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Abstract This work used the sol-gel dip coating process
to generate thin films of pure indium tin oxide and indium
tin oxide film mixing with FeCl, at ratios of 50, 100, and
150%. Indium and tin precursors, such as InCl; and SnCl,,
were affordable. The produced ITO samples were examined
by UV-Vis, SEM, XRD, EDX, and AFM spectroscopy.
The primary peak of the (222) plane, according to the thin
film XRD patterns, matched a high degree of crystallinity
in indium oxide. The elements In, O, Sn, Fe, and Cl are pre-
sent in the deposited layers, according to the EDX spectrum.
According to the SEM pictures, the average diameter of the
particles for pure, 50, 100, and 150% were 23.87, 41.12,
and 36.27 nm, respectively. From AFM images, the average
grain size of pure ITO film was 61 nm. The films with differ-
ent ratios 50, 100, and 150% had average grain sizes of 96,
36, and 178 nm respectively. The optical band gap of pure
ITO was 4.49 eV, while for films ITO + FeCl; with different
mixing ratios 50, 100, and 150% the energy gap was 2.61,
2.89 and 2.35¢V, respectively. From the contact angle found
the water contact angles 32.57°, 18.74°, 73.66°, and 43.98°
for pure, 50, 100, and 150%, respectively are apparent. It can
be found that the contact angle decreases at mixing ratios
of 50%, this result indicates that the hydrophilicity of ITO
surface at low mixing ratios, this a behavior is due to the
reduction of surface roughness.
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Introduction

Because of its rare combination of conducting and trans-
parent qualities, indium tin oxide (ITO) has become a
significant engineering material. In the optoelectronic
industry, ITO thin films have been the subject of much
research. ITO thin film is an extremely degenerate n-type
semiconductor with a (2.4) x 10™* Q.cm electrical sheet
resistance [1-6]. The Fermi level (EF) is above the
conduction level (EC), which results in a high carrier
concentration and a low resistivity value of ITO films.
High conductivity ITO sheets have a carrier concentra-
tion between 10?° and 10! cm™3. ITO films also feature
high transmittance, high reflectance in the IR range,
good electrical conductivity, great substrate adhesion,
and hardness. This is because ITO is a broadband gap
semiconductor (Eg: 3.5-4.3 eV) [7-15]. These layers are
frequently utilized in many different applications, includ-
ing heatable devices, sensors, solar cells, electrochromic
devices, displays, and more. Sputtering, spray pyrolysis,
pulsed laser deposition (PLD) [16-18], thermal evapo-
ration, screen printing, and sol-gel are the most often
utilized techniques for ITO deposition [15-23]. Usu-
ally, following deposition, these films are annealed to
produce high-quality ITO films. The study of colloidal
particles or monolithic structures of metal oxides result-
ing from the hydrolysis and subsequent condensation of
metal alkoxides or salts is known as sol-gel science. The
process of changing from a solution to a gel like phase is
basically implied by the phrase "sol-gel," which accu-
rately characterizes the process by which metal oxides
are formed from metal alkoxides. The sol-gel approach
offers several benefits, this technique makes it simple to
manage the dopant amount and solution density, as well
as to coat the desired shapes and areas [24]. Moreover, in
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contrast to other approaches, the procedure is simple and
does not require the use of costly or sophisticated equip-
ment. By adjusting the firing and annealing tempera-
tures or the atmosphere in which the annealing is done,
the electrical and optical properties of ITO films can be
altered. This also impacts the densification and crystalli-
zation of the ITO films [25-27]. Generally speaking, the
annealing process and microstructure optimization lead
to the production of free electrons or oxygen vacancies,
which reduce an ITO film’s resistivity [10]. ITO thin
films were created in the current study using a straight-
forward and affordable sol-gel dip coating method. A
thorough investigation was conducted on the impact of
FeCl; on the characteristics of ITO.

