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ZnO thin films were deposited at room temperature onto glass substrate
by RF sputtering technique. Effects of the post-annealing at 300 - 500°C
on the structural, morphological, optical and waveguiding properties
were investigated using different characterization techniques. X-ray
diffraction (XRD) analyses have shown that all thin films have a hexagonal
wurtzite structure with higher c-axis preferred orientation (002), better
crystallinity and larger crystallite size as post-annealing temperature
increases. Fourier transform infrared (FTIR) spectra of annealed samples
confirmed that the ZnO stretching vibration bond was found to be stable
at 419 cm '. Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images have revealed that film morphology and
surface roughness were influenced by heat treatment temperatures. The
UV-Vis-NIR spectrophotometry characterisations have indicated that all
the films were highly transparent with average transmittance exceeding
81% within the visible region, and the bandgap energy of the as-deposited
film was increased with increasing of the annealing temperature.The
obtained results from m-lines spectroscopy (MLS) measurements at
632.8 nm wavelength have demonstrated that all ZnO thin film optical
waveguides were single mode and the ordinary and extraordinary
refractive index values of the film annealed at 500°C were very close to
the corresponding ZnO single-crystal values.

Keywords: zinc oxide thin film, RF-sputtering, structure and morphology,
optical waveguiding properties, photonic device applications
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1. INTRODUCTION

Zinc oxide (ZnO) has attracted great attention during the
last decades due to its many interesting characteristics
including wide direct bandgap (3.37 eV at 300 K), large
exciton binding energy (60 meV), material stability, high
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transparency in the visible wavelength, large piezoelectric
constants, high refractive indices and high values of second-
and third-order nonlinear optical susceptibility tensors."”"
With all these advantages, study of ZnO based films have
been actively pursued because of their many potential
applications ranging from photonic devices such as optical
waveguides'™® to green and blue/UV light-emitting diodes,”*
flat panel displays,” solar cell windows,'” as well as on
electronic devices such as piezoelectric transducer,”™"" surface
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acoustic wave devices,'*"!

coatings."*

Due to recent progress on the materials science technology,
ZnO thin films can be prepared by a variety of techniques
such as molecular beam epitaxy,"”! metal organic chemical
vapor deposition," atomic layer deposition,!'” pulsed laser
deposition,"® chemical vapor deposition!'” ultrasonic spray
pyrolysis technique,”” sol-gel process”®' and direct current
and radio frequency (RF) sputtering.>*! Among these
methods, the RF sputtering technique has attracted large
attention due to its repeatability, efficiency, reliability, high
deposition rates, good adhesion and high density for the
deposited films. In addition, this technique produces at low
substrate temperature well oriented thin films of various
material compositions™ with excellent uniformity on large
area of different type of substrates.

Many works have been reported on the characterization of
the structural, morphological, electrical and optical properties
of sputtered ZnO thin films with various deposition
parameters.”** It was pointed out that the properties of ZnO
thin films are influenced by the sputtering conditions such as
RF power, gas pressure, growth rate, target to substrate
distance, substrate temperature, substrate type, film thickness
and post-deposition annealing. Furthermore, it has been
shown that refractive indices of ZnO thin films deposited by
RF sputtering were strongly affected by the heat treatment
temperature.” Therefore, accurate determination of these
optical parameters is of great importance for the design of
integrated optical devices.

However, only few reports have been found regarding the
use of accurate prism coupling method for the determination
of optical constants of the RF-sputtered ZnO nanostructures.
For example, Heideman et al." reported the dependence of
ZnO thin film optical constants, deposited on heated oxidized
silicon wafer substrates at various temperatures and post-
annealed in air ambient at 400°C, on the annealing time.
While, Jia er al' have estimated the refractive indices of
Zn0O films grown on an MgZnO buffer layer which were
deposited on LiNbOs substrate and post-annealed at 400°C
for 60 minutes in oxygen ambient. However, to the best of
our knowledge, a systematic study, by using MLS technique,””!
of the waveguide propagating modes and the corresponding
refractive indices of RF-sputtered ZnO thin films on glass
substrates, as well as their dependence on the processes of
post-annealing in an air atmosphere at different temperatures,
has not yet been reported.

