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ABSTRACT

The use of Transparent Conductive Oxide (TCO) thin films in technology
has increased in the last decades. These materials have good electrical
conductivity visible light transmittance simultaneously. TCOs have many
technology applications such as thin film transducers (TFTs), conductive
electrodes, capacitors, sensors, electrochemical devices. Although indium
tin oxide (ITO) is the most common semiconductor among these materials,
studies on N-type indium-gallium-zinc oxide (IGZO) that better electrical
properties (electron mobility uFE>10 cm® IN.s) cm? / Vs) have increased in
recent years. In this study, IGZO thin films are produced which have a very
homogeneous amorphous structure via using thermal evaporation system on
glass substrates. Structural characterization was carried out by atomic
force microscopy and scanning electron microscopy on 1GZO thin films for
various thickness and annealing temperatures. Transmittance and thickness
measurements were performed using UV-VIS spectroscopy and profilometer
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for the investigation of optical properties, respectively. It is seen that grain
size grows and grain boundaries decreases when annealing temperature is
increased. This results in reduced roughness and increased optical
transmittance and energy gap (EQ).

Keywords: IGZO, AFM, Thin Film, Band Energy.
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TAVLAMA SICAKLIGININ TERMAL BUHARLASTIRMA iLE
URETILEN IGZO INCE FILMLERDE YUZEY MORFOLOJIiSi VE
OPTIiK OZELLIiKLERE ETKIiSi

0z

Saydam [Iletken Oksit (TCO) ince filmlerin teknolojide kullanimi son
villarda artmistir. Bu malzemeler aynt anda iyi bir elektrik iletkenligine ve
goriiniir 151tk gegirgenligine sahiptir. TCO'lar, ince film doniistiiriiciiler
(TFT'ler), iletken elektrotlar, kapasitorler, sensorler, elektrokimyasal
cihazlar gibi bircok teknoloji uygulamasinda kullanilmaktadirlar. Indiyum
kalay oksit (ITO) bu malzemeler arasinda en yaygin kullanilan malzeme
olmasina ragmen, daha iyi elektriksel ozelliklere (elektron hareketliligi
uFE>10 cm® IV.s) cm?® / Vs) sahip olan N tipi indiyum-galyum-cinko oksit
(IGZ0) iizerinde yapilan c¢alismalar giiniimiizde onem kazanmistir. Bu
calismada, cam alttas iizerinde termal buharlastirma sistemi kullanilarak
viiksek vakum altinda oda sicakhiginda ¢ok homojen bir amorf yapiya sahip
IGZO ince filmler iiretilmistir. Uretilen 1GZO ince filmlerin yapisal
karakterizasyonu ise Atomik kuvvet mikroskobu ve taramali elektron
mikroskobu kullanilarak  c¢esitli kalinlik ve taviama sicakliklart icin
gerceklestirilmistir. Gegirgenlik ve kalinlik élgiimleri ise optik ozelliklerin
arastirilmast  i¢in  swasiyla  UV-VIS  spektroskopisi ve profilometre
kullanmilarak yapimistir. Taviama sicakligi arttikca tanecik boyutunun
biiyiidiigii ve tane simwrlarimin azaldigi  goriilmektedir. Bu durum,
pliriizliiliigiin azalmasina ve optik gegirgenligin ve enerji boslugunun (Eg)
artmasina neden olmaktadir.

Anahtar Kelimeler: IGZO, AFM, Ince Film, Band Enerjisi.
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1. INTRODUCTION

Transparent Conductive Oxides (TCO’s) are materials that have good
optical permeability and good electrical conductivity generally. They are
mostly composed of special double or triple compounds and contain at least
one metallic element. A good TCO has an optical transparency of around
80%, an energy band range of over 3 eV and a low resistivity value of 10-3
Q.m. These properties can be improved by improving oxygen or by doping
different metals to the pure TCO samples. Thus, we can obtain materials
with a better optical transparency and electrical properties. As a sample of
TCO, Zinc oxide (ZnO) thin films have high optical permeability, electrical
conductivity, magnetic - piezo electricity and wide energy band gap (~ 3.4
eV) within this framework. These superior features allow ZnO thin films to
be used in the areas of the LCDs, solar cells, thin film transistors and
chemical gas sensors [1-8]. ZnO thin films can be produced by different
methods such as magnetron sputter, spray pyrolysis and thermal
evaporation, [9-15]. Studies on ZnO have shown an increase in the 1990's
and its importance has increased with the presence of technological
applications nowadays. Metal oxide materials, such as ZnO, have a wide
band range of semiconductors in the I1-VI semiconductor group, so they do
not have sufficient electrical conductivity for technological applications
alone. In order to maintain high optical permeability and to create materials
with lower resistivity, it is necessary to create correct stoichiometric
composition or doping.

