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Abstract

Superior control of sputtering deposition of ITO thin-films to enhance the physical proper-
ties of the ITO thin-films has been investigated. The effect of different sputter deposition
conditions and the thermal post-annealing on the physical properties of the transparent-
conductive indium tin oxide (ITO) thin-films deposited on a glass substrate have been stud-
ied. The power varied from 20 to 210 W with argon (Ar) gas flowing at a rate from 20 to
80 sccm. Thermal post-annealing of deposited thin-films at 200—450 °C in vacuum and air
has been carried out as well. The physical properties were monitored using XRD, STM,
four-point probe electrometer, and UV-Vis spectrometer. The change of the Ar flow rates
influences the deposited films surface roughness, electrical sheet resistance (R,), average
optical transmittance (T,,,) with no apparent change in the morphology fractal dimension.
At the Ar flow rate of 30 sccm and the critical power of 120 W, the deposited thin-films
transform from amorphous to semi-crystalline structure mostly up 170 W. Optimal thin-
films with fairly the highest T,,, at 97.7% and good R, with 158.3 Q/sq could be obtained
under a residual Ar gas flow rate of 50 sccm and at 20 W. The critical post-annealing tem-
perature at 350 °C (air) and 450 °C (vacuum) could initiate the semi-crystalline structure of
the previously amorphous deposited thin-films. For the first time, ITO thin-films with T,
and T, up to 97.7% and 99.9% respectively have been achieved. Besides, the R, value is
controlled from 6 to 3981 €/sq with excellent average transparency. These prove viable

candidates in transparent solar applications.
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1 Introduction

The technology of materials science can solve many problems in the different parts of life
and make the economy in progress. Recently, researchers are interested in the development
and discovery of new materials that have eco-friendly properties used in different applica-
tions with distinguished specifications (Ettu 2014).

Thin-film technology plays an important role in the nanotechnology, nanoscience devel-
opment, and particularly in industry. Thin-films are used in several applications such as
military coatings, optics, displays, acoustic surveillance, security, aerospace, and semicon-
ductors. Researchers are directed into the thin-film semiconductors technology for their
great contribution in many applications of energy like transparent electrodes, photovoltaic
devices, solar front panel display, magnetic components, low emissivity coatings for archi-
tectural glass, light density memory system for computers, diodes, transistor sensors, vari-
ous gas sensors, and heat reflectors for advanced gazing in solar cells (Rao and Shekhawat
2013).

Indium tin oxide (ITO) is one of the most relevant thin-films among sustainable eco-
friendly semiconductors that have been the subject of many studies lately due to its high
transmittance, low electrical resistivity, anti-reflection in visible light (high infrared reflec-
tion and UV absorption) (Malik and de la Hidalga-Wade 2017; Siddiqui et al. 2018; Xia
and Gerhardt 2016). These properties make ITO thin-films a good candidate for solar
applications like coatings in thermal collectors, mirrors, and transparent electrodes. Other
technological applications include touch panels electrochromic LCDs, plasma displays,
field emission displays, heat reflective coatings, efficient windows, gas sensors, and espe-
cially in transparent solar cells (Kaluba et al. 2020; Meiss et al. 2008; Oh et al. 2006; Park
et al. 2001; Worasukhkhung et al. 2012).

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) techniques are
used widely in the production of semiconductors (Dehghanghadikolaei et al. 2018). PVD
techniques are preferable processes as they fabricate thin-films with superior hardness,
wear resistance, smoothness, withstand high-temperature, and oxidation resistance as well
as being eco-friendly. PVD involves several steps performed under a high-temperature vac-
uum condition. First, a target material is melted typically by high power electricity or laser.
Then it is converted into an energetic vapor that falls on the substrate and forms a pure thin
coating. The RF magnetron sputtering deposition is the best thin-film fabricated technique
because it does not require the use of specialized target materials as used in CVD. Also,
its dependence on plasma formation adds benefits to the deposition process (Fikry et al.
2020b; Habig 1986; Malik and de la Hidalga-Wade 2017; Seshan 2001). For instance, DC
and RF magnetron sputtering has a wider range of deposition facilities in a pure Ar atmos-
phere that is simple, cheap and more controllable. Indeed, all inorganic materials such as
ITO can be readily deposited which were reported to having good adhesion and low poros-
ity (Films and Box 1982; Malik and de la Hidalga-Wade 2017).

