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ABSTRACT

Zirconium dioxide thin films were prepared by e-beam evaporation method to study the effect of substrate temperature on the
structural, surface morphology, compositional, and optical properties. X-ray diffraction measurement shows that the films
grown at 400 °C substrate temperature have monoclinic crystal structure. The root mean square surface roughness of the film
increases with increase in the substrate temperature. The optical transmittance spectra indicate an average 80% transmittance in
the visible region of light. The optical energy band gap of ZrO, thin film decreases from 5.68 to 5.63 eV as the substrate
temperature increases from room temperature to 400 °C, respectively. Copyright © 2012 VBRI press.
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Introduction

Zirconium dioxide is being investigated for its future
potential applications as an insulator in transistors in nano-
electronic devices [1, 2]. It is also used to replace SiO, as
the gate dielectric material in metal-oxide-semiconductor
devices because of its high dielectric constant (~25), good
thermal stability on silicon, and large band gap (5.6 eV)
[3]. Zirconia-based ceramics are often used as thermal
insulators because of their low thermal conductivity (2.2
W/mK) over temperatures ranging from cryogenic to >1200
°C, e.g., for thermal barrier coating (TBC) [4]. Zirconium
dioxide is the most popular electrolyte material for solid
oxide fuel cells and electrochromic devices due to its high
ionic conductivity [5]. Zirconium dioxide is used as a thin
film coating on the facets of high-power laser diode in
order to protect the laser facets from degradation and to
ensure long-term reliable operation [6].

The performance of the ZrO,- based devices
considerably depends on the crystal structure of ZrO,. Pure
ZrO, exists in three crystal phases at different temperatures:
For very high temperature ranges (> 2370 °C) it has a cubic
structure, whereas at intermediate temperature ranges (1170
to 2370 °C) it has a tetragonal structure, and for low
temperature ranges (below 1170 °C) the material has a
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monoclinic structure [7].

Zirconium dioxide thin films can be prepared by a
wide variety of techniques including sputtering [8],
chemical vapor deposition [9], sol-gel process [10], spray
deposition [11] and e-beam evaporation [12]. In any
deposition technique, the growth conditions strongly affect
the microstructure and the chemical compositions of the
thin films, which directly affect its optical properties. From
the point of view of application, ZrO, thin film should be
non-porous and homogeneous. The e-beam deposited ZrO,
thin films have a relatively higher density and uniformity
compared to the chemical vapor deposition technique
(CVD) [13]. In this study, we have investigated the effect
of the substrate temperature on the structural, surface
morphological, compositional, and optical properties of e-
beam evaporated ZrO, thin films.

Experimental

Thin films of ZrO, were deposited on organically cleaned
glass and sapphire substrates using the e-beam evaporation
technique. Zirconium dioxide powder (Sigma Aldrich, <5
micron, 99%) placed in a graphite crucible is used as the
source material. The films were grown, at a base pressure
of 10 mbar, at different substrate temperatures ranging
from room temperature (RT) to 400 °C. The substrate is
heated using infrared (IR) heater, and its temperature is
measured by a Chromel-Alumel thermocouple. ZrO, thin
films of thickness 3000 A are grown at a rate of 5 A/s. The
thickness measurement involves piezoelectric quartz crystal
placed inside the vacuum chamber. The rate of deposition
is controlled and monitored with the help of the quartz-
crystal-based thin film deposition controller (Sigma
Instruments, SQC 122c¢).

The microstructure of the ZrO, thin films is determined
by the glancing incident X-ray diffraction (GIXRD) method
using Cu Ko radiation at an incident angle of 0.5° (Bruker-
AXS D8 Advance) in 20 range from 20° to 60°. The
surface morphology of the films is determined using atomic
force microscope (AFM) (Nanosurf easy Scan 2) in contact
mode and the root mean square (rms) surface roughness is
calculated using the instrument’s software. The surface
composition of these thin films is determined using X-ray
photoemission spectroscopy (XPS). The XPS measurement
is carried out using VSW ESCA instrument, with Al-Ka
(1486.6 eV) X-ray source at a base vacuum of 8.0 x 107
Torr. The optical transmittance is measured using
ultraviolet visible (UV-Vis) spectrophotometer (Shimadzu
UV-2450) in the wavelength range 150 - 900 nm.

Results and discussion
X-ray diffraction measurement

X-ray diffraction measurement is carried out in order to
examine the crystallization behaviour of ZrO, thin films as
a function of substrate temperature. Fig. 1 shows the XRD
patterns of ZrO, thin films prepared at different substrate
temperatures ranging from RT to 400 °C.

From the XRD patterns as shown in Fig. 1, it is
observed that the films grown at RT to 100 °C show the
amorphous nature with hump at the 26 range of 30 to 32°.
While films grown at 200 °C show small peaks, which
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appear at 24.6°, 28.25°, 31.55°, 34.5°, and 50.4°
corresponding to (110), (111), (111), (002), and (220),
respectively. As the substrate temperature increases up to
400 °C the intensity of (111) and (111) increases and the
other peaks almost disappear, which indicates the
monoclinic structure (JCPDS-83 0940) of the film. The
transition of ZrO, thin film from amorphous to monoclinic
occurred at ~300 °C substrate temperature. The transition
temperature is lower than the reported value using sol-gel
dip coating technique [14] and spray deposition technique
[11], which can be attributed to the high ion energy in the
e-beam evaporation. The average crystallite size,
determined using the Scherrer equation for (111) plane is
found to be 8.55 nm and 15.0 nm for 300 °C and 400 °C
substrate temperatures, respectively. At higher substrate
temperatures, the mobility of the condensing particles on
the substrate surface is more, which favors the
crystallization and the growth of large crystallites.
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Fig. 1. XRD spectra of ZrO; thin films deposited at different substrate
temperatures.

