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Abstract

In this research, AZO thin films were deposited on glass substrates with 70 W, 100 W and 125 W RF powers at room tem-
perature by RF magnetron sputtering technique. The structural, optical and surface properties of the produced thin films were
investigated. According to the obtained results, the investigated thin films had a crystalline structure and they showed high
transparency in the visible region. The increase of RF power produced thicker films. Relatively thicker AZO films produced
with higher RF power exhibited greater number of interference fringes in the reflectance and transmittance spectra. The
refractive index values of the film produced with 125 W RF power were considerably lower than those of the films produced
with 70 W and 100 W due to the decreased packing density. The optical energy band gap values of the produced AZO thin
films were higher than that of undoped ZnO films. This expansion resulted from the Burstein—-Moss effect. However, the
band gap energy value as well as the roughness of the film surface decreased like refractive index with an increase in RF
power, especially after 100 W. As a result, the values corresponding to the optical and surface properties can be tuned and
AZO thin films can be produced by RF magnetron sputtering technique as promising candidates for optoelectronic devices

and transparent conductive oxide applications.

1 Introduction

Transparent conducting oxides (TCOs) are unique types of
materials combining optical transparency and electrical con-
ductivity [1, 2]. Recently, TCO thin films have been widely
adopted in the production of electronic and optoelectronic
devices such as flat panel displays, LCDs, touch screens,
blue or ultra-violet LEDs, gas sensors, laser diodes, organic
LEDs, chemical sensors, thin-film transistors, and thin-film
solar cells [3-8]. The performances of these devices depend
on the electrical and optical properties of the TCO materials.
Among the known TCO materials, tin-doped indium oxide
(ITO) is the most favorable due to its electrical and optical
properties [9-11]. However, ITO use is limited because of its
scarcity, high price and toxicity [12, 13]. Due to the growing
demand for high performance and low cost TCO films, it is
necessary to investigate how superior electrical and opti-
cal characteristics of such films can be obtained economi-
cally [14]. In this context, undoped and doped zinc oxide
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thin films are considered as promising candidates for TCO
applications [15-17]. Especially, aluminum-doped ZnO
(AZO) has attracted much attention as a replacement for
ITO because of desirable properties such as long-term envi-
ronmental stability, high optical transmittance in the visible
region, wide band gap (from 3.4 to 3.9 eV), high electrical
conductivity, non-toxicity, abundance and low cost [18-22].
AZO films show higher level of optical transparency when
compared to undoped ZnO. Additionally, they exhibit lower
electrical resistivity and better stability. Although AZO thin
films possess these advantages, their electrical and optical
properties are not better than those of ITO films. Therefore,
how to deposit a high quality AZO film becomes an impor-
tant issue in the TCO applications [23]. The motivation of
the current research is to manufacture good quality AZO
thin films as an alternative of ITO thin films for the existing
TCO applications.

The physical properties of AZO thin films are generally
dependent on deposition techniques and conditions [24]. To
produce AZO thin films on different substrates, several dep-
osition techniques have been used such as radio frequency
(RF) or direct current (DC) magnetron sputtering [25, 26],
molecular beam epitaxy (MBE) [27], metal-organic chemi-
cal vapor deposition (MOCVD) [28], sol—gel [29], spray
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pyrolysis [30], and pulsed laser deposition (PLD) [31].
Every deposition method has its advantages and disadvan-
tages in accordance with their usage [32]. Among these
techniques, magnetron sputtering is the most common one
utilized for depositing AZO thin films due to its repeata-
bility, low cost, parameter controllability, high deposition
rate, low processing temperature, good adhesion of films
on substrates, good thickness uniformity and high stability
for large-area films [33]. By optimizing deposition param-
eters (e.g. sputtering power, pressure and target-substrate
distance), high quality films can be obtained. Numerous
studies reveal that the AZO thin films with good crystalline
structure show better electrical and optical properties than
those with amorphous structures [34, 35]. Achieving good
crystalline structure at a relatively low process temperature
is the key to prepare highly conductive and transparent AZO
thin films [36]. The related previous researches also argue
that the layer thickness of the AZO films could have great
influence on their properties [37—41]. In this work, AZO thin
films having different thickness values are prepared on glass
substrates at room temperature with different RF powers by
RF magnetron sputtering. The effects RF power and film
thickness on the optical and surface properties of AZO thin
films are examined.