Optical and electrical properties of ITO films vary according to stoichiometry, crystal
structure, and film defects under specific deposition conditions of power, substrate temper-
ature, and working residual gas flow rate (Al-Mansoori et al. 2017; Chaoumead et al. 2012;
Chityuttakan et al. 2019; Fikry et al. 2020a; Glaswerke 1984; Mientus and Ellmer 2001).
Thermal post-annealing effects on the deposited ITO thin-films have been reported as well
(Bhagwat and Howson 1999; Kerkache et al. 2006; Meng et al. 1995).

In this paper, we explored the superior control and enhancement of ITO thin-film physical
properties by adjusting the RF magnetron sputter deposition parameters such as RF power
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and gas flow rate. Meanwhile, thermal post-annealing of deposited films was investigated
together with their effect on the structure, electrical and transparent properties. The require-
ments sought for such ITO film are resistance against scratching, high adhesion to the glass,
high stability against environmental influences as well as being fairly cheap. In this context,
recommendations have been reported regarding some of the obtained ITO films as viable can-
didates for ongoing applications based on their properties. These include photovoltaic solar
cells, optoelectronic devices, efficient smart windows, geostationary earth orbits satellite, gas
sensors, displays, touch screen panels, optics and thermal collectors.

2 Methodology
2.1 Materials

All samples were deposited on 7.5x2.5 cm? glass slides (Pathmark, 0360-2204), which were
cleaned with isopropanol 99% (Organik Kimya) and dried with compressed air. ITO of ratio
90/10 weight % target disk (Protoflex Corporation) of purity 99.99% with 4" diameter and
0.25" thickness has been used as a bulk source of the films.

2.2 Sputtering system

ITO films were deposited onto glass substrates by magnetron sputtering (Protoflex Corpora-
tion, Flex 1300). The sputtering system has six target source heads of 4" in the sputtering
chamber with three RF sources (Advanced Energy, CESAR136) and three DC power sup-
plies (Advanced Energy, MDX 1 K) that can be managed to deposit several film layers with
different materials in one process. The sputtering system has RF and DC power ranges up
to 600 and 1000 W, respectively. The system allows gas flow rates, deposition temperatures,
and sample rotational speeds up to 100 sccm, 800 °C, and 20 rpm, respectively. The distance
between the target and substrate was kept constant at 20 cm for each deposition. IR Heater
was used for heating the substrate to the required temperature with an incremental rate of 50
°C/min. The chamber and load lock were evacuated by two mechanical rough vacuum pumps
(Oerlikon Leybold vacuum), TRIVAC D40 B/ D65 and D16 BCS/ D25 BCS, respectively, to
a pressure less than 2 x 1072 Torr. Besides, a two-compound molecular (turbo) vacuum pump
TG220 FRWB and TG1400 FBWB (Osaka vacuum, LTD) were used to maintain the required
vacuum pressure of the chamber and load lock, respectively. The turbo vacuum pumps
were put in operation after the rough vacuum pumps to reach the base pressure of less than
2% 107® Torr. Evacuation of the sputtering chamber is important for preventing any interac-
tion between plasma sputtering and air molecules, which assure good film deposition. Resid-
ual Ar gas flow was adjusted by MKS mass flow (MKS 179A) meter and controller (MKS
1179A and 2179A). When Ar gas flowed into the sputtering chamber, vacuum pressure was
decreased to about 1.5 10~ Torr during deposition.

2.3 Thin-film investigation
X-ray diffraction (XRD) analysis was carried out by the Bruker D8 discover with Cu-K,

graphite monochromatic radiation source (A=1.5418 A) and operating on 6/20 configura-
tion of 40 kV and 40 mA with a scan range from 20° to 70° over a step of 0.01°.
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A scanning tunneling microscope (STM) (Agilent Technologies, SOOLS) with a bias
voltage of 0.05 to 0.2 V and set-point current of 1 to 2 nA, was used to explore the topog-
raphy and morphology of ITO surface films for a high resolution of small-scale scanning.

