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Indium—tin—oxide (ITO) thin films have been grown by ultrafast
femtosecond laser ablation technique. The films prepared at different
deposition temperature (24 to 400 °C) then annealed at 400 °C for 1h under
vacuum. The structural, optical, and electrical properties of ITO films were
studied as a function of the substrate deposition temperature and compared to
the annealed films. The increase in the deposition temperature resulted in an
increase in the crystallinity as estimated from the preferential direction of ITO
(222), optical transmission also increases, and electrical sheet resistance
decreases. Annealing at 400 °C for 1h under vacuum, cause further increase in
the crystallinity, optical transmission and decrease in the electrical sheet
resistance. These results may help to increase the efficiency of the photovoltaic
cells.

1. Introduction

Transparent conducting oxide films have been used extensively in the
electronic industry, it has been widely utilized as an essential part of many
optoelectronic devices ¢ due to their unique transparent and conducting
properties 61, Among the extensively used transparent conducting oxides,
Indium tin oxide (ITO) thin films is one of the prominent materials that can be
used as a transparent electrode, particularly in solar cell applications 1. This is
due to its superior of relatively high electrical conductivity, high optical
transparency over the visual region of electromagnetic spectrum, chemical
stability and excellent adhesion to substrates [). The low resistivity value of
ITO films is due to a high carrier concentration because the Fermi level (Eg) is
located above the conduction level (Ec). This degeneracy is caused by both
oxygen vacancies and substitutional tin dopants created during film deposition
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(.51 The high transmission in the visible and near-IR regions is attributed to its
wide band gap Eq (3.5 —4.3 eV). 138

There are many fabrication techniques for the growth of thin ITO film
employed such as thermal evaporation ©, chemical vapor deposition [,
magnetron sputtering Y, vacuum evaporation © 12 spray pyrolysis [ 10 13
electron-beam evaporation ™4, jon-beam sputtering ®2, and pulsed laser
deposition (PLD). The last technique has been proved to be a very effective
method to deposit high quality films. A broad class of materials, ranging from
semiconductors to superconductors with high critical temperature have been
prepared %1, In recent years the increasing availability of ultrashort pulsed laser
has opened new possibilities in the PLD field, resulting in the deposition of
near stoichiometric films also in the case of oxides ™. However ITO thin films
prepared by pulsed laser deposition using ultrafast femtosecond laser technigque
have gained less attention, which is the subject of this study. Annealing
normally is expected to improve the physical properties of ITO thin films, and
the presence of oxygen during annealing may vary the sheet resistance X4 161,

In this study, we investigate the effect of the annealing process of ITO
thin films in the presence of controlled amount of oxygen under vacuum.

2. EXPERIMENTAL

ITO thin films were deposited on glass substrates using a Titanium
sapphire laser with a wavelength of 800 nm and pulse duration of 40 fs at 1000
Hz delivered an average power of 700 mwatt. Schematic diagram of the
experimental setup is shown in Figure (1). The laser was focused through a lens
of focal length 50 cm onto a rotating target at a 45° angle of incidence. The
target-substrate distance was kept at 9 cm. The substrate with a stainless steel
mask was attached to a substrate holder, which was heated by a quartz lamp.
The substrate temperature was monitored with a thermocouple at all times. ITO
(Purity, 99.99% - Sigma-Aldrich) was used as a starting material. The powders
were mixed with iso-butanol as a binder molecule then pressed into a 1-in.-
diam pellet, and then sintered at 900 °C for 6 h in an oven. The glass substrates
were cut in dimensions (1cm X 2cm) then left in a chromic acid (potassium
dichromate + sulphoric acid) for 48 h and washed by distilled water then
cleaned in an ultrasonic cleaner for 10 min with acetone and then ethanol.
Substrate deposition temperatures were varied between (24-400 °C), after the
deposition process the films were annealed at 400 °C for 1h under vacuum.
Crystallographic, optical, and electrical properties are determined before and
after annealing. X-ray diffraction (XRD) (Panalytical — Empyrean-
Netherlands) was used to characterize both and the grain size of the films. The
optical transmission measurements were carried out using an UV-visible-near-
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IR spectrophotometer (V-570 UV/VIS/NIR Jasco Spectrophotometer). The
sheet resistance (Rs) measurements were performed using a 4-point probe
(Model 1906 Computing Multimeter, Thurlby Thander). All values of sheet
resistance were determined as an average of three measurements for each film.
The film thickness was measured by a stylus profilometer (Tektak 150).
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Figure (1): Schematic Diagram of Pulsed Laser Deposition Technique.

3. RESULTS AND DISCUSSION

3.1 . X-ray Diffraction Analysis

The XRD patterns of ITO films grown at different substrate
deposition temperatures (24, 100, 400) °C before the annealing process are
shown in Figure (2). it is clear that the ITO film deposited at room temperature
(24 °C) is amorphous. As the deposition temperature was increased up to 400
°C, diffraction peaks as shown appeared, that are indexed to planes (211), (222),
(400), (441) and (622). These planes corresponds to polycrystalline cubic ITO
according to JCPDS (89-4597) giving the structured formula (Ini.75Sn0.125)Os.
As the substrate deposition temperatures were increased the crystallinity as it
can be seen from the preferential growth (222) increase. This dependence of the
film’s quality on the growth temperature can be attributed primarily to the
mobility of the atoms during the deposition and the growth. At higher substrate
temperature, the species have enough mobility to arrange the atoms at suitable
positions in the crystalline cell which can lead to a decrease of the oxygen and
indium vacancies. As a result, the density of the defects is reduced and higher
crystallinity films are grown 7 281,
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Figure (2): X-ray spectra of ITO thin films for samples prepared at deposition
temperatures (24, 100 and 400 °C) under vacuum base pressure

-6
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Figure (3): X-ray spectra of ITO selected thin film samples after the annealing
at 400 °C for 1h under vacuum.