2 Experimental details

In the current research, the AZO thin films were deposited
on 75 mm X 25 mm X 1 mm glass substrates in three separate
experiments with 70 W, 100 W and 125 W RF powers by
RF magnetron sputtering technique at room temperature.
A commercially available AZO target (99.99% purity) was
used as source material for all deposition processes. The
diameter and thickness of the target was 50 mm and 3 mm,
respectively. The sputter gun was connected to an RF plasma
source with a frequency of 13.56 MHz. Prior to each depo-
sition, the substrate was ultrasonically cleaned to ensure
strong adhesion between the substrate and the AZO layer.
After cleaning, the substrate was directly fixed on a substrate
holder positioned at 40 mm away from the target in all cases.
For all depositions, sputtering chamber was evacuated down
to 1073 Torr by a mechanical pump and then filled with high-
purity (99.99%) Ar gas. Chamber pressure was sustained
to be 8 x 1072 Torr. Each deposition process was carried
out for 45 min. Only top surfaces of the substrates were
coated with AZO. Deposition parameters are summarized
in Table 1. The AZO thin films deposited at the RF powers
of 70, 100, and 125 W are labeled as AZO70, AZO100 and
AZO125, respectively.

The produced AZO thin films were investigated by sev-
eral instrumentation techniques. The crystalline structure
was examined in the 20 range of 30°-90° by using an X-ray
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Table 1 Sputtering parameters of AZO thin films
RF power (W) Substrate to target Working pressure  Time (min)
distance (mm) (Torr)
70, 100, 125 40 8x 1072 45

diffractometer (PANalytical Empyrean) with monochro-
mated CuKa radiation (A= 1.54056 A). The reflectance data
were collected in the wavelength range of 400—-1000 nm by
an interferometer (Filmetrics F20 Thin Film Analyzer). The
film thickness (t) and spectral distribution of refractive index
(n) were obtained through the spectral analysis of reflec-
tance. The optical transmittance and absorbance spectra
were recorded at normal incidence of light with a double
beam UV-Vis spectrophotmeter (UNICO 4802). The spec-
tral region observed was 300—1100 nm. The optical energy
band gap values were then derived from the obtained absorb-
ance data according to Tauc’s method. In order to illustrate
the surface topography, the two dimensional and three
dimensional images were taken over a scale of 4 pm X4 pm
in non-contact mode by using an AFM (Ambios Q-Scope).

3 Results and discussion

Figure 1 shows the X-ray diffraction patterns of the pro-
duced AZO thin films. The strong peaks show the crystalline
nature of the films. A series of ZnO characteristic planes
(26=31.55° (100), 34.13° (002), 36.18° (101), 72.26° (004)
and 89.12° (203)) are observed. According to JCPDS (36-
1451) and relevant literature [42, 43], these planes belong to
hexagonal wurtzite phase of ZnO. The other peaks observed
at 20 values of 41.88° and 44.55° correspond to the (006)
and (400) diffraction planes of hexagonal Al,0; (JCPDS
card no. 71-1123) and cubic spinel structure of ZnAl,O,
(JCPDS card no.74-1138) in accordance with relevant lit-
erature [44, 45], respectively. No phases corresponding to
elemental Al or Zn were detected in any of the samples.

The reflectance spectra of the produced AZO films are
presented in Fig. 2. Multiple reflections between the front
and back interfaces of the films coherently interfere with
one another and the reflectance spectra exhibit interference
fringe patterns. The amplitude and periodicity of the reflec-
tance are determined by the film’s thickness and optical
constants. By using this phenomenon, the thickness values
obtained by interferometer are 150 nm, 295 nm and 420 nm
for the films produced with 70 W, 100 W and 125 W, respec-
tively. According to these findings, it is found that relatively
thicker AZO films exhibit greater number of oscillations
over the observed wavelength range while thinner AZO films
exhibit lesser number of oscillations or only part of an oscil-
lation over the same range.
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Fig.2 Reflectance spectra of the produced AZO thin films
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Fig.4 Refractive index spectra of the produced AZO thin films

The deposition rates of the produced AZO thin films
are calculated from the obtained film thickness values and
the elapsed deposition time. The deposition rate is the film
thickness divided by the deposition time. When the substrate
to target distance and working pressure remain fixed in sput-
tering, the deposition rate is determined by the RF power.
Figure 3 shows the deposition rate of the produced films as
a function of the RF power. The figure shows that the depo-
sition rate is heavily dependent on RF power. During the
sputtering process, increased RF power produces more argon
ions with higher kinetic energy in plasma. Therefore, the
bombardment of argon ions on the target increases accord-
ingly. As a result, the deposition rate increases with increas-
ing sputtering power.

The refractive index distributions of the produced AZO thin
films are represented in Fig. 4. Al doping reduces the refractive
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indices of ZnO thin films due to an increase in the carrier con-
centration [46]. The decrease of refractive index value with
increasing wavelength shows the normal dispersion behavior
of the material. The distribution curves of the AZO thin films
produced at 70 W and 100 W are almost identical. However,
the refractive index values of the AZO film produced at 125 W
RF power are considerably lower than those of the AZO films
deposited at 70 W and 100 W which has been attributed to the
decreased packing density of the film. A previous research
in literature also indicates that the packing density tends to
decrease with an increase in RF power, particularly showing
a sudden decrease after 100 W [47].