The electrical sheet resistance of ITO films were measured by a four-probe electrometer
(Keithley, 2400) by an average of four readings of I-V curves at different sheet surface
positions.

Optical properties (Transmittance and absorbance) of the films were examined by a
fiber optic spectrometer (Ocean optics, HR4000 UV-NIR) within ranges of 200 to 1100 nm
over approximately 1 nm resolution. A 400 pm diameter optical fiber (Ocean optics, UV-
NIR) was used before the dark sample holder to help exclude background radiations. Also,
another optical fiber was used to collect the spectrum of films to deliver to the spectrometer.

3 Result and discussion

The quality of ITO films depends on many sputtering deposition process conditions such as
deposition power, Ar flow rate, and post-annealing (Hammadi 2018; Kosarian et al. 2018).
Here the effect of sputtering deposition conditions on the type of structure, morphology,
and roughness (RMS) will be discussed together with the extent of their influence on the
electrical and transmittance properties of the ITO deposited films. All the deposited ITO
films were prepared at a constant deposition time of 30 min and a substrate temperature
of 200 °C under vacuum deposition pressure of 1.5x 10~ Torr. Meanwhile, RF sputtering
power input ranging from 20 to 210 W has been applied while the gas flow rate was set at
30 sccm. Thereupon, an optimal RF deposition power of 20 W was favorably maintained
while the gas flow rate was changed gradually from 20 to 80 sccm. Argon gas has been
selected as sputtering deposition gas flow because of its mass compatibility with materials
of engineering interest and its low cost (Kosarian et al. 2018). Thermal post-annealing of
fabricated films has been carried out within a temperature range from 200 to 450 °C under
power 20 W and Ar flow rate 50 sccm in vacuum and air.

3.1 XRD crystalline structure investigation

The study of amorphous to crystalline transformation of the ITO films is one of great inter-
est for researchers to understand the microstructural changes and their influence on the
physical properties of the films (Xia and Gerhardt 2016). Amorphous materials with com-
plete grain boundaries have excellent mechanical properties (Hammadi 2018; Husain et al.
2018; Malathy et al. 2009; Sathya and Natarajan 2018). Recently, researchers have been
focusing on manufacturing amorphous thin-films that reduce the cost by more than half to
be used in transparent solar cells due to their higher transmittance (Aviles et al. 2011).

The XRD spectra of ITO thin-films at different conditions revealed two different struc-
tures as shown in Fig. 1a—d.

Figure 1a shows that sputtering RF powers up to 80 W resulted in amorphous ITO films
with no diffraction peaks except for a barely noticeable peak at 20°. However, the emer-
gence of a diffraction peak at 35° embedded within a hump is reminiscent of the plane
(400) due to the In,O5 cubic crystalline structure (Malathy et al. 2009). It is most likely
that 120 W was a critical sputtering RF power at which film structure transforms from
amorphous to semi-crystalline. In stark contrast, at 170 W, a poly-crystalline ITO thin-film
with a complete transformation of the highly crystalline cubic structure was observed with
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Fig.1 XRD spectra of the ITO films at different a sputtering RF deposition power, b Ar flow rates, thermal
annealing in ¢ vacuum and d air

characteristic peaks corresponding to the planes (211), (400), (440) and (622) according to
the reference card (COD 1,538,147). The plane (400) in particular, exhibiting the highest
peak intensity (best orientation) proved to have the highest number of atoms and in turn
electrons in the unit cell. The increase of the sputtering RF power to 210 W, unfavora-
bly incurs a degradation of the obtained films being less crystalline with lower diffrac-
tion peaks intensity. The crystalline size d of the ITO crystals can be calculated using the
Scherer formula law (Eq. 1) (Pokaipisit et al. 2008),

_ A
d_KB cos 0 @

where 0 is the Bragg angle, f is the full width at half max (FWHM in radians) of the peak,
A is the wavelength of the X-ray (0.154 nm) and K is the Scherer constant (K=0.9).