Recently, researchers have made metal contributions to ZnO in order to
improve electrical conductivity and optical permeability for the further
development of technology applications of ZnO thin films. Aluminum-ZnO
(AZ0), Gallium-ZnO (GZO0), Indium-ZnO (1Z0) and Indium-Gallium-ZnO
(IGZO) thin films are produced in this way. The most important reason for
choosing materials such as indium, aluminum and gallium is that the lonic
diameters of these metals are close to the ion diameters of the zinc. Thus, Zn
atoms can be replaced within the lattice matrix.

Although doping indium or gallium separately to the ZnO has investigated

in the literature, the properties of doping of these two metals together to
ZnO are still in the under the research. These type of materials are called
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InGaZnO (1GZO). IGZO is a special material that attracts the most attention
among the oxide semiconductor materials and also has semiconductor
material properties [16-20]. Furthermore, there are technological application
possibilities such as high electron mobility (> 10 cm? / \V.s), reproducibility
at room temperature and low temperature devices. Today, 1GZO studies
have begun to be published and are often focused on the device
characteristics and atomic ratio and [19, 21-23]. In addition, in many
articles, there are studies related to the annealing temperature of 1GZO thin
films [24].

In the technological applications of IGZO thin films, there are difficulties in
the resistance of films and interfacial problems [22, 24-26].] In order to use
these in technology more effectively, detailed investigation of the effects of
preparation conditions such as chemical composition (dependence of the
doping ratios) and annealing temperature on the samples is needed. One of
the world's biggest technology company Sharp is produced crystal oxide
semiconductor screen and they have started to use the first IGZO application
on the screens in recent years. Smartphones, tablets and touch screens
produced within the scope of these products have received awards from
many parts of the world [27].

In this study, IGZO films were deposited on Si/SiO and glass substrates via
thermal evaporation method [28] at various annealing temperatures. The
effect of annealing temperatures on the structural, optical physical and opto-
electrical properties of IGZO films was investigated.
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2. MATERIALS AND METHOD

Semiconducting 1GZO film samples were grown on Si/SiO and glass
substrates by a thermal evaporation (Vaksis MIDASm PVD/2T) operating at
a base pressure of 5 x 10° mbar. The typical deposition rates were kept
constant at 0.5 nm/s for the samples. The 1GZO thin films were prepared
onto glass substrates using indium (In), gallium (Ga) and zinc (Zn) metals
with the weight ratio of 1:1:1 wt% (In:Ga:Zn). In order to evaporate of
metals, a tungsten boat was used for every metal. The glass substrates were
cleaned by acetone, distilled water and ultrasonic cleaner. To prepare the
IGZO thin film, the indium metal was firstly deposited, then gallium metal
was deposited and finally zinc metal was deposited onto glass substrate
under 10™ mbar pressure. Five IGZO thin film samples were annealed for
thermal oxidation at different temperatures for 1 hour in the program
controller muffle furnace (Nabertherm L5 S27). One of the thin film called
as deposited (1IGZO-AD) which is without annealing, other four thin films
were annealed at different temperatures, 475, 500, 550 and 600 °C. The
samples were called according to their annealing temperatures as 1GZO-
475, 1GZ0-500, IGZ0O-550 and IGZ0O-600. profilometer.

Thickness of the thin film samples was checked with a KLA Tencor P6
profilometer. Thickness of IGZO thin films was around 221 nm IGZO-AD,
169 nm, 152 nm, and 149 nm and 134 nm as the annealing temperature of
IGZO thin films was 475, 500, 550 and 600 °C, respectively.

Surface nanostructures of 1GZO samples were investigated by scanning
electron microscope (Hitachi- SU1510). In order to investigate
morphological properties of IGZO samples, atomic force microscopy
(Nanosurf Flex-5) was used. These AFM images were obtained in the non-
contact mode [29, 30]. [29, 30]. The scan was performed on the field of 25
um with 1 line per second at a resonance frequency of about 160 kHz.
Several fields were scanned on the sample surfaces. The optical properties
of the ITO thin film samples were studied on the basis of transmittance and
absorbance measurements, and these measurements in wavelength range
from 300 to 1000 nm was carried out by a Shimadzu UV Mini-1240 Uv-Vis
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spectrophotometer. The optical band gap energy values and porosity of the
films are calculated by this the transmittance spectra.