In this paper, we report the fabrication and the investigation
of highly oriented single phase and transparent ZnO thin
films on glass substrates by RF magnetron sputtering technique.
Effects of the post-annealing treatment on the structural,
morphological, optical and waveguiding properties were
studied using various characterization techniques.

and transparent conducting

2. EXPERIMENTAL PROCEDURE

The ZnO thin films studied in this work were prepared at
room temperature by using the RF magnetron sputtering
technique. High purity ceramic targets of ZnO (99.999%)
with 5.08 cm (two inches) in diameter were used for
deposition on glass substrates. Prior to film deposition, the
glass substrates were ultrasonically cleaned by using deionized
water, ethanol and acetone for 15 min, respectively. Then,
the substrates were dried in an oven at 100°C for 60 min.
The sputtering chamber was initially evacuated to a base
pressure of 2 x 107° Torr and then pure argon gas was
introduced into the chamber at a flow rate of 20 sccm
(standard cubic centimeters per minute). Deposition was
carried out at a working pressure of 5 x 10~ Torr after pre-
sputtering for about 25 min to remove contaminants from the
surface of the target. A RF power of 100 W was applied to
the ZnO target while the working distance between the
substrate and the target was kept at 25 cm. Under such
conditions, the deposition rate of ZnO film was about of
~150 nm/hr. During the deposition, the substrate was not
heated and its temperature was lower than 30°C. The as-
deposited ZnO thin film was cleaved into smaller samples.
These samples were annealed in an air atmosphere furnace
for one hour at different temperatures ranging from 300°C to
500°C with an interval of 100°C and then cooled to room
temperature before taken to the material characterization
stage.

The crystalline structure of ZnO thin films, thus prepared,
was characterized by using the XRD technique with a
PanAlytical diffractometer. The latter was operated at 40 kV
and 30 mA using Cu K radiation at a grazing incidence
(w=0.54°). The crystallite size of the ZnO film can be
further analyzed by using the Scherrer’s formula.”" We also
applied the FTIR spectroscopy to record the samples IR
spectra at room temperature with a Shimadzu FTIR spectro-
photometer (IRAffinity-1S). Micro-structures associated
with the RF sputtered ZnO films were analyzed by the SEM
technique using a Raith PIONEER System. Surface
morphology of thin films in terms of root mean squared
roughness (Rims) was explored from the AFM images collected
in a contact mode by a Nanosurf easyScan 2 operated at room
temperature. The Ry, values used throughout this paper were
calculated using the Gwyddion analysis software,”” and are
the average values based on the images collected from four
different locations on the surface of each sample. The optical
transmittance spectra were analyzed at room temperature by
a Safas UVmc® UV-Visible spectrophotometer and the optical
bandgap energy data was then derived from the transmission
spectra. Optical waveguiding characterizations of the thin
films have been carried out by MLS using a Metricon Model
2010 Prism Coupler apparatus. The film thickness of the all
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Fig. 1. XRD patterns of ZnO thin films, as-deposited and annealed
for 1 h at different temperatures.

samples was measured by using a Veeco Dektak 150 Surface
Profiler.

3. RESULTS AND DISCUSSION

3.1 Structural studies

The ZnO thin film structure was measured in a 8-26mode
at a resolution of 0.017° per step size. Figure 1 displays the
XRD patterns of the sputtered ZnO thin films associated
with the conditions of as-deposited and annealed at different
temperatures for one hour (1 h). The angular peak position
of the XRD signals corresponding to bulk ZnO is indicated
by a dotted line located at 2= 34.42° according to the XRD
assignment by the American Society for Testing and
Materials ASTM: 36-1451. This analysis shows that all ZnO
thin films are in a single phase of hexagonal wurtzite
structure with a preferential growth direction along the c-
axis which is perpendicular to the substrate surface. It is also
observed that the peak XRD signal of (002) plane was
shifted toward the angular value of ideal ZnO bulk peak with
the increase of the annealing temperature. Our observations
are in a good agreement with those reported in literature.”"
This shift indicates that the lattice constant ¢ decreases with
the annealing temperature, which was attributed to the
residual stress effect in the sputtered ZnO thin films.”**"' The
origin of stress may be associated with the effects of sputtering
atoms impacting, interstitial oxygen and/or defects in the
lattice."”

The residual stress (o) of the thin films can be determined
from a biaxial strain model analysis.”® Accordingly, the
lattice parameters and elastic stiffness constants of the bulk
7Zn0 are related in the following formula:
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Fig. 2. C-axis lattice constant and residual stress of as-deposited and
annealed ZnO thin films.

where ¢y = 5.207 A is the unstrained lattice constant of ZnO
along the c-axis and c is the lattice parameter of strained
ZnO films calculated from the XRD data by means of the
Bragg equation:

__A
€= sin@ )

where A= 0.154056 nm is the x-ray wavelength and @is the
Bragg angle of (002) peak.

