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Abstract

In,05:Sn (ITO) thin films were deposited for various Tin
concentrations (0, 5, 10, 15, 20) % on glass substrates at substrate
temperature equal to (450 + 10)°C using the simple flexible and cost-
effective spray pyrolysis technique. The structural and optical properties of
these films have been investigated. The structure of the samples are
polycrystalline with a cubic lattice crystal structure and the preferred
growth way in the (400) trend. The optical properties of indium tin oxide
thin films have been studied from the transmission and absorption spectrum
in the wavelength interval from (300 - 1000) nm. The transmittance, optical
band gap and Urbach energies of tin doped indium oxide have been
investigated.

Keywords: In,03; X-ray Diffraction; Optical Characterization.
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1- Introduction

Transparent conducting oxides (TCO) possess n-type like indium tin
oxide, In,O3: Sn (ITO), antimony or fluorine doped tin oxide; SnO,: Sb
(ATO) and SnO,: F (FTO) are particularly attractive. They find many
applications in order to of optical band gap energy Eg of typically (3.5
<Eg< 4.0) ev. Characteristic in necessary in order to have materials there
are very transparent in visible range (more than 80% depending on
thickness and the deposition technique) and high electrical conductivity
conductivity (about 103(2.cm)~! or more) and high reflectance in the
infrared (IR) region. Their resistivity could be as low as (107*Q.cm).
Indeed in materials with Eg 3ev the visible light energy hv (1.65ev < hv <
3.26ev) is insufficient to be absorbed by band-to-band electron transition
mechanism this is achieved in TCO by incorporating extrinsic dopant
elements in the crystalline network or by either crystal defects. One
advantage of using binary TCO materials is that the control of chemical in
film deposition is relatively easier than in ternary compounds (GalnOsg,
ZnyIn,0s, . . .) and multicomponent oxides (ZnO-In,O3, ZnO-SnO,, . . .)
[1-5]. In,O3 is a wide band gap (direct band gap energy of (3.4-3.75)ev
Transparent conducting semiconductor possessing cubic structure with
lattice parameters, a = b = ¢ = 10.18 A [6, 7]. Among the different
transparent conducting oxides, indium oxide has attracted enormous
attention due to its tremendous applications in many fields. It is applied in
thin film infrared reflectors transparent for visible light (hot mirrors),
antireflection coatings, electroluminescent devices, electrochromic devices,

photothermal devices, photocatalyst sensors, light emitting diodes, some
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types of batteries, resistive elements and integrated circuits. It can also be
used in optoelectronic devices, thin film solar cells and photo detectors, gas
sensors [8,9]. Thin films of indium oxide can be prepared by a variety of
techniques such as chemical vapor deposition, spray pyrolysis, chemical
vapor deposition, magnetron sputtering and vacuum evaporation. Spray
pyrolysis offers deposition of thin films with low cost, easily modified to
mass production [(10-14)].

Experimental part

ITO thin films with various Tin-doping (0, 5, 10, 15, 20) %, were
prepared on glass substrates by spray pyrolysis (SP) technique. The pure
Indium Chloride InCls, pure Stannic Chloride SnCl;.5H,O and distilled
water were blended to obtain a solution with 0.05M concentration. In this
work the deposition conditions are; substrate temperature (450 + 10)°C,
gas pressure (3 bar), carrier gas Nitrogen (N,) under ambient atmosphere,
spraying rate (5 — 6 ml/min), concentration of solution (0.05 Molarity),
the spraying time period is 8 sec with 80 sec wait between the steps of
spraying, and the nozzle distance from the substrate equal to 30 cm. The x-
ray diffraction instrument type (Shimadzu 6000) was used to investigate
the structural properties of ITO thin films. Optical calculations of the ITO
thin films have been measured using Shimadzu (UV-1650 PC)
spectrophotometer in the wavelength interval between 300 to 1000 nm by

analysis of transmitted and absorbed beams.

