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Abstract
The indium tin oxide (ITO) ﬁlm texture development process during sputtering deposition was explored. Crosssection TEM images revealed that prepared ITO ﬁlms have columnar structures. y  2y X-ray diffraction (XRD)
studies on ITO thin ﬁlms deposited under various sputtering conditions were conducted. The change of XRD proﬁles
with increasing thickness was monitored to elucidate the mechanism of ﬁlm texture development. ITO ﬁlms, which were
deposited under conventional conditions, evolved to (4 0 0) orientation with increasing ﬁlm thickness. In contrast,
surplus amounts of additional oxygen gas ﬂow suppressed growth of (4 0 0)-oriented grains. Meanwhile, moderate
ranges of pressure and power density and higher substrate temperatures resulted in more (4 0 0)-oriented ﬁlm textures.
The development of texture to (4 0 0) orientation is attributed to a lower surface energy and a height advantage
combined with shadowing effect. The ITO ﬁlm growth process was assumed to be composed of two steps, the
nucleation step and the evolution step. Higher adatom mobility is thought to be very important for the nucleation of
(4 0 0)-oriented grains.
r 2003 Elsevier B.V. All rights reserved.
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1. Introduction
Many kinds of transparent conducting oxide
(TCO) ﬁlms such as impurity-doped indium
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oxides, tin oxides, and zinc oxide systems have
been widely used as transparent conductors for
numerous opto-electronic applications [1–3]. Especially tin-doped indium oxide (ITO) thin ﬁlms
have been widely used due to low resistivity, high
transmittance, and good etching properties [4,5].
Many researchers have reported a change of the
preferred orientation of ITO thin ﬁlms with varied
process conditions [6–11], however, its development mechanism has not yet been fully discussed.

0022-0248/$ - see front matter r 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.jcrysgro.2003.07.006

ARTICLE IN PRESS
344

Y.S. Jung, S.S. Lee / Journal of Crystal Growth 259 (2003) 343–351

Therefore, it is worthwhile to elucidate the
mechanism of texture development since critical
properties such as transmittance, surface roughness, etching rate, etc. have been found to be
related with preferential orientation [11,12].
From a thermodynamic viewpoint, the
preferred orientations of thin ﬁlms are known to
be the planes of lowest surface energy [13]. Also,
from the viewpoint of kinetics, only grains with the
highest growth-rate plane eventually survive
[14,15].
Meanwhile, there have been many papers
regarding development of the preferred orientation
of thin ﬁlms such as titanium nitride and
chromium nitride [15–17]. To refer to them is
one way to get a clue to the development of ITO
ﬁlm texture. In presentations from Pelleg et al. the
preferred orientation of TiN thin ﬁlms was
controlled by competition between surface energy
and strain energy [16]. A more recent result,
however, showed that in-plane stresses are not
necessary to explain the (1 1 1) preferred orientation of TiN thin ﬁlms [17,18]. Li et al. suggested
the preferred orientation of TiN ﬁlms is developed
by competition of grains with different orientations [15]. On the other hand, shadowing effect
leads to higher growth rate of the grains with a
height advantage [19].
Though there have not been sufﬁcient
discussions about the texture development of
ITO thin ﬁlms, many researchers presented the
change of preferential orientation of ITO
thin ﬁlms with different deposition conditions.
Some researchers reported that the orientation
of the ﬁlm changed from (4 0 0) to (2 2 2) as
oxygen partial pressure increased during
sputtering deposition [20]. It was reported
that grain texture changed from (2 2 2) to
(4 0 0) as the substrate temperature increased
[10]. Kim et al. did not explicitly mention the
enhanced peak intensity of (4 0 0) plane in their
research, but their X-ray diffraction (XRD)
patterns clearly showed that (4 0 0)/(2 2 2) peak
intensity ratio increases with ﬁlm thickness [8].
Though there have been controversial reports
about the effect of sputtering pressure, (4 0 0) peak
intensity mainly decreased as sputtering pressure
increased [6,7].