Figure 1b displays the effect of Ar flow rate variation on the amorphous structure of
ITO thin-films at RF deposition power of 20 W. It turns out that the Ar flow rate variation
has no impact on the structure type of ITO thin-films. That it would be attributed to the
effect of the Ar flow rate on the deposited ITO thin-film morphology, then the electrical
and optical properties due to increase the thickness and the homogeneity of the film with
the gas flow rate (Shahidan and Awang 2016).
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Thermal post-annealing of ITO thin-films has been carried out at different temperatures
in the range from 200 to 450 °C in vacuum and air. In Fig. 1c, d, the appearance of a small
hump at 30° can be discerned at annealing temperatures 350 °C and 450 °C in air and vac-
uum, respectively. This would indicate that a semi-crystalline structure started to grow. The
intensity of this hump is relatively higher in air due to ITO thin-film oxidation which pro-
motes atoms to rearrange into a crystalline structure at lower temperatures (Hu et al. 2004).

Table 1 lists XRD parameters of ITO films deposited with RF sputtering powers of 170
and 210 W using origin software. The broadened diffraction peaks with relatively higher
B values with smaller crystalline sizes in the case of 210 W sputter power attests to the
degradation of film crystallization (Tang et al. 2012; Toma et al. 2019). On the other hand,
XRD spectra do not reveal any peaks inherent to Sn, SnO, and SnO, traces which indicate
tin atoms being doped in the In,O; lattice (Hammadi 2018). Eventually, it seems that sput-
tering plasma electron density at RF power about 170 W preferentially produces ITO thin-
films with a good crystalline structure.

3.2 STMroughness investigation

In the modern research studies, interface roughness (topography) is considered crucial in
many physical and chemical properties of thin-films. The high surface roughness and a
group of grains can ultimately generate scattering losses for the optical path of the photons
or the photoelectrons and also increase the electrons scattering. These would end up reduc-
ing their mean free path lengths and thus increasing the sheet resistance of the film (Tang
et al. 2012; Toma et al. 2019).

The topography, morphology, and surface roughness of ITO thin-films were studied by
STM whereby the fractal dimensions (D) had been calculated by a Box counting technique
using Gwyddion software. The STM images of a sputtering deposited ITO thin-films at dif-
ferent physical parameters are displayed in Fig. 2.

In Fig. 2a, thin-films deposited under a sputtering power up to 60 W were characterized
by a fine fiber texture structure that developed an initial plane with small accumulation
grain sizes which nucleated slowly forming islands at high power sputtering. Moreover, at
higher powers from 80 to 170 W, a crystalline structure evolved as grain coarsening occurs
during coalescence of small islands with large surface; while grain boundaries disappeared
in continuous film growth with layers and islands. However, at the power of 210 W, less
island formations can be observed which indicated a lower degree of crystallinity (Zhao
et al. 2000).

The effect of the Ar gas flow rate on the morphology of the ITO thin-film surface is
shown in Fig. 2b. It is noticed that the surfaces of the films deposited at the Ar flow rate up

Table 1 The full width at half

maximum (f) and Crystallite size 200 Structure planes 170 W 210w

(d) of the crystalline XRD peaks B(rad) d(nm) P(rad) d(nm)

ITO thin-films at sputtering

RF deposition powers 170 and 21275 (211) 0310 26023 0293  27.531

210 Wat the XRD peaks 35215 (400) 0274 30310 0354 23514
50332  (440) 0344 25443 0495 17724
59.821  (622) 0311 29420 0312  29.343
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Fig.2 STM images of the ITO films at different; a sputtering RF deposition power, b Ar flow rates, as well
as thermal annealing in ¢ vacuum and d air

to 40 sccm were semi-smooth with a number of remarkable pores at 30 sccm. On the other
hand, at higher gas flow rates, the surface diffusion of ITO material on the substrate tends
to increase which results in atoms forming bonds with each other so that the film becomes
less rough (Al-Mansoori et al. 2017).