The optical transmittance and absorbance spectra of the
AZO films deposited with different RF powers are presented
in Fig. 5. It is observed that the transmittance spectra coincide
with the recorded reflectance spectra. The oscillatory character
of the transmittance curves is due to the interference effect
arising from the multiple reflections at the interfaces. The
number of interference fringes increases as the film thickness
increases. All of the produced AZO thin films exhibit an aver-
age transmittance rate above 80% in the visible region from
400 to 700 nm and a sharp fundamental absorption edge in the
UV region. The absorption edge in the UV region has a red
shift with the increasing RF power. Investigating the shape and
shift of the absorption edge is a highly fruitful technique for
revealing the basic mechanism of optically induced transitions
as the absorption edge is related to the optical band gap energy.

The optical absorption coefficients (a) or the produced
AZ0 thin films are calculated using the following expression
[48]:

a =2303(A/t) (1)
where ¢ is the film thickness and A is the optical absorbance.

Further, the relationship between absorption coefficient (o)
and incident photon energy (hv) can be expressed as [49]:
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Fig.5 Optical transmittance and absorbance spectra of the produced
AZO thin films

where B is energy independent constant, E, is optical energy
band gap of the material and the exponent n depends on the
type of transition. The n value takes 2 and 1/2 for allowed
indirect and allowed direct transitions, respectively. Fig-
ure 6 shows the plot of (ahv)? versus hv. The single slope in
the figure asserts that the produced AZO films have direct
and allowed transition. The band gap energy is obtained
by extrapolating the straight line portion of the plot to zero
absorption coefficient. The band gap values are found to be
3.62eV,3.56 eV and 3.46 eV for the films produced with the
RF powers of 70 W, 100 W and 125 W, respectively. Thus,
the energy band gap decreases due to the increase in the film
thickness, in accordance with previous literature data [50].
When compared to the undoped ZnO thin films, higher band
gap values of the produced AZO thin films can be attributed
to the well-known Burstein Moss effect which is a result
of increased free electron concentration with Al doping.
Fermi energy level increases with the increasing electron
concentration which causes the widening of the band gap.
Since the increasing sputtering power caused a decrease of
carrier concentration, the widening of the optical band gap
was moderated, and the optical band gap energy values of
AZO thin films decreased in a previous related research [51].
The desirable energy band gap value of TCOs is a wide one
above 3.2 eV. Such a value allows most light from the solar
spectrum to pass through the TCO films instead of being
absorbed.

The two dimensional (2D) and three dimensional (3D)
AFM images of the produced AZO thin films are presented
in Fig. 7. The surface images of the AZO film deposited at
70 W show some valleys and hillocks. When the RF power
is increased to 100 W, valleys are found to increase while
hillocks decrease. In the case of 125 W, the number of val-
leys decreases and hillocks increase due to the formation of
regular shaped smaller grains. Surface roughness is one of
the most significant characteristics of the AZO thin films
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Fig.7 2D and 3D AFM images of the produced AZO thin films

for many opto-electronic applications, because the level  values of the produced AZO thin films vary between 2.46
of surface roughness affects the carrier mobility and light ~ and 8.94 nm. Root mean square roughness (R,) values are
scattering. An AZO thin film with a surface roughness  11.1, 11.0 and 3.0 nm for the films deposited with 70 W,
of ~ 10 nm is sufficient to meet the requirements for optical 100 W and 125 W, respectively. As a result, the increase of
device applications [3]. The average surface roughness (R,)  RF power produces AZO thin films with higher degree of
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surface uniformity while the roughness value decreases with
the increasing RF power, especially after 100 W. Stability of
semiconductor devices heavily depend on TCO/semiconduc-
tor interface quality. A non-uniform surface can bring about
breakdown or shortening with upper layers. This may cause
severe complexities on the performance of electrical and
optical devices.

4 Conclusion

In conclusion, monolayer AZO thin films having ;crystal-
line structure and high level of transparency (above 80%
in the visible region) were deposited on glass substrates at
room temperature with different RF powers by RF magne-
tron sputtering. The deposition rate, as well as film thickness
increases with the increasing RF power. Relatively thicker
AZO films produced with higher RF power exhibit greater
number of oscillations in reflectance and transmittance
spectra. The refractive index values of the film produced at
125 W RF power are considerably lower than those the films
deposited at 70 W and 100 W in accordance with literature.
The absorption edge in the UV region has a red shift with the
increasing RF power. Thus, the energy band gap decreases
as a result of the increase in RF power and/or film thickness
value. The surface morphology of a produced thin film is
related to the mobility of the deposited atoms at the growing
film surface and depends on the processing parameters such
as RF power in sputtering. This study shows that relatively
higher RF power such as 125 W is suitable for obtaining
AZO thin films with good surface characteristics.
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