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Enhancement in electrical and optical properties of ITO thin films grown by 2-step process at room
temperature

Jong Hoon Kim, Byung Du Ahn, Kyung Ah Jeon, Hong Seong Kang, and Sang Yeol Lee
Yonsei University

Abstract - The optical and electrical properties of
indium tin oxide (ITO) thin films deposited at room
temperature can be substantially enhanced by adopting
a two-step process. In the first step, the films (50 nm
thick) were grown by pulsed laser deposition (PLD)
on glass substrate at room temperature and quickly
annealed at 400U in nitrogen ambient for 1 minute by
using rapid thermal annealing method. The process
was completed by additional deposition (150 nm thick)
on annealed film at room temperature. High quality
ITO films grown by two-step process at room
temperature could be obtained with the resistivity of
3.02x10™ ¢, the carrier mobility of 32.07 cm?/Vs, and
the transparency above 90 % in visible region mainly
due to the enhancement of the film crystallinity and
the increase of grain size.

1. Introduction

Indium tin oxide (ITO) is widely used as a
transparent electrode in optoelectronic devicesbecause
the films have high transmittances in the visible
region and low resistivity. It is well known that the
low resistivity value of ITO films is due to a high
carrier concentration caused by both oxygen vacancies
and substitutional tin dopants. Also, the high
transparency in the visible and near-IR region is
caused by the wide band gap.

In this paper, we report the enhancement of the
electrical, structural, and optical properties of ITO thin
films prepared at room temperature by using the new
two-step process with PLD.

2. Experimental

The amorphous ITO thin films were deposited at
room temperature by using PLD with a Nd:YAG laser
(355 nm, 5 Hz, and FWHM of 6 nm) with a thickness
of 50 nm in the first step. The target used in this
study was. a sintered ITO pellet containing 5 wt. %
Sn(O;. The ablated material was deposited on 1.25x1.25
cm® - glass  substrates (microscope cover glass,
Marienfeld). The substrates were ultrasonically
cleaned in acetone and methanol, rinsed in deionized
water, and subsequently dried in a flowing nitrogen
gas before deposition.  The basal vacuum in the
chamber was as low as 10° Torr. The target was
rotated at 4 rpm to preclude pit formation and to
ensure uniform ablation of the target. The Ilaser
energy density on the target was 2.0 J/cmz, and the

target-substrate distance was 5 cm. Oxygen gas was
injected into the chamber by using a mass flow
controller to create a pressure of 15 mTorr. After the
first deposition, ITO films were annealed by rapid
thermal annealing (RTA) in nitrogen ambient (760
Torr) at 400T for 1| min to improve crystallinity. The
two-step processed ITO film was completed by a
second deposition on the annealed crystalline ITO film
with a thickness of 150 nm and with a laser
repetition rate of 1 and 5 Hz respectively. Other
growth conditions are the same as the first deposition.

3. Result and disscussion

To observe the effect of the two-step process,
samples were prepared in 4 different conditions. All
films were grown by PLD on glass with a thickness
of 200 nm. Sample A is the as grown ITO film
deposited at room temperature. Sample B is the film
deposited at room temperature and annealed by RTA
in nitrogen ambient (760 Torr) at 400T, for 1 min.
Sample C and D are two-step processed ITO films
with the laser repetition rate of 1 and 5 Hz in the
second deposition, respectively. Figure 1 illustrates the
variation of resistivity, carrier density, and Hall
mobility as a function of processing conditions. It has
been observed that the electrical properties are
strongly influenced by the processing condition.
Relative high resistivity of 123%x107° %a was obtained
from as-grown sample (Sample A) and it decreased
to a lower value of 9.19x10* and 3.02x10™ fa from
Sample B and C, respectively, This decrease in
resistivity may be due to the reduction of severe
oxygen deficiencies which cause the lattice structural
disorders (see Fig. 2) and consequently reduce the
mobility of carriers, by RTA treatment[1].

The resistivity of Sample B is higher than that of
Sample C. This may have been caused by the fact
that the RTA time of 1 minute is enough to
crystallize the buffer layer with the thickness of 50
nm, but not enough for entire films. In the case of
Sample D, high resistivity of 1.30x10°% Qs was
observed. It is suggested that the laser repetition rate
of 5 Hz is too fast to keep the ordinary arrangement
of the film, because of overstacking during the second
deposition.