Experimental work
Preparation of ITO

50 ml of double-distilled water were used to dissolve
1.1727g of InCl; and 0.1402g of SnCl,, which served as
precursors for the creation of ITO. After both solutions
were let to sit at room temperature for 30min on a magnetic
stirrer, they were combined in a 100ml glass container and
stirred continuously for 120min. To finish the reaction, little
drops of NaOH were carefully added to the mixture [10].
The solution’s PH was nine. After 15min at 4000rpm in the
centrifuge, the final solution had the same amount of ethanol
added and the water removed using a burette. Then dried for
2h at 500 °C in the oven for preparation [28]. FeCl;:ITO,

Step 1 Step 2

Substrate

Sol ¥ IR
precursor [t

Fig. 2 Shows the dip coating method

three different weights of FeCl;, 0.0975, 0.195, and 0.2925g
were combined with 10 ml of ethanol and left to dissolve at
room temperature for 30 min on a magnetic stirrer. These
solutions were combined to 10 ml of ITO to obtain mixing
ratios 50, 100, and 150%. Figure 1, depicts pure ITO solu-
tion and ITO with different mixing ratios of FeCl; 50, 100,
and 150%.

Preparation of ITO film and contact angle
measurement

Pure ITO films and FeCl;:ITO films with varying ratios 50,
100, and 150% was prepared by repeating the heat treatment

Fig. 1 Shows from left; pure ITO solution and ITO with different
mixing ratios of FeCl,, 50, 100, and 150% respectively

@ Springer

Fig. 3 Contact angle measuring experimental setup



J Opt
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and dip coating processes. As seen in Fig. 2, dip coating  Taple 1 Summary of XRD results for all samples
is an easy, inexpensive, dependable, and repeatable pro- py— FWHM@ aA T
cess that includes immersing the substrate in a solution to ample (deg) (deg) d(A) (hkD) (nm)
deposit a wet liquid film [28, 29]. Numerous factors, includ- Pure ITO 21.6 0.10 16.35 (211) 27.0
ing immersion duration, concentration, withdrawal speed, 30.5 0.30 11.65 (222) 20.6
number of dipping cycles, temperature, solution composi- g;g 8%8 ;(227 Ej(l)(l); 24]1(1)
tion, concentration, humidity level in the environment, etc., 45: 3 020 787 431 43:2
affect the film’s characteristics and thickness and thickness 51.8 0.20 7.017 (440) 22.0
was measured by Shererr equation. In this work the silica 60.9 0.30 6.04  (622) 307
glass was dipped in 20 ml of solution three times and each ~ ITO+FeCl;50%  21.3 0.10 16.58 (211) 81.0
time the layer dried at 80°C for 10 min. The thickness of 2(5)431 8;8 }(1)??) 8&(2)?); jf(7)§
synthesized samples are 85, 95, and 105 nm respectively. 377 018 0.48 @11 467
Using a contact angle apparatus depicted in Fig. 3, the 45.7 0.15 7.89  (431) 575
hydrophilic behavior of a water droplet on the films was 51.0 0.20 7.1 (440) 44.0
assessed. Using a micro-injector (5 pl) syringe aimed ver- 60.7 020 6.06  (622) 46.1
tically down into the sample surface, a water droplet is ITO+FeCl; 100% i(])j 3;5 }?gg 8;3 2;8
injected onto the film’s surface. A macro lens on a high- 35.3 025 10.10 (400) 304
resolution camera takes a picture of the water droplet. These 37.6 0.09 950 (411) 93.4
images are analyzed using analytic software [30]. 45.7 0.15 789 (431) 575
51.0 0.28 711  (440) 31
60.6 0.25 6.07 (622) 36.8
. . ITO+FeCl, 150% 21.2 0.09 16.65 (211) 90
Result and discussion T 05 o2 17 02 412
35.1 0.25 10.16 (400) 32.4
The crystal structures of pure ITO powder and ITO powder 375 0.09 953 (411) 934
; : ; : 45.5 0.15 792  (431) 575
with FeCl; at varying ratios 50, 100, and 150% in the range 0.7 02 715 (440) 442
10°-80° are studied using X-ray diffraction patterns. XRD 60.0 016 6.13 (622) 576
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patterns for pure samples and samples with varying mixing
ratios are displayed in Fig. 4a, d. As can be observed, all
of the films are polycrystalline in character and have a pre-
dominant (222) peak in their cubic crystal structure (JCPDS:
71-2194) [9, 31-35]. The XRD results of samples show no
peak corresponding to any iron or iron oxide compound,
this indicates the iron diffuses interstitially in ITO thus a
decrease of intensity at the different mixing ratios 50,100
and 150%.