In Figure 2, we illustrate the data of lattice constant and
residual stress converted from the above analysis for the as-
deposited and annealed ZnO thin films. From this figure, it
was noted that with the increase of annealing temperature,
the lattice parameter value was found to decrease from 5.269
to 5.212 A and to approach to the ideal value of 5.207 A for
bulk ZnO crystal. These observations indicate that the com-
pressive stress associated with the as-deposited ZnO film
was progressively reduced with the annealing temperature
up to 500°C. In particular, the as-deposited film has a stress
of —5.37 GPa, while in the annealed films it gradually
decreases from —0.80 GPa at 300°C to —0.45 GPa at 500°C.
This suggests a thermal dynamic process by means of
atomic rearrangement in the lattice structure of annealed
ZnO films to release the compressive stress.”*”!

To compare the micro-structure features of the ZnO thin
films subject to various temperature treatment, the full-width
at half-maximum (FWHM) corresponding to the XRD (002)
peaks was measured and depicted in Fig. 3. A large reduction
of FWHM value from 1.137° for the as-deposited film to
0.325° for the ZnO sample annealed at 500°C can be clearly
discerned. This implies that the crystallinity of the ZnO films
can be significantly improved by high-temperature treatment.

The average crystallite size of these c-axis oriented ZnO
thin films can be estimated from the FWHM of (002)
diffraction peak according to the well-known Scherer’s

formula:*"

Electron. Mater. Lett. Vol. 11, No. 5 (2015)
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Fig. 3. FWHM and c-axis lattice crystallite size of as-deposited and
annealed ZnO thin films.
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where D is the crystallite size and £ is the FWHM of the
XRD signal with peak position at £in radian.

The XRD analysis revealed that the calculated grain sizes
were about 7.3, 19.7, 24.0 and 25.6 nm for the samples as-
deposited and annealed at 300, 400 and 500°C, respectively.
As can be seen in Fig. 3, the grain size increases with the
annealing temperature, which might be due to recrystallization
of the film. These observations suggest that the structural
property of the thin films were improved with the increase of
the annealing temperature and may be attributed to the
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Fig. 4. Room temperature FTIR spectra of ZnO thin films, as-depo-
sited and annealed for 1 h at different temperatures.

increase of grain size and the decrease of point defects such
as oxygen vacancy and zinc interstitial.

We further show in Fig. 4 the FTIR spectra recorded at
room temperature for the ZnO thin films mentioned above.
The absorbance data were taken with reference to the glass
substrate used for the experiments. The as-deposited thin
film exhibits an absorption peak at ~418 cm™ which was
assigned to the stretching vibration mode of ZnO."*”! With
the increase of annealing temperature, we denote an increase
of peak intensity for the aforementioned stretching vibration
mode of ZnO but with energy slightly blue shifted to 419 cm™.
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Fig. 5. SEM micrographs of ZnO thin films: (a) as-deposited, and annealed for 1 h at (b) 300°C, (c) 400°C and (d) 500°C.
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As displayed in Fig. 4, the FWHM of this IR absorption
band of the as-deposited thin film was found to be affected
by the annealing temperature. Its width was broad (5.69 cm™)
for the as-deposited films but decreases with the annealing
temperature (to 0.96 cm™' at 500°C), indicating the strong
possession of ZnO stretching bond and the improvement in
the film crystallinity.*"! The absence of any other functional
peak in the spectrum confirms the good purity of the
sputtered ZnO thin films. By comparing the XRD and FTIR
spectra of ZnO thin films, we note that the crystallization
process can be initiated at a temperature as low as 300°C,
whereas it can be completed with 1 h of thermal treatment at
higher annealing temperature.

3.2 Morphological analyses

The aforementioned ZnO thin films were further charac-
terized by the SEM and AFM techniques to reveal their
surface morphology and roughness. Prior to SEM imaging,
all the samples were coated with a 20 - 30 nm thick conducting
layer of silver to prevent the charging effect during the
measurement. In Figures 5(a), (b), (c) and (d), we display the

Fig. 6. 2D and 3D AFM images of ZnO films: (a) as-deposited, and
annealed for 1 h at (b) 300°C, (c¢) 400°C and (d) 500°C.

SEM micrographs (all with the same magnification) of the
as-deposited samples and those of ZnO films subject to 1 h
of thermal annealing at 300, 400 and 500°C, respectively.
The as-deposited thin film was shown to exhibit smooth
surface consisted of small spherical grain size particles. In
comparison, the surface morphology of the annealed ZnO
thin films was shown to be denser with the grain size
enlarged with the annealing temperature. It is seen that after
annealing at 500°C, the average grain size of the ZnO films
is more than triple of that for the as-deposited one. This
observation is in a good agreement with the estimated
crystallite size values of 25.6 and 7.3 nm from XRD data
analysis.