3- Results and discussion
3-1 Structural results

X- ray diffraction pattern of indium oxide thin films have been shown
in figure (1). The peaks of XRD were observed between 10° and 80°. The

presence of diffraction peaks indicates that the film is polycrystalline with
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cubic crystal structure and no amorphous phase is detected. It is revealed
that the sprayed film has peaks corresponding to (211), (222), (400), (440)
and (622) directions of the cubic In,O3 crystal structure which is
corresponding to the position 26= (21.3989°, 30.4776°, 35.36°, 50.9178° )
and (60.5847°) respectively. The XRD measurements revealed that the
In,O3 film shows a peak (400) which have higher intensity with a texture
coefficient equal to 2.8418 as a preferred growth orientation, which is in
agreement with Joint Committee of Powder Diffraction Standard (JCPDS)
card file data. The presence of other peaks such as (211), (222), (444) and
(622) have also been detected but with substantially low intensities.

The interplanar spacing of (400) plane of the In,O3 thin film was evaluated
for the position of (400) peak from the XRD data. The observed d value is
2.53638A which is in agreement with the standard value 2.529 A taken
from the (JCPDS) and the position of (400) peak taken from the XRD
pattern is 35.36° which is in agreement with the standard value 35.4657°
taken from (JCPDS). The observed d-values are presented in Table (1) and
compare with the standard ones from the (JCPDS) values. The matching of
the observed and standard d-values confirms that the deposited films are of

indium oxide with cubic structure.
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Fig. 1: XRD pattern of pure In,0; film
Figure [2-5] illustrates x-ray diffraction forms of In,05:Sn samples which
having tin-content equal to (5, 10, 15, 20) %. The x-ray diffraction spectra
of In,05:Sn films for different tin doping levels in the precursor solution
show that the films are polycrystalline with cubic crystal structure with no
amorphous phases. These films have peaks corresponding to (211), (222),
(400), (440) and (622) directions of the cubic In,O3 crystal structure. It is
evident from the XRD spectra that no diffraction peaks of Sn or other
impurity phases are detected in the prepared samples. XRD patterns show
that the doped films have the peak (222) as the highest intensity. Other
binary peaks have been observed with lowest intensities like (211), (400),
(440) and (622) in the XRD forms. All XRD patterns show that the
intensity of (222) peak increase with adding Tin-content in the samples,
and the intensity of (400) peak decrease with adding Tin-content in the
samples as shown in figures [1-5]. Due to the replacement of smaller radius
Sn** ion (0.71 A) in indium sites and also related to changes of strain in the

crystal lattice, which is in agreement with the report [15].
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Fig.2: XRD pattern of In,05: Sn film (Sn=5%)
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Fig.3: XRD pattern of In,05: Sn film (Sn=10%)
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Fig.4: XRD pattern of In,05: $Sn film (Sn=15%)
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Fig.5: XRD pattern of In,05: Sn film (Sn=20%)
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Table 1: XRD analysis of (In,03: Sn) films.

Sn- content % 0 5 10 15 20 ASTM

for In,03

20(deg) | 21.3989 | 21.4214 | 21.3989 | 21.3491 | 21.4089 | 21.4982

211 d(A) 4.14904 | 4.14474 | 4.14904 | 4.15861 | 4.14713 | 4.130000
Int. 11 13 11 10 9 14

20(deg) | 30.4776 | 30.5074 | 30.4575 | 30.4318 | 30.4855 | 30.5799

222 d(A) 2.93065 | 2.92786 | 2.93254 | 2.93496 | 2.92991 | 2.921000
Int. 62 100 100 100 100 100

20(deg) | 35.3600 | 35.3934 | 35.3609 | 35.3274 | 35.3699 | 35.4657

400 | d(A) | 2.53638 | 2.53406 | 2.53632 | 2.53865 | 2.53569 | 2.529000
hkl Int. 100 79 48 47 30 30

20(deg) | 50.9178 | 50.9544 | 50.9298 | 50.8811 | 50.9303 | 51.0374

440 d(&) 1.79196 | 1.79076 | 1.79157 | 1.79317 | 1.79155 | 1.788000
Int. 17 23 25 24 22 35