The preferred orientation of the growth is still along the
(222) plane. A slight variation in the 20 value. The XRD
analysis confirms that ITO was successfully synthesized
using the sol—gel method. Crystallite size calculated using
the Scherrer formula (Eq. 1) [36-38]:

_ Ki
B.cos@

ey

where K is 0.9, A is x-ray wavelength 0.154 nm, f is the
full-width at half maximum intensity (FWHM) measured in
radian, and 0 represents Bragg’s diffraction angle [39]. The
average crystallites sizes were 44.1, 49.0, 52.2, and 59.5 nm
for pure, 50, 100, and 150% respectively. Table 1, shows the
results of the XRD of all samples.

To examine the components in a sample, an analytical
technique known as energy-dispersive X-ray spectroscopy
(EDX) is utilized. The prepared thin films’ EDX spectra,
which comprise pure ITO film and ITO with different FeCl,
50, 100, and 150% mixing ratios, are shown in Fig. 5a-d.
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Fig. 5 EDX of samples: a pure film, b ratio 50%, ¢ ratiol00% and d ratiol50%
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Table 2 Summary of EDX results for all samples

Pure—Element Atomic % Weight %
O 96.9 81.1
In 1.3 79
Sn 1.8 11.0
Different mixing ratios
ITO +FeCl; (50%)
Cl 0.1 0.1
(0} 47.8 38.1
Fe 0.1 0.3
In 0.0 0.2
Sn 0.0 0.1
ITO + FeCl; (100%)
(6} 96.4 80.0
Cl 0.1 0.1
Fe 0.5 1.5
In 1.4 8.4
Sn 1.6 10.0
ITO +FeCl; (150%)
(6} 97.2 85.2
Cl 0.2 04
Fe 0.6 2.0
In 0.6 39
Sn 1.3 8.4

The spectra indicate that the formed coatings contain com-
ponents such as In, O, Sn, Fe, and CI and that the amount
of oxygen on their surfaces has significantly increased. The
weight values and atomic percentages for the films (ITO and
ITO + FeCl; (50,100, and 150%)) are displayed in Table 2.
Since the EDX analysis identified the presence of Fe atoms
in the ITO film’s structure, the lack of Fe peaks in the XRD
pattern indicates that Fe atoms blended into the ITO struc-
ture. Due to the presence of some impurities, this leads to
their appearance in the EDX spectrum.

One kind of electron microscope that uses a high-
energy electron beam swept in a raster pattern to capture
images of a sample surface is (FE-SEM). The surface
morphology of thin films is determined by the param-
eters of the deposition process. The surface shape may
have an impact on the film’s mechanical, electrical, and
optical properties. Figure 6a-d shows scanning elec-
tron microscopy images of pure ITO film and ITO film
coated on glass substrates using the dip coating proce-
dure at different FeCl;: ITO mixing ratios 50, 100, and
150%. Figure 6a, shows that while the particles in the
pure film have a variety of sizes and shapes, the major-
ity of them have a cubic average diameter of 62.48 nm.

However, some agglomerates are several micrometers in
size. whereas the ITO films had varying FeCl; ratios
(50, 100, and 150 percent). It is evident that every film
has a consistent surface morphology with a majority of
cube-shaped particles that are well-uniform and free of
cavities and fissures. The electrical conductivity and
optical transmittance are enhanced by the larger active
surface and reduced grain boundary. Particles with aver-
age sizes of 23.87, 41.12, and 36.27 nm were observed
in the samples.

Figure 7a-d shows the AFM images of the pure ITO
film and FeCl5:ITO films with different mixing ratios of
FeCl;(50,100 and150%) deposited on a glass substrate
by dip coating method over the scan area of 5.23 x5.23,
15.9%15.9, 3.24 X 3.24 and 20 X 20 pm respectively. From
these images, it is clear that the pure ITO film reveals the
growth in the form of pointed peaks distribution over the
surface of an average grain size 61 nm and root mean
square height of 10.72nm, while the films with different
ratios, the grains gather in the form of convex peaks and
peaks with highly oriented needles-like shapes for the
ratio 100% with average grain sizes 96, 36, and 178 nm
respectively, while root means square height 10.13, 15.15,
and 57.07nm respectively. The largest value of grain size
was at the mixing ratio (150%), which may be due to the
improvement of the crystalline structure and the entry of
iron atoms into the places that were vacant in the crystal
lattice of the (ITO) films. It was observed in the work
that there is somewhat similarity in the measurement of
the grain size in the results of (XRD, AFM and FESEM).