3. RESULTS AND DISCUSSION

Figure 1 (a) - (e) shows SEM images of the IGZO-AD, 1GZ0-475, IGZO-
500, I1GZ0O-550 and 1GZO-600 thin films, respectively. Surfaces of the
samples seem to be formed by grains and the grains have different shapes
and sizes. The porous structures can also be seen from SEM images. After
annealing, it was seen that the surface roughness decreases and the grains
are larger in Figure 1 (b) and (c). Thanks to the annealing process, thin film
samples have not only gained a transparent appearance, but have also shown
a lower resistance and become more homogeneous due to the effect of
oxygen. In Figure 1 (d), the grain sizes on the surface of the sample with an
annealing temperature of 550 °C start to shrink again and become smaller.
As the temperature increases, a more dense grained structure is formed. In
Figure 2 (e), due to the high annealing temperature value, the particle
structure on the surface of the sample has disappeared and a transition has
started from amorphous structure to crystal structure [31]. Also, at this
temperature, the transparency of the film was significantly reduced and its
resistance increased significantly. The best transparency of the thin film
samples was obtained at annealing temperature at 475 ° C.
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Figure 1. SEM images of (a) IGZO-AD; (b) IGZ0-475; (c) 1GZ0-500;
(d) 1GZ0O-550; (e) IGZ0O-600.
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AFM images of the surfaces of thin films produced at different annealing
temperatures are shown in figure 2 (a) - (€).The AFM roughness results are
summarized in Table 1. As seen from the table 1 , the IGZ0O-475 sample has
the lowest surface, roughness as 32.964 nm among the films while 1GZO-
AD found to be the highest roughness values, without annealing, as 74.713
nm. In addition to this, the different surface roughness values can be
interpreted as the lack of the oxygen [32, 33].

Table 1. Summary of AFM roughness results.

Average RMS
Sample roughness roughness
(Sa) (nm) (Sg) (nm)
IGZO-AD 74.713 92.781
IGZ0O-475 32.964 46.013
1IGZ0-500 59.503 97.182
IGZ0-550 42.221 61.269
IGZ0-600 68.754 85.05
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Figure 2. Atomic force microscopy (AFM) images of the IGZO films
annealed at (a) as deposited; (b) 475 °C;
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Figure 2. Atomic force microscopy (AFM) images of the IGZO films
annealed at (c) 500 °C; (d) 550°C; and (e) 600 °C.
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Figure 3 shows the transmittance spectra of the IGZO films as a function of
wavelength in the range of 300 to 900 nm. The average transmittance ratio
of 1GZO thin films was 14%, 33%, 27 %, 28.5 % and 25 %, respectively.
The decrease in the optical transmittance value is due to the formation of
oxygen vacancies [34, 35] and large grains [36], which is supported by
AFM results.
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Figure 3. Optical transmittance spectra in visible region of the IGZO
Samples.

There are several methods to calculate optical band gap energy (Eg) of the
materials in the literature. In this study, to determine the energy gap of the
samples the absorption coefficient a of the thin films were evaluated using
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the optical transmittance spectra and the absorption coefficient was
calculated using Equation (1) [36]

in(7)]

d 1)

where T is transmittance, d is the film thickness. In addition, the dependence
of the absorption coefficient on the incident photon energy is given by [38]
(ehv) = B(hv—E,)"? @

where B characteristic parameter, Ey denotes the energy bandgap, hv is the
photon energy. Thus extrapolation of the straight-line portion of the plot of

(chy)? versus photon energy (hv) to zero absorption (a=0) gives the
direct band gap of the films.
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Figure 4. Variation of the optical band gap of IGZO thin films: (a) as
deposited (without annealing); (b) 475°C.
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Figure 4. Variation of the optical band gap of IGZO thin films: (c) 500;
(d) 550°C and (e) 600°C.
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Figure 4 (a)-(e) shows the calculated values of the band gap energies (Eg) of
IGZO thin films were 3.87 eV, 3.80 eV, 3.83 eV, 3.85 eV and 3.87 eV as
the annealing temperatures were As-deposited, 475, 500, 550 and 600 °C,
respectively. While increasing the annealing temperature the bandgap
energy decreases then it reaches its previous value with the increase of
annealing temperatures further.

Generally, higher band gap value causes low optical absorption. Observing

low absorption in the visible range is a main characteristic of metal oxide
semiconductors (MOS), having a band gap energy of above 3 eV.
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4. CONCLUSION

In this study, polycrystalline 1IGZO thin films were deposited on glass and
Si/SiO substrates by thermal evaporation technique at room temperature. it
IS investigated that how the annealing temperature affects the
microstructural and optical properties of the 1GZO thin films.
Characterization of the samples was conducted by atomic force microscopy,
scanning electron microscopy, UV-VIS spectroscopy. The results showed
that Structural, optical, morphological properties of the thin films are
strongly dependent on annealing temperature. The grain size is increased by
temperature. Without annealing sample (IGZO-AD) has the highest Average
roughness (74.713 nm) while 1GZ0O-475 has the smallest roughness 32.964
nm. The maximum transmittance is observed to be 33 % for the 1GZ0-475
sample while the minimum transmittance is observed to be 14 % for the
IGZO-AD film as a result of the different grain sizes and roughness. While
the maximum energy gap has the 3.87 eV for the 1GZ0O-600 sample the
minimum band gap energy value is 3.80 eV for 1ZGO-475 sample. This is
of the opinion that it is related to the structural disorder existing at the grain
boundaries.
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