, grain boundaries arise, while an undergoing de-
formation, slip motion will take place. Grain bounda-
ries act as an impediment to dislocation motion for the
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following two reasons: (1) dislocation must change its
direction of motion due to the different orientations of
grains; (2) discontinuity of slip planes from one grain to
another [27]. It is also reported that film hardness and
surface roughness have an inverse relation [28], so that
the films with more surface roughness may possibly
have an open and porous structure, which leads to low-
er hardness.
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Fig. 6 — Variation of hardness of zirconium oxide thin films
prepared at different times as a function of annealing temper-
ature

4. CONCLUSION

Zirconium Oxide thin films prepared by post-
annealing of Zr / Si (400) thin films (with 90 nm thick-
ness) at different annealing temperatures (150-750 °C)
and different annealing times (60 and 180 min) were
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studied. Nanostructure and surface morphology of
these layers were considered by XRD, AFM techniques,
when the chemical composition of the films were inves-
tigated by EDAX analysis. The electrical resistance and
films hardness were measured by a two probe instru-
ment and nano-indentation test. The results showed:

I) The films annealed at 150 °C were a polycrystal
of orthorhombic phase, while samples annealed at
higher temperatures (300 -750 °C) showed a mixed
structure of monoclinic and tetragonal.

II) Increasing of annealing temperature and time
caused increasing of crystalline size, surface roughness,
ratio of O / Zr in the films.

III) An increase in annealing temperature and time
caused increasing of electrical resistance that was re-
lated to increasing of oxygen vacancies in films struc-
ture.

IV) The hardness of zirconium oxide thin films de-
creased with increasing of annealing temperature and
time that were due to the increasing of grains size and
surface roughness with these variables.
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