This variation in resistivity may be due to different
grain sizes [2]. AFM measurement indicates that the
grain size of the films changes by varying the
processing conditions [3]. The AFM image of Sample
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A shows a very smooth surface with an rms
roughness of 52. On Sample C, the rms roughness
increases to 24.8 because of the enhancement of
crystallinity. A larger grain size results in lower
density of grain boundaries, which behave as traps
for free carriers and barriers for carrier transport in
the film. Thus, the decrease in resistivity is
accompanied by theincrease in both the Hall mobility
and the carrier density of the films, which result from
the increased grain size.

Moreover, the two-step process enhances
crystallinity of the films (see Fig. 2). In ITO films,
Sn atoms in crystal lattices (so called 'activated Sn
atoms’) generate carrier electrons. On the contrary,
since Sn atoms in the amorphous ITO grains were
not activated, they do not make carriers but neutral
scattering centers, such as SnOy clusters [4].

Figure 2 represented the XRD patterns of ITO films
as a function of processing conditions. To compare
the intensity of each film, the Y-axis was fixed with
the same scale. It can be seenthat X-ray diffraction
patterns of as grown ITO film (Sample A) did not
show any peak, suggesting an amorphous layer.
However, the structure of the ITO film became a
crystalline one after RTA or the two-step process. On
Sample B and C, the intensities of the major (222)
peak of the ITO films increased significantly and its
value of full width at half maximum (FWHM) was
0.32 and 0.22, respectively. It is well agreed with the
result of electrical properties as mentioned in Fig. 1.
However, the peak intensity was reduced and (222)
peak splited into two peaks in the case of Sample D.
Izumi group reported a similar peak split observed in
sputtered ITO films and proposed the residual stress
model [5]. In our case, it is suggested that the
development of the intrinsic stress in the film
appeared to have been caused by the overstacking
during the second deposition with arepetition rate of 5
Hz.

The effect of processing condition on the optical
properties of ITO films is shown in Fig. 3. It is
known that the increase in optical transmittance can
be attributed to the improvement of crystallinity and
stoichiometry [6]. High transmittance (above 90 %) in
the visible region was exhibited from Sample B and
C. This high transmittance may be due to the
enhancement of the crystallinity and stoichiometry of
the ITO films and it is well agreed with the electrical
and structural properties illustrated in Fig. 1 and 2,
respectively. On Sample A, the transmittance is
relatively low because the crystallization energy is not
sufficient to form a stoichiometric film.

The inset of Fig. 3 shows the variation of the
optical band gap energy as a function of processing
condition. The optical band gap could be obtained
from the intercept of ¢ (u absorption coefficient)
versus h for direct allowed transitions. The value of
the optical band gap is observed to vary from 3.76
(Sample A) to 4.13 eV (Sample C). The change of
optical band gap can be explained by Burstein-Moss
shift [7]. This increase in the band gap is due to the
increase in free electron concentration in the films
evidenced in Fig. 1. It is the result of a large increase
in the free carrier concentration and the corresponding
upward shift of the Fermi level to the top of the band
edge. Generally, it is well known that the broadening

in absorption edge is mainly due to the increase of
disorders in semiconductor films, which lead to the
appearance of localized electron and/or hole states [8].
Sample A shows broader absorption edge compared to
Sample C, and this result also supports the electrical
and structural properties of these films mentioned in
Fig. 1 and 2.

As mentioned in Fig. 1, there are two main reasons
of carrier generation in ITO films; native oxygen
vacancies and substitutional tin dopants. The oxygen
vacancies create free electrons in the films because
one oxygen vacancy creates two extra electrons in
the films. And Sn atoms which substituted In sites in
crystal lattices generate carrier electrons. These two
factors are in trade-off. Both relatively low resistivity
and high electron mobility were consistent with the
enhancement of optical transmittance in our two-step
processed crystalline ITO films.

4. Conclusion

In summary, we have suggested a new process to
enhance the properties of ITO thin films. By using
the two-step process, films have larger grain size and
better crystallinity which is the origin of the
enhancement of the electrical and optical properties.
High quality ITO films with a resistivity of 30210 ¢
@, a carrier mobility of 32.07 cm’/Vs, and a
transparency above 90 % in visible region was able to
be obtained. These results indicate the promise of the
present approach for making good quality ITO films
at low temperature with a potential application in
transparent electrode.
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Fig.l. Variation of resistivity (p), carrier density (N), and
Hall mobility (3) as a function of processing conditions for
ITO films. All films were grown by PLD on glass with the
thickness of 200 nm.
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Fig.2. X-ray diffraction patterns as a function of processing
conditions for ITO films deposited at room temperature. All
films were grown by PLD on glass with the thickness of
200 nm.
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Fig.3. Effect of processing conditions on optical
transmittance spectra for ITO films with an inset of
opticalband gap energy. All films were grown by PLD on
glass with the thickness of 200 nm.