20(deg) | 60.5847 | 60.5982 | 60.5416 | 60.5172 | 60.5366 | 60.6762

622 d(A) 1.52712 | 1.52682 | 1.52811 | 1.52867 | 1.52822 | 1.525000
Int. 16 21 17 14 12 25

The lattice distance (a) of In,05:Sn thin films deposited on glass

substrate at different tin doping (0, 5, 10, 15, 20) % by spray pyrolysis (SP)

technique have been calculated using equation (1)[16]. The lattice constant

(@) has been illustrated in Table (2), which are matched with the published

and standard values. Figure (6) shows the lattice distance (a) vs. Tin-

content.

a=dVR2+KZ+2.....(1)
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Table 2: Lattice constants of In,05: Sn thin films of different tin content

Sample | Sn- Concentration (%o) a (A)
1 0 10.15
2 5 10.14
3 10 10.15
4 15 10.16
5 20 10.14
ASTM 0 10.118

10155

1015 |

10.145 |

10.14

a-axis length (A)

10135 |

1013 f

10.135

0 5 15 20

10
Sn-content (%)

Fig. 6: a-axis length estimated along (400) direction vs. tin doping

The crystallite size (D) is calculated by using Scherrer’s formula
given by relation (2) [17].

The value of crystallite size of ITO thin films, along (400) direction as
preferred orientation, decreases with increasing Sn- content in the films
from (27.6) nm at Sn- doping = 0 % to (23-24) nm at other concentration. It
can be noted that the value of crystallite size of ITO thin films is kept
constant (23-24) nm approximately for the films prepared at (Sn-doping =
5-20) %. The film prepared at Sn-doping, (Sn=0 %) showed the highest
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crystallite size and its value decreases with increasing Sn-doping ratio as
shown in Table (3) and Fig.(7). a show The variation in crystallite size
arises due to changes in the density of nucleation centers, resulting in the
film undergoing compressive stress in the case of smaller crystallite sizes
and tensile stress in the case of larger crystallite sizes. The XRD peaks can
be widened (increasing of FWHM) by internal stress and defect when

increasing Sn-doped in the samples.
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Fig. 7: Crystallite size of (400) direction vs. tin doping

The values of full width at half maximum (FWHM) of the preferred
orientation (400) for ITO thin films increase with increasing Sn- content up
to (10%), then it goes on decreases with increasing Sn- content at (15,
20)%. Highest value of FWHM of (400) plane has been observed at Sn-
doping equal to (10%).

The microstrain (g) of tin doped indium oxide (ITO) thin films arises
from the deposition process on the heated substrate and makes the

stretching or compression in the crystal lattice which leads to the deviation
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in the distance between the atoms from the standard value. Due to
imperfections, impurities, and crystal defects that arose during the time of
film growth, strain is produced in the film which, in turn, influences the
structural, optical, and transport properties of the film, which is in
agreement with the report [18]. This strain can be calculated from the

formula given by equation (3), [19] as shown in Table (3).

The number of layer (N¢) which could be estimated by due to the
percolation theory, and it depends on the film thickness (t) using equation
[20] as shown in Table (3). The number of layers varies with Sn- content in
the films in random way. It is thought that the quantity of drop and

substrate temperature varies play a great role in this random change.

The number of crystallites per unit area (N ) is calculated using the
equation (5) [21] and listed in Table (3).

The number of crystallites of tin doped indium oxide thin films prepared on
glass substrate by spray pyrolysis method at a substrate
temperature (450 + 10)°C has been calculated from the film thickness and

the crystallite size.

To describe the preferential direction, the texture coefficient (TC) is
calculated using the following equation (6) [22]

I(hkl)/I,(hkl)

T.(hkl) = N;:1Y I(hkl)/1,(hkl)
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Where:-

I: is the relative intensity.  Io: is the ASTM relative standard intensity.

N,: is the number of reflections. hkl: is the Miller indices.