A UV-Vis spectro-photometer was used to charac-
terize the optical property. The optical transmission of
pure ITO and ITO with varying FeCl; mixing ratios in
the wavelength range of 250 nm to 1100 nm is displayed
in Fig. 8. It was found that for every sample the trans-
mittance spectra increase with wavelength. FeCl; mixed
with ITO has a lower optical transmittance than pure
ITO. It is noticed that the transmittance decreases with
the increase in the percentage of FeCl;, where the added
percentage of FeCl;works to increase the absorbance and
this is attributed to the density of the local levels formed
by the added material between the valence band and the
conduction band. This decrease in transmission may be
due can be related to the effect of grain size. By increas-
ing the percentage of FeCl,, the grain size increases (as in
the XRD results), which causes light scattering [40, 41].
ITO:FeCl; maximum optical transmittance values in the
infrared range were 98% for samples with a ratio of 50%,
87% for samples with a ratio of 100%, and 93% for sam-
ples with a ratio of 150%. Notably, the samples can satisfy
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Fig. 6 Images of SEM of sam-
ples: a pure film, b ratio 50%, ¢
ratio 100%, and d ratio 150%
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Fig. 7 Images of AFM of sam-
ples: a pure film, b ratio 50%, ¢
ratio 100%, and d ratio 150% (a)

(b)
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Fig. 9 Shows Tauc’s relation to determine of energy gap for (a) pure
sample and (b) samples with different mixing ratios (50%,100%, and
150%)

the needs of the majority of photoelectric devices due to
their great transparency in the visible and infrared regions.
The thickness of synthesized samples are 85, 95, and 105
nm respectively. Figure 8, illustrate three region: the first

@ Springer

for represent low transmission (high absorption) (less than
250nm), second represent rapid rise range (400-600nm)
and third region represent stable transmittance value (more
than 600nm).

Figure 9a, b, shows the direct band gap of pure ITO and
ITO with various FeCl; mixing ratios. This was obtained
by utilizing Tauc’s model to rely on the intercept of the
(ahv)? versus photon energy (hv) plot [41, 42].

ochva(hv—Eg)rl 2)

where a is the coefficient of absorption, v is the frequency
of incident light, A is constant, Eg is the energy band gap of
material and m equals to 1/2 for direct semiconductors [43,
44]. The direct band gap of pure ITO and ITO with differ-
ent mixing ratios of FeCl; determined using the intercept
of (ahv)? versus photon energy (hv) plot relying on Tauc’s
model [39]. The energy band gap of pure ITO was (4.49)
eV [45, 46], while ITO different mixing ratios of FeCl,
50%,100% and 150% the energy gap was 2.61, 2.89 and
2.35eV respectively. It notice the samples at mixing ratios
of 50 and 150% led to a decrease in the value of the energy
gap, while the energy gap of 100% increases may be due
to an aggregation [47]. This can be attributed to that these
mixing ratios produce levels in the gap due to the fusion of
Fe atoms with energy levels close to the edge of the beam,
which may contribute to creating a gap the band is narrow,
and the reason may be due to changes in the composition due
to the presence of Fe atoms.

The angle between a tangent to the liquid surface and
the solid surface at this point is known as the contact angle.
Depending on the physical characteristics of the substance
under investigation, the contact angle may be large or
small. The contact angles of water on pure ITO film and
ITO + FeCl, films with varying mixing ratios are displayed
in Fig. 10a—d, where the contact angle is represented by 0.
The sample 50% had the least contact angle < 18 among the
pure, 50%, 100%, and 150% water contact angles, which
were 32.57°, 18.74°, 73.66°, and 43.98°, respectively. This
sample’s surface was entirely moist. It is evident that the
film’s catalytic activity is correlated with the hydrophilicity
at the contact angle where the angles are the shortest. Con-
tributing to increased hydrophilicity, this finding suggests
that the ITO surface’s hydrophilic qualities at low mixing
ratios are caused by a decrease in surface roughness [48-55].

Conclusions
Using the sol—gel process, transparent conducting ITO thin

films were successfully produced. We looked into how the
FeCl; mixing ratios affected the ITO’s characteristics. We
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Fig. 10 Images of water droplet
on ITO and ITO + FeCl, sur-
face: a pure film, b ratio 50%, ¢
ratio 100% and d ratio 150%

(b)

draw the conclusion that, in addition to being useful for
optoelectronic applications, ITO thin films can also be pre-
pared for use as transparent conductive electrodes in a vari-
ety of applications such as solar cells and for self-cleaning
purposes. The sol-gel dip coating method works well for
creating high-quality, homogeneous thin films.
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