Our results are consistent with those reported in the
literature."™

The two-dimensional (2D) and three - dimensional (3D)
AFM images scanned over a surface area of 2 x 2 um’ for
the ZnO films of as-deposited and annealed at various
temperatures were further depicted in Figs. 6(a), (b), (c) and
(d). The Ry was calculated to be 1.14, 1.27, 1.85 and
3.22 nm for the as-deposited and the ZnO films annealed at
300, 400 and 500°C, respectively. The increase of Runs with
annealing temperature is mainly due to the growth of ZnO
crystallite with smaller grains coalesced into larger ones.
This observation was consistent with thermal analysis as
revealed by the XRD characterization and SEM micrographs.
Our observation also agrees with previous works!'**! where it
was reported that the Rins value of sputtered ZnO films
increased with the annealing temperature.

3.3 Optical transmittance and bandgap

The optical analyses of the ZnO thin films were explored
in order to study their optical bandgap energy. Figure 7
shows the optical transmittance spectra of the as-deposited
and annealed ZnO thin films measured in the 200 - 1000 nm

100
9 }

. 80}

=

= 7 }

3

Q 60 |

S s f

E 40

= — As-deposited

@ 07r —300°C

o} — 400°C
0 | — 500 °C
0 —

300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 7. Transmittance spectra of ZnO thin films, as-deposited and
annealed for 1 h at different temperatures.
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Fig. 8. Plots of the derivative of the transmittance with respect to
energy of the as-deposited and annealed ZnO thin films and inset
shows their corresponding bandgap values.

range. The films were highly transparent in the visible region
with an average optical transmittance exceeding 81%;
whereas sharp absorption edge can be found in the UV
region at wavelength ranging from 370 to 405 nm. A slight
fall in average transmittance was observed for the ZnO film
annealed at 500°C. This may be attributed to the increase of
surface roughness as revealed by AFM images.

The direct bandgap energies of all the samples were
determined by using a technique based on the derivative of
the transmittance (7) with respect to energy (F£), d7/dE. This
method has been used for analyzing the bandgap energies of
semiconductors by several authors.***! According to the
measured transmission spectra, the d7/dE curves of ZnO
thin films as-deposited and annealed at different temperature
are illustrated in Fig. 8. Our analysis, depicted in insert Fig.
8, indicates that the direct optical bandgap of the as-
deposited film is 3.229 eV. In comparison, the bandgap
energies of the films annealed at 300, 400 and 500°C are
3.255, 3.260 and 3.272 eV, respectively. These values are
very close to the ZnO bandgap value reported in the
literature."*” Tt can be seen that the bandgap increases with
the annealing temperature. Similar trends have been also
reported in the literature.*” This shift of bandgap energy
with the annealing temperature may be attributed, to the
improvement in the film and the resultant reduction in the
compressive stress.

3.4 Thin film waveguide characterizations

Optical properties of the ZnO films related to photonic
device applications such as the waveguide propagating
modes and refractive indices were further investigated by
using a Metricon system (Model 2010 Prism Coupler)
equipped with a He-Ne laser beam operating at a 632.8 nm
wavelength. This apparatus uses the MLS technique based
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Fig. 9. Typical fundamental guided mode spectra of ZnO thin films,
as-deposited and annealed for 1 h at different temperatures: (a) TE
polarization and (b) TM polarization.

on the prism coupling method."*” Procedure of applying this
technique to study the aforementioned photonic properties
has been described in our previous work.””

Figures 9(a) and (b) display the transverse electric (TE)
and transverse magnetic (TM) guided mode spectra, corre-
sponding to incident light polarization perpendicular and
parallel to the c-axis respectively,®® of the aforementioned
Zn0O thin films. Our results suggest that these film planar
waveguides support only the fundamental TE,- and TM,-
polarized modes. For the TE-polarization we denote that the
effective mode index decreases from 1.6410 of the as-
deposited ZnO thin-film planar waveguide device to 1.6225
after the device was subject to 500°C annealing. For the TM-
polarization, the corresponding change in the effective mode
index was from 1.5350 to 1.5230. Moreover, from the
sharpness of the reflectivity dips and the FWHM of the
mode spectra one can further indicate that the guided mode
of the as-deposited ZnO film is better confined and would
exhibit lower optical absorption losses compared to annealed

Electron. Mater. Lett. Vol. 11, No. 5 (2015)
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films. The latter was suggested by our previous study
demonstrating that guided mode spectra with smaller FWHM
have lower optical losses.**”" Furthermore, the annealed
films are characterized with denser structure, larger grain
size and rougher surface. Combination of these micro-
structure properties can lead to higher optical attenuation,
due to the enhanced scattering losses.