In this study, we explore the development
mechanism of ITO ﬁlm texture. To do so, we
performed a series of experiments varying DC
magnetron sputtering parameters e.g. sputtering
pressure, oxygen ﬂow rate, sputtering power
density, substrate temperature, and ﬁlm thickness.
We mainly discussed the inﬂuence of adatom
mobility on ﬁlm texture.

2. Experiments
ITO thin ﬁlms were sputter-deposited using an
ITO target in an in-line magnetron sputterdeposition system equipped with DC power
suppliers. The chamber, which was equipped with
a load-lock system and diffusion pumps, had a
base pressure of 5  106 Torr. The target
(128 mm  450 mm) used was a sintered ITO
containing 10 wt% SnO2 (99.99%). Sputtering
was carried out at a pressure of 0.1–3 Pa in pure
Ar or Ar/O2 gas mixture with varying sputtering
parameters such as sputtering pressure, power
density, oxygen ﬂow rate and deposition temperature. The deposition temperature was usually
200 C except the sample to investigate the
effect of temperature. The ﬁlms were deposited
on soda-lime glass substrates, which were placed
50 mm apart and parallel from the target
surface. The substrates were cleaned in an
ultrasonic bath in 4% Deconex 12PA at 65 C
for 6 min, and then rinsed in deionized water in the
ultrasonic bath for another 15 min. The target was
pre-sputtered for 3 min. The thickness of the ﬁlms
ranged from 60 nm to 1 mm.
Conventional y  2y X-ray diffraction studies
on the ﬁlms were carried out in a Philips
PW1710 diffractometer using Cu Ka radiation
(
(l ¼ 1:5405A).
Film density was measured by
X-ray reﬂectometry (D8DISCOVER, Bruker)
technique. Samples for cross-section TEM observation were prepared by cutting and mechanical
grinding to 100 mm before dimpling (Model 656,
Gatan). Additionally, low angle ion milling was
carried out using an ion miller (Lamp 1010,
Fischione). A JEM 4010 JEOL microscope with
a point resolution of 0.15 nm was used to perform
the TEM analysis.
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Figs. 1a–c shows the observed cross-sectional
TEM images of ITO thin ﬁlms deposited at 200 C.
Fig. 1 presents the zone 2 (columnar) structure
proposed by Thornton [21]. As shown in Fig. 1b,
the atomic layers were grown continuously from
the bottom of each grain, which means the
orientation of each grain was maintained during
ﬁlm growth. Thin ﬁlms of a columnar structure
usually have a preferred orientation because of the
different growth rate of each grain [22]. Columnar
structures have been found to be observed when
the mobility of deposited atoms is limited [23].
Meanwhile, each grain maintained the crystallographic orientation of the initial growth stage,

which means secondary nucleation seldom took
place during columnar growth.
Fig. 2a shows XRD patterns for ITO ﬁlms as a
function of ﬁlm thickness. The relative portion of
(2 2 2) peak intensity (I(222)/(I(222)+I(400))) depending upon ﬁlm thickness was shown in Fig. 2b.
Though the value was never exactly same as the
true portion of (2 2 2) grains, it could be an indirect
measure of the portion. The ﬁlms were deposited
at 0.15 Pa with no additional ﬂow of oxygen gas,
and these conditions would be close to the general
conditions for ITO ﬁlms deposition since oxygen
gas below several percents of Ar gas ﬂow is usually
used to achieve good electrical and optical properties. The relative (4 0 0) peak intensity increased
signiﬁcantly as ﬁlm thickness increased. The two
ﬁgures clearly show that the ITO ﬁlms evolved to
(4 0 0) orientation with increasing ﬁlm thickness.
Similar results can be found in other research [8].

Fig. 1. Cross-sectional TEM images of ITO ﬁlms deposited on
glass substrates.