Figure 2c, d displays the effect of thermal post-annealing on ITO thin-film morphol-
ogy in vacuum (Fig. 2¢ and air Fig. 2d) at different temperatures ranging from 200 to 450
°C. In vacuum, the diffusion of ITO particles on the surface of the substrate tends to form
bonds between particles which increases with raising the annealing temperature from 200
to 350 °C. Then, nucleation seems to start at 450 °C. In contrast, thermal post-annealing in
air favors the enhancement of ITO thin-film adhesions at 200 °C and 250 °C. As annealing
temperature was increased to 350 °C, the nucleation of ITO particles forms grains whereby
converting ITO thin-film from amorphous to semi-crystalline structure. This structural
transformation tends to continue as temperature increases up to 450 °C. All of these STM
findings corroborate previous XRD spectra results.

Fractal dimension (D) is a measure of complexity that indicates the degree of which
the objects fill the available space (surface profile). It is also a parameter to describe the
thin-film surface density by the number of grains along the area of growing thin-film. An
object with D=1 is meant to be a one-dimensional object. The dimension D=2 describes
plane objects while dimension D=3 defines three-dimensional objects as a bulk material.
A smaller value of D means a smoother surface. The fractal dimension characterizes the
degree of the surface roughness and can be calculated from the Eq. (2) (Raoufi 2009);
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D= log N
" logh @

where N is the number of forming shapes for counting and h is the studied area. It is the
slope of log N versus log h relation as depicted in Fig. 3a—d. Table 2 summarizes the calcu-
lated fractal dimensions of ITO thin-films.

From Table 2, the nearly equal D values obtained under different experimental condi-
tions still indicate that the ITO samples behave as planar objects.

The variation of roughness root mean square (RMS) of ITO films under different depo-
sition conditions is shown in Fig. 4.

Figure 4a, b, d demonstrate that roughness RMS values decrease by increasing both RF
power, Ar flow rate, and post annealing temperature in air. This is associated with uniform
distribution of grain growth due to crystallinity (Khanal 2016)(Eshaghi et al. 2010) and
bonding (Al-Mansoori et al. 2017) with smoother surface formation as sputtering power
and Ar gas flow increase. The roughness RMS of ITO thin-films tends to behave differently
with post annealing temperature in vacuum as shown in Fig. 4c. In vacuum, for instance,
a hump like relation appears where RMS roughness culminates (~0.175 nm) at an anneal-
ing temperature of 350 °C. There seems to spreading, accumulation of particles before
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Fig.3 Relation between log N and log h at different; a sputtering RF deposition power, b Ar flow rates, as
well as thermal annealing from in ¢ vacuum and d air
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Table 2 The fractal dimension (D) of the manufactured ITO thin-films variations at different sputtering RF
power (P), Ar flow rates (F,) and Thermal annealing (T) in vacuum (VA) and air (AA)

P (W) 20 30 40 50 60 80 120 170 210
D 2.352 2.334 2.332 2.395 2.369 2.346 2.312 2.318 2.305
F. (sccm) 20 30 40 50 60 70 80
D 2.404 2.362 2.361 2.378 2.342 2.347 2.349
T (°C) 200 250 350 450
D VA 2.341 2.366 2.358 2.372
AA 2.370 2.365 2.338 2.356
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Fig.4 Variation of RMS roughness of the ITO thin-films at different; a sputtering RF deposition power, b
Ar flow rates, as well as thermal annealing in ¢ vacuum and d air
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the nucleation and eventual transformation from amorphous to semi-crystalline structure.
Besides, at higher temperatures, an increase in the degree of crystallization (Khanal 2016;
Mohamed et al. 2009) would occur. However, ITO films thermally annealed in air tend
to be rougher than in vacuum at low post-annealing temperatures due to the formation of
amorphous oxide film (Hu et al. 2004)(Aviles et al. 2011; Peter and Maan 2016).

3.3 Optical and electrical properties investigation

Charge carriers of ITO thin-films are the main parameter that affects transmittance and
sheet resistance (Eshaghi et al. 2010). The sheet resistance R, can be evaluated from

Eq. (3);
R,=R; 3)

where R is the average measured resistance by Keithley at some points all-over the thin-
film and C;~0.95205 is a correction factor (Ossila Ltd 2021).