The waveguide thickness of these ZnO films was
measured by mechanical surface profiling and found to be
about of 135.8, 132.1, 127.9 and 120.7 £+ 0.2 nm for the as-
deposited and annealed films at 300, 400 and 500°C,
respectively. These obtained thickness values and the
measured effective indices of the waveguide modes are used
through the theoretical approach of MLS based on a step-
index profile model for the refractive index calculations.”*”!
In our experiments, the ZnO film is uniaxial and characterized
with ordinary (n,) and extraordinary (n.) refractive indices
for the TE- and TM- polarization, respectively.***! Data
shown in Fig. 10 exhibit the correlation between the extracted
values of n,and n, refractive indices and the film thickness
as a function of the annealing temperature. The vertical error
bars on the measured refractive indices displayed in Fig. 10
reveal the 0.2 nm estimated uncertainties in the thickness of
the films. As can be seen from this figure, both #, and #,
increase with the annealing temperature while the thickness
decreases. This may be explained by the fact that the packing
density increases as a consequence of the further particle
agglomeration during annealing treatment resulting in the
enhancement of refractive indices. This is in a good agreement
with previous reported results where it was found that higher
annealing temperature has enhanced the formation of more
closely packed crystals.”” These observations are also
consistent with the better crystallinity and the higher
densification of annealed ZnO thin films revealed by XRD
analysis and SEM imaging.

The birefringence (n.-n,) in all ZnO thin film waveguides
was also calculated and was found to be about of 0.0067,
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Fig. 10. Ordinary and extrordinary refractive indices and thickness of
as-deposited and annealed ZnO thin films.

0.0112, 0.0135 and 0.0142 for as-deposited and annealed
samples at 300, 400 and 500°C, respectively. These obtained
values mean that the crystalline birefringence of the as-
deposited film is improved after annealing treatment with
the larger birefringence indicating the higher crystallinity."”
Therefore, it can be concluded from the abovementioned
results that the refractive index values of annealed ZnO thin
films are found to be very close to or a slightly lower than
the corresponding single-crystal values (n, = 1.9888, n. =
2.0050 and 7.1, = 0.0162).°" For example, for the film
annealed at 500°C, we have measured an ordinary refractive
index of 1.9676, an extraordinary index of 1.9818 and a
birefringence of 0.0142. These values are respectively
98.93%, 98.84% and 87.76% of the single-crystal values
demonstrating the high optical quality of the RF-sputtered
Zn0 thin films.

4. CONCLUSIONS

Highly oriented single phase and transparent ZnO thin
films have been deposited on glass substrates by using RF
magnetron sputtering. The effects of post-annealing treatment
at 300 - 500°C on structural, morphological, optical and
waveguiding properties were investigated using various
characterization techniques. XRD studies have shown that
the c-axis preferred orientation and the crystallinity of the
prepared ZnO thin films were better enhanced whereas the
crystallite size increases and the residual stress values
significantly reduced with the increase of the annealing
temperature. FTIR analysis of annealed films confirmed that
the ZnO stretching vibration bond was stable at 419 cm ™.
SEM micrographs and AFM images have revealed that the
as-deposited film was homogeneous and showed a dense
structure with a very smooth surface consisting of small
grain size particles, while increasing the annealing temperature
leaded to a rougher films with a larger grain size. The UV-
visible-NIR transmittance results showed that all the ZnO
thin films were transparent with more than 81% average
optical transmissions in the visible region. With an increase
on the annealing temperature from 300 to 500°C, a spectral
blue shift of the absorption edge from 3.255 to 3.272 eV was
observed, indicating an increase in the optical bandgap
energy of the as-deposited films. MLS measurements at
632.8 nm wavelength have shown that all the thin film
planar waveguides were supporting only the fundamental
mode for both TE- and TM- polarized light and the as-
deposited film would exhibit lower propagation losses. It
was found that the film thickness decreases while refractive
index increases with annealing. The ordinary and extraordinary
refractive indices and the birefringence values of the ZnO
thin films annealed at 500°C were 98.93%, 98.84% and
87.65% of the single-crystal values indicating their high
optical qualities.

Electron. Mater. Lett. Vol. 11, No. 5 (2015)
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