Fig. 2. Change of: (a) XRD proﬁles and (b) (I (222)/
(I (222)+I (400))) depending upon ﬁlm thickness (no oxygen
condition).

3. Results and discussions
3.1. Texture development of ITO films with
increasing thickness
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From the viewpoint of thermodynamics, the
preferred orientations of thin ﬁlms has been
known to be the planes of the lowest surface
energy [13]. In addition to that, shadowing effect
and height difference of grains can be responsible
for texture development [19]. Kamei et al. reported
(4 0 0)-oriented grain in ITO thin ﬁlms have higher
thickness than other grains [24].
Figs. 3a and b exhibits the change of XRD
proﬁles of ITO ﬁlms deposited at 0.15 Pa with
oxygen ﬂow rate of 6 sccm and the relative portion
of (2 2 2) peak intensity (I (222)/(I (222)+I (211)))
depending upon ﬁlm thickness. The XRD proﬁles
development feature was totally different from the
case in Fig. 2. The (4 0 0) peak was not found for
any of the samples, instead, the portion of (2 1 1)
peak increased signiﬁcantly at higher ﬁlm thickness. In the case of surplus oxygen ﬂow during
deposition, only the nuclei with (2 2 2) and (2 1 1)

orientations were formed at initial growth stage.
By comparing with the XRD results shown in Fig.
2, where (4 0 0)-oriented grains are also identiﬁed,
it can be concluded that oxygen ﬂow rate
considerably inﬂuences the nucleation step.
Additional experiments were performed to
investigate how the initial deposition conditions
affect the texture of the ITO ﬁlms. During the
deposition of samples whose XRD proﬁles are
shown in Fig. 4a, no oxygen was supplied until
100 nm. Then, deposition was temporarily
stopped, and pre-sputtering started with 6 sccm
of oxygen gas ﬂow into the chamber. After 3 min
the ﬁlm deposition process was restarted from the
thickness of 100 nm with the same amount of
oxygen gas. The XRD proﬁles of those samples

Fig. 3. Change of: (a) XRD proﬁles and (b) (I (222)/
(I (222)+I (400))) depending upon ﬁlm thickness (oxygen ﬂow of
6 sccm).