Atomic force microscopy measurement

Fig. 2 shows the surface morphology of the ZrO, thin films
deposited at different substrate temperatures as determined
from the AFM with a scan area of 1 pm x 1 um. The rms
surface roughness of the films is determined using Nanosurf
easy Scan software.

The thin film deposited at RT has a well-defined grain
with an rms surface roughness value of 2.92 nm, while at
200 °C, the surface becomes smoother, with rms roughness
value of about 2.43 nm. Furthermore, with the increase of
the substrate temperature to 400 °C the surfaces get much
rougher again with the rms roughness value of 5.46 nm. At
the RT, the grain growth is observed but due to the porous
structure of the film, the roughness is high compared with
that at 200 °C. At 200 °C substrate temperature, the density
of the grain increases due to uniform distribution and
thereby the rms roughness slightly decreases. Furthermore,
with the increase in the substrate temperature to 400 °C
some of the grains diffuse and form clusters, which results
in an increase of rms roughness of the film’s surface.
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Fig. 2. The AFM image of ZrO; thin film deposited on glass substrates at
RT, 200, and 400 °C.
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Fig. 3. The XPS survey scan spectra of ZrO, thin films grown at RT and
400°C substrate temperatures.

X-ray photo-emission spectroscopy measurement

The chemical composition of the surface of the ZrO, thin
film is investigated using XPS measurement. Fig. 3 shows
the survey scan XPS spectra of zirconium oxide thin films
deposited on glass substrates in the binding energy range of
0-1000eV.

From Fig. 3, one can reckon the presence of zirconium
(Zr), oxygen (O) and carbon (C) atoms on the surface of the
films. Fig. 4 (a) and (b) show the XPS core level spectra
for zirconium Zr3d, and oxygen Ols at the surface of the
Zr0O, thin film, respectively. In Fig. 4 (a) the doublet peaks
centered at 182.1 eV and 184.5 eV, correspond to Zr3ds,
and Zr3ds,, respectively. The binding energy of Zr3ds, is
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expected to be observed at 179 eV, and in our case, the
Zr3ds, peak is located at 182.1 eV, which shows the
formation of zirconium oxide in its +4 state [15]. The XPS
spectra of the ZrO, thin film reveal that the binding energy
of the Ols peak is 529.8 eV. The higher energy shoulder
observed at 531.6 eV is perhaps due to the surface
oxidation. The peak intensity is nearly same for both the
cases, which indicates that the RT to 400 °C substrate
temperature does not affect much the chemical composition
of the film.
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Fig. 4. The XPS spectra of (a) Zr3d and (b) O1s for ZrO; thin films
grown at RT and 400 °C substrate temperature, respectively.

Optical measurement

The optical transmittance of the ZrO, thin films is measured
in the range of 200 - 900 nm wusing UV-Vis
spectrophotometer. The sapphire substrate is used for the
optical measurement, which is nearly transparent from 200
— 900 nm wavelengths. The transmittance spectra of the
sapphire substrate and the ZrO, thin film grown on sapphire
substrate at different substrate temperatures are shown in
Fig. 5.
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The plot of the optical transmittance spectra of the ZrO,
thin films show an average 80% transmittance in the visible
region of light. The interference fringes in transmittance
spectra of Fig. 5 indicate that the ZrO, films are
homogeneous and of uniform thickness. These fringes arise
from the constructive and destructive interference of the
light beams generated from partial reflection of the incident
light beam at the first and second surfaces of a ZrO, thin
film.
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Fig. 5. Transmission spectra of ZrO, thin films deposited at different
substrate temperatures on the sapphire substrate.
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Fig. 6. (ahv)? vs. (hv) plot for the optical energy band gap of ZrO, thin
films.

There is a small variation observed in the energy band
gap with substrate temperature from RT to 400 °C; this is
because the substrate temperature is low compared to the
high melting point (2715 °C) of ZrO,. The XPS data also
indicates that there is not any major change in the
composition of the ZrO, thin film observed with substrate
temperature. Thus, the small variation in the band gap, from
5.68 to 5.63 eV, with increase in substrate temperature,
from RT to 400 °C, is due to the improvement in the
crystallization of the film. The optical energy band gap is
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almost same as obtained by other methods as reported by
H. Nohira et al. [17]. The values of energy band gap for
different substrate temperatures are presented in Table 1.

Table 1. The energy band gap values and the corresponding substrate
temperatures for ZrO; thin films.

Substrate temperature (°C) RT 100 200 300 400
Energy band gap (eV) 568 568 566 565 5.63

Conclusion

Zirconium dioxide thin films were deposited on different
substrates and at different temperatures using the e-beam
evaporation method. The XRD measurement shows that the
crystallization improves with increase in the substrate
temperature and also the surface roughness increases as
observed by AFM measurement. The optical properties of
the thin films show that there is a small variation in the
transmittance observed and the band gap varies from 5.68
to 5.63 eV with increase in substrate temperature from RT
to 400 °C, respectively, due to the improvement in the
crystallization of the film.
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