The texture coefficient of ITO thin films estimated along (400) trend has
been shown in figure (8) and illustrated in Table (3). The texture coefficient
of indium tin oxide thin films along (400) direction decreases with
increasing Sn-content in the film. The alteration of preferred growth
direction may be due to occupancy of additional indium vacancy sites by
tin atoms, which are unoccupied previously. In,O3 thin films have several
defect levels, such as indium vacancies and indium interstitial oxygen,

which is consistent with the research [15].
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Fig. 8: Texture coefficient estimated along (400) direction vs. tin doping
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Table 3: Structural properties of In,05: Sn thin films

Dislocation =il
FWHM Crystallite ) Strain ,€ crystallite per Number of Lattice
Sample hkl 5 Density ,8 . TC
(deg) size (nm) (10r15line/mA2) x(107-3) unit area (N‘,l)’3 layer(N,) Constant(A)
(cry/m2) x10

211 0.32000 25.2 1.57 1.37 0.04036741 25.63 10.16 0.6698

222 0.33380 24.6 1.65 1.40 0.043393751 26.26 10.15 0.5285

0% 400 0.30140 27.6 1.31 1.25 0.03072597 23.40 10.14 2.8418
440 0.27600 31.8 0.98 1.08 0.020088668 20.31 10.13 0.4140

622 0.29470 31.2 1.02 1.11 0.021270061 20.70 10.12 0.5456

211 0.35500 22.7 1.94 1.52 0.053428712 27.53 10.15 0.7662

222 0.40710 20.2 2.45 1.71 0.075827355 30.94 10.14 0.8252

400 0.35480 23.5 1.81 1.47 0.048158885 26.59 10.13 2.1730

5% 440 0.41330 21.2 2.22 1.62 0.065595256 29.48 10.13 0.5422
622 0.40170 229 1.90 1.51 0.052044347 27.29 10.12 0.6931

211 0.36000 224 1.99 1.54 0.055696804 27.94 10.16 0.8218

222 0.40180 20.4 2.40 1.69 0.073736722 30.68 10.15 1.0460

400 0.36670 22.7 1.94 1.52 0.053517616 27.57 10.14 1.6736

10% 440 0.35600 24.7 1.63 1.40 0.041541624 25.34 10.13 0.7471
622 0.39500 23.2 1.85 1.48 0.050131462 26.98 10.13 0.7112

211 0.35340 22.8 1.92 1.51 0.045307463 23.55 10.18 0.7889

222 0.40600 20.2 2.45 1.70 0.065150863 26.58 10.16 1.1045

400 0.34760 239 1.75 1.44 0.039335129 22.46 10.15 1.7304

15 % 440 0.41330 21.2 2.22 1.62 0.056359444 25.33 10.14 0.7574
622 0.40600 22.6 1.95 1.53 0.046520992 23.76 10.14 0.6185

211 0.32660 24.7 1.63 1.40 0.041674345 25.42 10.15 0.8568

222 0.36850 223 2.01 1.55 0.056629803 28.16 10.14 1.3328

400 0.35130 23.7 1.78 1.46 0.047175292 26.49 10.14 1.3328

20% 440 0.46500 18.9 2.79 1.83 0.093019549 33.22 10.13 0.8377
622 0.53500 17.1 3.41 2.01 0.125594699 36.72 10.13 0.6397

3-2 Optical results

The optical properties of indium tin oxide thin films prepared at
different tin concentrations 0, 5, 10, 15, 20 % on glass substrate at substrate
temperature (450 + 10)°C by spray pyrolysis technique have been studied
by analysis of transmitted and absorbed spectrum in the wavelength
interval from (300 - 1000) nm.