Fig. 4. Change of XRD proﬁles of the samples prepared with
mixed conditions: (a) initially no oxygen, later 6 sccm and (b)
initially oxygen ﬂow of 6 sccm, later no oxygen.
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were very similar to the results presented in
Fig. 2a, where no oxygen was supplied during
the entire ﬁlm deposition process. For the samples
of which XRD proﬁles are shown in Fig. 4b, the
ﬁlms were deposited in the opposite way. Until
100 nm, the ﬁlms were deposited with oxygen gas
of 6 sccm, and then oxygen ﬂow was stopped. The
deposition was restarted after pre-sputtering for
3 min. The XRD proﬁles of the samples were
analogous to the result of Fig. 3a, where oxygen
gas of 6 sccm was supplied during the entire ﬁlm
deposition process.
These results reveal the ﬁlm texture development
process is highly dependent on initial deposition
conditions. Though deposition conditions were
signiﬁcantly changed after depositing 100 nm,
development of ﬁlm texture was similar as if
deposition conditions were not changed for upper
layers. Samples deposited with no oxygen ﬂow
initially had (4 0 0), (2 2 2), and (2 1 1) orientations,
but samples with oxygen ﬂow rates of 6 sccm had
only (2 2 2) and (2 1 1) orientations, regardless of
the conditions for upper layers. That shows the
initially formed nuclei maintained their crystallographic orientation during growth, and
secondary nucleation hardly takes place under
the deposition conditions of this study. Deposition
was performed at sputtering power density of
5.33 W/cm2, under the sputtering pressure
of 0.15 Pa, and at a deposition temperature of
200 C. These conditions are very typical in
depositing ITO ﬁlms.
Pelleg et al. proposed the (2 0 0) plane of TiN
ﬁlms has the lowest surface energy since the plane
has the fewest number of broken bonds per unit
area [16]. In the same way, (1 1 1) TiN ﬁlm planes
have the highest surface energy due to the fact that
they are the most densely packed planes, which
means a higher number of broken bonds. In the
case of ITO ﬁlms of bixbite, the (2 2 2) plane is
known to be the most densely packed plane [25], as
a result, it is the highest energy plane, whereas the
(4 0 0) plane has the lowest energy. Of course, the
lowest energy plane ((4 0 0)-orientation) will occupy more surface area with increasing thickness. In
addition, height advantage of (4 0 0)-oriented
grains can be a help to the higher growth rate of
the grains.
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3.2. Effects of sputtering conditions on XRD
profiles
Fig. 5 shows the XRD proﬁle of samples
deposited with various oxygen gas ﬂow rates.
Deposition was performed at a sputtering power
density of 5.33 W/cm2, under the sputtering
pressure of 0.15 Pa, and at a deposition temperature of 200 C. The sample thickness was about
150 nm, which is a typical thickness of ITO thin
ﬁlms for opto-electronic applications due to high
transmittance. As the oxygen ﬂow rate increased,
the (2 2 2) preferential orientation became dominant. No (4 0 0) peak was observed above the
oxygen gas ﬂow rate of 2 sccm. The inﬂuence of
sputtering pressure on XRD proﬁles is exhibited in
Fig. 6. Fig. 6b shows the relative peak intensity of
the (2 2 2) plane (I (222)/(I (222)+I (400))) decreases
until 0.7 Pa, and then increases steadily. (2 2 2)

Fig. 5. Change of: (a) XRD proﬁles and (b) (I (222)/
(I (222)+I (400))) depending upon oxygen ﬂow rate.
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Fig. 6. Change of: (a) XRD proﬁles and (b) (I (222)/
(I (222)+I (400))) depending upon sputtering pressure.

Fig. 7. Change of: (a) XRD proﬁles and (b) (I (222)/
(I (222)+I (400))) depending upon sputtering power.

peak was observed only at a very high sputtering
pressure. Deposition was performed at a sputtering power density of 5.33 W/cm2, without additional oxygen gas ﬂow, and at a deposition
temperature of 200 C. Fig. 7 shows the change
of XRD proﬁles with increasing sputtering power.
Deposition was performed at a temperature of
200 C, without additional oxygen gas ﬂow. Films
deposited at a very low sputtering power density
had (2 2 2) preferred orientation, and the relative
peak intensity of the (2 2 2) plane (I (222)/
(I (222)+I (400))) was lowest at a sputtering power
density of 2.25 W/cm2, and then increased slowly
with increasing power density. Fig. 8 shows the
XRD proﬁle of samples deposited at various
sputtering temperatures. Deposition was performed at a sputtering power density of 5.33 W/
cm2, under 0.15 Pa, without additional oxygen gas
ﬂow. As the substrate temperature increased, the

peak intensities also increased, and the relative
peak intensity of (4 0 0) planes noticeably
increased.
Considerable parts of these phenomena have
also been reported by other researchers. For
instance, (2 2 2) peak became dominant with an
increasing oxygen ﬂow rate [20] and a decreasing
substrate temperature [10], and those results are
consistent with our data. Although not exactly the
same, a very similar inﬂuence of sputtering
pressure on the XRD proﬁle was also reported
[7]. However, the dominant factors and mechanisms for these texture development phenomena
have not yet been fully understood. As mentioned
previously in this study, the ﬁlm texture of ITO
depends on initial process conditions, and (4 0 0)
orientation is thought to be thermodynamically
favorable.
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value [26]
Ds ¼ ð1=2Þa20 n expðEs =kTÞ;

ð1Þ

where a0 is atomic dimension, n the vibrational
frequency of adatoms and Es the activation energy
for surface diffusion. The mean square distance
traveled by a diffusing adatom in a time t would be
expressed as follows [26]:
/X 2 S ¼ 2Ds t:

Fig. 8. Change of: (a) XRD proﬁles and (b) (I (222)/
(I (222)+I (400))) depending upon substrate temperature.