A figure of merit (FOMy yg)) has been adopted to evaluate the performance or effec-
tiveness of transparent conductive ITO films (TCFs) with different optical and electrical
properties as follows;
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Fig.5 Optical transmittance (solid lines) and absorbance (dash lines) spectra of ITO films at different; a
sputtering RF deposition power, b Ar flow rates, as well as thermal annealing in ¢ vacuum and d air
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FOM =
(H-HR) UR “
where n=10 (Cisneros-Contreras et al. 2019) while T,,, and R, denote the film average
transmittance and sheet resistance respectively.

Figure 5a—d displays the behavior of optical VIS-NIR transmittance and absorbance of
ITO thin-films at different experimental conditions of sputtering RF deposition power, Ar
flow rates as well as after post-annealing at different temperatures in a vacuum and air. The
transmittance of all deposited films was found to be higher than 80% and as high as 97.2%
at the standard wavelength of 550 nm. Absorbance accounts for about half of the remaining
percentage of light intensity so that the reflection was to be equal to absorption. The effects
of the sputtering deposition parameters and the thermal post-annealing in vacuum and air
on the average transmittance and sheet resistance are illustrated in Fig. 6.

Figures 5a and 6a, show that thin-films average transmittance decrease with RF power
at a faster pace by about 11% at 80 W followed by a slower decrement of 2.5% at 210 W
with less resistance due to higher degree of crystallinity of the deposited ITO thin-films
(Peter and Maan 2016; Raoufi 2009). Furthermore, the transformation of the ITO films
from the amorphous to crystalline structure improved the probability of Sn** doping with
In** jons in In,O, sites (Lee and Ok Park 2006). Spectral transmittance in the range of
(400-900 nm) tends to be more susceptible to variations by about 23% at the lowest depo-
sition RF power of 20 W. Likewise, thin-films sheet resistance R abruptly decreased with
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Fig.6 Variation of sheet resistance Ry (red lines) and average transmittance T,,, (blue lines) of the ITO
thin-films at different; a sputtering RF deposition power, b Ar flow rates, as well as thermal annealing in ¢

vacuum and d air
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increasing RF deposition power as earlier as 40 W down to 27.3 €/sq and then to 6.3 Q/
sq at 210 W. Higher sheet resistance of ITO thin-films deposited at lower sputter power
because of trapped the electrons in the net of short-range non-crystalline as well as non-
uniform films structure and the higher surface roughness RMS. At higher sputter powers,
ITO films with a poly-crystalline structure (improvement for film density) of larger thick-
ness would lead to higher mobility of electrons to take place and lower sheet resistance
(Bingel et al. 2013).

As clearly shown in Fig. 6b favorable ITO films with the highest transmittance and a
small sheet resistance can be preferentially obtained under the condition of deposition with
Ar gas flowing at a rate of 50 sccm. At this level of gas flow rate, ITO thin-films exhibit
about 97.3% of average transmittance and 158.3 Q/sq sheet resistance. Critical surface
roughness and thickness variation as well as carrier concentration (Ar gas) are likely to
induce this type of changeover in behavior (Tien et al. 2018; Bhardwaj et al. 2018; Farhan
et al. 2013).

A similar trend could be observed due to variations in ITO films post-annealing tem-
peratures in vacuum or air as shown in Fig. 6¢, d. The sheet resistance tends to decrease
with increasing post-annealing temperature from 2951.9 to 88.8 €/sq in vacuum and from
3981.6 to 511.8 Q/sq in air. This considerable decline is associated with ITO films transi-
tion from amorphous to semi-crystalline strucutre. Yet, relatively high value of R of the
ITO films post-annealed in air is due to amorphous oxide semiconductors less roughness
RMS and formed of tail states in the band gap. For the average transmittance, a counter-
acting effects of post-annealing in vacuum and air occur around a temperature of 350 °C.
Lower values at higher post-annealing temperatures are reflections of the lower and higher
degree of roughness and crtallinity of ITO films respectively (Khanal 2016; Eshaghi et al.
2010; Mohamed et al. 2009).