Figure (3) shows the X-ray diffraction pattern of the ITO thin films
after the annealing process. The peak intensity of ITO in XRD patterns is
increased as a result of the increase in the crystallinity as compared the
preferential growth (222). It is to be observed that the crystalline structural and
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shape weren’t affected by the vacuum annealing process. The annealing process
could enhance the activation energy of the surface as a result, the constituent
atoms may occupy the correct sites in the crystal lattice and grains since the
lower surface energy becomes larger at a high temperature 141,

The X-ray diffraction pattren of the as-deposited film at 100 °C before
the annealing shows an anomalous peak at 20 = 33°, which is indexed to the
plane (101) of metallic indium, present in “non-stoichiometric In-rich” ITO
film totally disappeared after the annealing process.

the grain size of the crystallites can be measured from scherrer equation
[71

D =kM Bcosb (D)

where B is the full width at half maximum (FWHM) of the peak corresponding
to e tplane (222), k is the so-called shape factor which usually takes a value of
about 0.9 or 1, and 0 is the angle obtained from 26 value corresponding to
maximum intensity peak in XRD pattern.

The calculated grain size of the crystallites using the above formula
before and after the annealing process was tabulated in Table (1). From this
table, it can be noted that the grain size of the particles increases as the
deposition temperature increases and increasing further with the annealing
process, which is attributed to the greater mobility and surface diffusion of the
particles.

Table (1): Grain size of ITO thin films prepared under different deposition
temperatures (24, 100 and 400 °C) before and after the annealing
at 400 °C for 1h under vacuum.

Deposition Grain size before the Grain Size after the
Temperature annealing process annealing process
(C) (nm) (nm)
400 19.40 22.55
100 10.76 16.70
24 — 19,7
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3.2 Optical properties

The transparency of the ITO films was routinely monitored by visual
inspection of the prepared samples as well as by measuring the UV-VIS-NIR
spectra. The out looking of the prepared samples exhibits an interesting
example of color variation with increase the substrate deposition temperature
and also after the annealing process. For deposition temperatures 24 and 100
°C, the prepared films show black color. This blackness disappears as the
deposition temperature increases as well as after the annealing treatment.
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Figure (4): UV-Vis-NIR transmission spectra of ITO thin films prepared at

different deposition temperatures.
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Figure (5): UV-VIS-NIR transmission spectra of ITO thin films prepared at
different deposition temperatures after the annealing at 400 °C for
1h for under vacuum.

Figure (4) and Figure (5) show the UV-VIS-NIR spectra of ITO thin
films prepared at the indicated deposition temperatures before and after the
annealing process respectively. The behavior of the average transmission in the
optical range (400-800) nm before and after the annealing treatment depicted in
Figure (6). The transmission of the samples deposited at 24 and 100 °C show a
dramatic enhancement upon the annealing treatments. These samples were
initially opaque and become colorless after the annealing process. Reflecting
the crucial role of the annealing treatment in improving the optical properties of
the ITO film.
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Figure (6): Average transmission spectra of ITO thin films at the optical range
(400-800) nm prepared at different deposition temperature before
and after annealing at 400 °C for 1h for under vacuum.

The improvement of optical properties due to the annealing treatment
process is understood in terms of the formation and the crystallization of the
ITO films. Higher temperature heat treatment leads to a better crystallization
and lower level of defects near the grain boundaries, thus resulting in the
improvement of structural homogeneity and the decrease of light reflection and
scattering 20 21,

3.3 Electrical properties
Figure (7) shows that the sheet resistance of the ITO films deposited at
different temperatures (24-400 °C) before and after annealing at 400 °C for 1h
under vacuum. The sheet resistance decays sharply as the substrate deposition
temperature increase and show another decrease after the annealing process.

The enhancement of the electrical conductivity of the films with
increasing the deposition temperature is associated with the effect of thermally
induced crystallization ™. From our XRD, it was observed that the crystalline
distortion decreases with the annealing process, and the grain size along sample
surface increases with the annealing treatment. The growth of the grain size
results in smaller grain boundary, consequently to a smaller grain boundary
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scattering I 4 22 23 This leads to a better transport of the electrons and higher
conductivity.

Furthermore the electrical conductivity is enhanced on the annealing
process. The obtained low sheet resistance could be attributed to improved
crystalline nature upon annealing. In addition, the annealing process may result
in more tin atoms diffusing from grain boundaries and interstitial lattice
locations to regular In,Os lattice location.
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Figure (7): Sheet resistance of ITO thin films prepared at vacuum base

pressure 10 -6 torr under different deposition temperatures before
and after the annealing process.

4. CONCLUSION

High-quality ITO films have been deposited on glass substrates by
Femtosecond Laser ablation. As the substrate deposition temperature increased
and further annealing the peak intensity of the preferential growth (222) of ITO
increased, thus the metallic In is totally infused in ITO crystal lattice. The
preferential growth (222) direction related to the stoichiometric ratio of In,Os.
The average transmission shows an enhancement in the optical range (400-800)
nm as the deposition temperature increased, then show a noticeable increase
after the vacuum annealing process. Increasing the temperature during and after
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the deposition process created more Sn donors and oxygen vacancies, and thus
increased conductivity of the films.
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