On the other hand, the actual crystallographic
orientations of ITO thin ﬁlm are very different
depending upon deposition conditions. Actually in
many cases, ITO ﬁlms have (2 2 2) preferred
orientation, which is not expected to be thermodynamically favorable. We can distinguish the
usual ﬁlm growth process into two steps. The ﬁrst
step is the nucleation process, and the second is the
ﬁlm development process. The ﬁlm texture at a
certain thickness is thought to be dependent on the
initial orientations of grains and the speed of
texture development into a preferred orientation.
The degree of orientation of the (4 0 0) plane is
expected to be dependent on the mobility of
adatoms on the substrate or the ﬁlm. The
diffusivity of adatoms on the surface of ﬁlms can
be expressed in the following equation, and the
adatom mobility would be proportional to this

ð2Þ

If adatoms on substrate have a sufﬁcient amount
of energy, then they would form nuclei that have
thermodynamically favorable (4 0 0) orientations.
Even though a (2 2 2)-oriented nucleus is shorter in
distance, if an adatom has higher energy, then it
would have a higher possibility of being attached
to a (4 0 0)-oriented nucleus than the case of lower
energy. Consequently, ITO ﬁlms would have a
higher portion of (4 0 0)-oriented nuclei under
process conditions for higher adatom mobility.
The average energy of adatoms is thought to be
determined by the kinetic energy of sputtered
atoms just before arriving on substrates, Ar+ ion
bombardment energy and substrate temperature.
Ar+ ions that are incident on the substrate or ﬁlm
surface can supply a considerable amount of
energy to the adatoms that have not yet settled [27].
Meanwhile, regardless of oxygen ﬂow rates,
(2 2 2) the orientation of grains is very dominant in
ITO ﬁlms of small thickness, as shown in Figs. 2
and 3. The features of texture development with
increasing thickness were quite different depending
on the oxygen ﬂow rate. However, (2 2 2) preferential orientation is highly dominant at the initial
growth stage for any deposition conditions. These
results may stem from the crystal structure of
indium metal. Indium has a face-centered tetragonal structure, in which the (1 1 1) plane is the
most densely packed plane, and consequently the
lowest energy plane. Metallic thin ﬁlms of FCC
structure such as Ag, Cu and Al show (1 1 1)
preferred orientation [28], which is perpendicular
to the most densely packed plane. At the nucleation stage of ITO thin ﬁlms, indium atoms on
substrate are likely to aggregate into densely
packed (1 1 1) planes, which are very close to
(2 2 2) planes in bixbite structure. Banerjee et al.
introduced a similar explanation for TiN thin ﬁlm
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growth [17]. They attributed the (1 1 1) orientation
in TiN ﬁlms to the consequence of kinetically
limited growth, where Ti atoms are thought to be
aggregate into low energy forming {1 1 1} planes.
That mechanism can be applied quite well to the
(2 2 2) preferred orientation in ITO ﬁlms.
With increased oxygen partial pressure during
sputtering, more oxygen atoms would be absorbed
on the substrate or ﬁlm surface. As a result, the
metal adatoms are likely to be easily trapped by
the oxygen atom, and average adatom mobility
and diffusion length will decrease under high
oxygen partial pressure. Thus, the nucleation step
is more kinetically limited, and (2 2 2) orientation
becomes dominant.
In the moderate range of sputtering pressure
(0.7 Pa), the degree of (4 0 0) orientation was
highest, as shown in Fig. 6. This may have resulted
from the competition of opposite two effects with
varied sputtering pressure. At low pressure, the
cathode sheath becomes broader, and thus increases the possibility that generated ions will
collide on the chamber wall. As a result, the ions
are easily neutralized, and ion density is relatively
low. Meanwhile, a longer mean free path at low
pressure results in higher kinetic energy of Ar+
ions and sputtered atoms due to fewer scattering
events. Chiu et al. proposed the product of ion ﬂux
and incident energy represents the resultant energy
supplied by ion bombardment per deposited atoms
[27]. At very low pressure, adatom mobility will be
diminished in spite of higher ion energy because of
low ion density. On the contrary, at very high
pressure, lower ion energy due to frequent collision
among neutral gases and ions results in very low
adatom mobility. Consequently, low adatom mobility under very low and high sputtering pressure
leads to more kinetically limited (2 2 2) orientation.
However, in the moderate range of pressure (0.7 Pa),
where adatoms obtain more energy by ion bombardment, the adatoms can move more actively, and
the portion of (4 0 0)-oriented grains will be increased. With that condition, the texture development of thermodynamically favorable (4 0 0) planes
may progress more actively since the development
speed would be proportional to the number of
adatoms that move to (4 0 0) grains from the surface
of (2 2 2) or (2 1 1)-oriented grains.