In the light of previous experimental findings, fabricated ITO films reveal versatile char-
acteristics viable to potential applications. These can be classified in terms of experimental
conditions of sputtering power level P(x), residual gas flow rate F(x) and post-annealing
temperature in air AA(T) or vacuum AV(T). Thereupon, some ITO thin-films are char-
acterized by a very high max transmittance up to 99.9% such as P(20)F,(50), P(20)F(70)
and P(20)F,(50)AA(250). On the other hand, samples with P(210)F,(30) have the smallest
sheet resistance within value of 6.2 Q/sq.

ITO thin-film sample deposited at P(20)F(50) show higher average transparency,
acceptable sheet resistance, and RMS roughness up to 97.7%, 158.3 Q/sq, and 0.46 nm
respectively. These are good candidates in many optical applications (Cisneros-Contreras
et al. 2019; Meiss et al. 2008).

Besides, films with T,,>80%, R;<310 Q/sq and FOM g yp,>0.45 (Q/sq)""" are
acceptable for flat panel displays (FPDs), liquid crystal displays (LCDs), touch screen pan-
els, transparent photovoltaic solar cells, light-emitting diodes (LEDs), gas sensors, efficient
smart windows, thermal collectors and thermal mirrors applications (Ali et al. 2014; Cis-
neros-Contreras et al. 2019).

ITO films with higher FOMy yg, prove favorably feasible in previously mentioned
potential applications as well. In this regard, FOM 4 ygy~0.73057 (Q/sq)V'0 at P(120)
F.(30) is considered as the best fabricated ITO film sample suited for optoelectronic
devices. Though the ITO thin-film deposited at a gas flow rate of 50 sccm was preferable,
fabricated ITO thin-films under different Ar flow rates are nonetheless acceptable for many
optoelectronic devices and solar cell applications. FOMy yg, of ITO Thin-films slightly
changes with Ar flow rate variations. However, as deposited ITO films annealing at 450 °C
in vacuum was tended to increase FOM y g, up to 0.613 which indicated an improvement
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of their efficiency. Moreover, Semi-crystalline ITO Thin-films annealed at 450 °C in vac-
uum seem to have the highest transparency with good electrical sheet resistance and RMS
roughness. It is worth noting that ITO films having R within the range of 2 to 10 kQ/sq are
considered efficient optical solar reflector (OSR) for space applications, especially in geo-
stationary earth orbits (GEO) satellite applications (Sibin et al. 2016).

4 Conclusion

Different ITO thin-films were sputter deposited on a glass substrate at a constant sub-
strate temperature of 200 °C and a residual Ar gas at~2x 10~ Torr vacuum. The pro-
cessing conditions of a magnetron sputtering deposition such as RF power and Ar flow
rate had directly affected the structure, surface morphology, transmittance and sheet
resistance of deposited films. The increase of the RF sputtering powers led to increase
the electrical conductivity and slightly decrease the transparency with transform the
amorphous structure to crystalline. The thin-films assume a semi-crystalline structure
at a critical power of about 120 W and their best crystalline structure at 170 W. On the
other hand, increasing sputtering power up to 210 W tends to have negative effects on
the crystallinity of films. Ar flow rate variation led to a different manner of variations in
the films transmittance and sheet resistance. Optimal deposited ITO thin-film transmit-
tance with average 97.7% and max 99.9% as well as 158.3 Q/sq sheet resistance could
be obtained at 20 W and 50 sccm. On the other hand, the lowest sheet resistance ~6
Q/sq was achieved at 210 W RF power and 30 sccm Ar flow rate with 85% average
transmittance. The crystallization critical post-annealing temperature in air amounts to
350 °C which was lower than under vacuum at 450 °C. The highly optimized ITO thin-
film for optoelectronic devices could be produced at 120 W RF power under a residual
Ar gas flow rate of about 30 sccm having 89% average transmittance, 7.11 Q/sq sheet
resistance and FOMy y,=0.73 (Q/sq)'°. Besides, deposited films were annealed at
200 °C (Vacuum) and 200, 250 °C (air) results in an excellent sheet resistance about 2—4
kQ/sq with average solar transmittance 94-96% which are favorably suited for space
applications. ITO thin-film samples P(20)F,(50), P(20)F,(70), and P(20)F(50)AA(250)
are characteristic by a very high max transmittance up to 99.9%.
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