The transmittance (T) spectra of In,0;:Sn thin films have been
shown in figure (9). We can be noted that the transmittance of the In,05: Sn
thin films increase with adding tin doping up to Sn = 5 %. Thereafter, it
decreases gradually with increasing tin content in Sn = 10, 15, 20 %. The
transmittance of ITO thin film at visible region (550 nm) has been found
(66, 77, 74, 73, 69) % for the tin doping (0, 5, 10, 15, 20) %. The

transmittance value of 84 % for the In,0, film is found to increase to 86 %
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for 5wt% of tin doping at a wavelength equal to 1000 nm. When a high
impurity is added, the transmittance of ITO thin film will decrease due to
increased photon scattered by crystal defects created by impurities [23-25].
The optical characterization depends on the uniformity and roughness of
the ITO film surface. When the surface is rough, the light will be scattered

by the film surface and the films will be less transparent.
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Fig. 9: Transmittance spectra of In,05: Sn films

The optical band gap (Eg) is given by the following relation [26].

ahy = A(hy —Eg)" ... ... (7)
Where:
Eg: optical energy gap of the film.  hy: incident photon energy.

A: constant.  r: numeric value equal to (1/2) for allowed direct transition

The fundamental absorption refers to the excitation of an electron from
valence band to conduction band (band-to-band transition) and can be used
to determine the band gap of material. ITO thin films deposited on glass
substrate at substrate temperature (450 + 10)°C by spray pyrolysis method

have direct allowed transition and the optical band gap have been
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calculated from above equation (7). Figure (10) shows the relation between
(hy) along x-axis and (ahy)? along y-axis and the values of direct band
gap are estimated from the extrapolated of the linear portion of the curves
to zero absorption. The optical band gap of indium tin oxide thin films are
found to be (3.5, 3.7, 3.675, 3.65, 3.58) eV corresponds to the Sn-
concentration (0, 5, 10, 15, 20) % respectively. The optical band gap of
indium tin oxide thin films increase with the increasing of Tin doping from
(0 — 5) % because the widening of the band gap is due to the increase in
carrier density as a result of Sn-doping and then it increases afterward for
further increasing in tin doping from (5 — 20) %. Adding the impurities to
the indium oxide films caused the donor levels inside the energy gap near
the conduction band; in this case, the incident photon tend be absorbed with

low energy compared with the undoped film [27].
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Fig. 10: Optical band gap of In,03: Sn thin films as a function of wavelength for

different tin doping
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The absorption coefficient near the essential absorption edge is
exponentially dependent on the incident photon energy, the Urbach tail
expressed by the following equation [8].

hy — E1]
Ey

Were o, and E; are constants. The width of the exponential curve near the

a= aoexp[

absorption edge represents the Urbach energy Ey. Figure (11) shows
Urbach plots of the tin doped indium oxide thin films. The values of
Urbach Energy were obtained from the inverse of the slope of (Ina) versus
(hy) as listed in Table (4). The dopant (Tin) changes the width of the
localized states in the optical band, and Urbach Energy values change
inversely with optical band gap. Urbach Energy of indium tin oxide thin
films decrease with the increasing of tin doping from (0 — 5) % and then it
increases afterward for further increasing in tin doping from (5 — 20) % as
shown in Table (4).
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85 s ) [ 20%)
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Fig. 11: The Urbach plots of In,05: Sn thin films for different tin doping
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Table (4) Optical properties of ITO thin films

Sn-content Transmittance
(%) Eu (eV) Eq (eV) (at 550 nm)
0 1.091 3.5 66 %
5 1.074 3.7 77 %
10 1.105 3.675 74 %
15 1.122 3.65 73 %
20 1.129 3.58 69 %

4. Conclusion

Tin doped indium oxide (ITO) thin films were made on glass substrate
at heated to (450 + 10)°C by chemical spray pyrolysis method. All XRD
patterns show that the intensity of (222) peak increase with adding tin -
content in the samples, and the intensity of (400) peak decrease with
increasing Sn- content in the film, due to the replacement of smaller radius
Sn** ion (0.71 A) in indium sites and also related to changes of strain in the
crystal lattice. We can be noted that the transmittance of the In,05: Sn thin
films increase with adding tin-content up to Sn = 5 %. Thereafter, it
decreases gradually with increasing tin content at Sn = 10, 15, 20 %. When
a high impurity is added, the transmittance of ITO thin film will decrease

due to increased photon scattered by crystal defects created by impurities.
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