The change in the relative portion of (2 2 2)
grains with increasing sputtering power showed a
similar U-shaped curve as shown in Fig. 7b. At
low sputtering power density, the energy of Ar+
ions which collide with the target surface is low
due to a low discharge voltage. As a result, the
average energy of sputtered atoms is expected to
be low. Also, the supplied energy by ion bombardment will be low due to low ion density.
Consequently, adatom mobility is quite low at
very low sputtering power density. With increasing
sputtering power density, the portion of (2 2 2)
grains decreased until 2.25 W/cm2, and increased
again. This slight decrease of (4 0 0) orientation at
high power density may be due to increased
deposition rate. The diffusion length of adatoms
is diminished at high power density since the
adatoms are more likely to be buried by incident
sputtered atoms before the adatoms ﬁnd thermodynamically favorable sites. In fact, (2 2 2) orientation is very dominant for ITO ﬁlms prepared by
ion plating or pulsed laser deposition (PLD)
technique, whose deposition rate is very high [8].
Substrate temperature can be a direct measure
for adatom mobility. At high temperature, the
adatoms have sufﬁcient activation energy for
generating the nuclei of (4 0 0) orientation. Fig. 8
clearly shows the relative peak intensity of the
(4 0 0) plane increased as the deposition temperature increased.
On the other hand, Yu et al. proposed a model
for the texture development of thin ﬁlms based on
the difference of sputtering yield with crystallographic orientation of grains [29]. They explained that grains with the lowest sputtering
yield have the highest chance of surviving under
re-sputtering conditions. In this study, however,
ion energy could not be considerably changed by
raising substrate temperatures or oxygen ﬂow
rates. As a result, the change of texture would
not be able to be explained only from the
difference of re-sputtering yield.

4. Conclusions
From the change of y  2y XRD proﬁles, ITO
ﬁlms deposited with no additional oxygen gas ﬂow
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evolved to (4 0 0) orientation with increasing ﬁlms
thickness, which may be due to a lower surface
energy and a height advantage combined with
shadowing effect. On the other hand, 6 sccm of
additional oxygen ﬂow resulted in no (4 0 0) peak
in XRD proﬁles, which denotes deposition conditions are very important for determining the
crystallographic orientation of nuclei at the initial
growth stage.
Sputtering variables such as oxygen ﬂow rate,
sputtering pressure, substrate temperature and
sputtering power density signiﬁcantly inﬂuenced
the texture of ITO thin ﬁlms. Less amounts of
additional oxygen gas, moderate ranges of pressure and power density and higher substrate
temperatures, where adatoms are expected to have
higher mobility, resulted in more (4 0 0)-oriented
ﬁlm texture.
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