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Abstract In this study, effects of oxygen pressure in the
sputtering ambient on the preferential orientation and
resultant surface morphology of ITO films grown by RF
magnetron sputtering were investigated. ITO film grown
with pure Ar gas shows a preferential (400) plane
orientation parallel to the substrate surface and a sawteeth-
shaped rough surface. ITO film grown in the sputtering
ambient of Ar and oxygen mixtures shows a preferential
(222) plane orientation and a flat and smooth surface. The
differences in the growth rate, surface morphology, and
roughness between the preferentially orientated films were
discussed in terms of the surface energy of planes. The
electrical and optical properties of the films were examined.
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1 Introduction

Sn-doped In,O; (indium tin oxide: ITO) is the most widely
used material for transparent electrodes due to its high
electrical conductivity and high transparency in visible
regions [1—4]. Due to these properties, ITO films have been
applied in many display devices such as liquid crystal
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displays, plasma display panels and organic light emitting
diodes (OLEDs).

The control of the surface morphology of ITO thin films
is one of the most exacting processing concerns. Surface
modifications of ITO films are generally conducted in order
to obtain a smooth surface by physical and chemical surface
treatments [5, 6]. It has been known that surface modifica-
tion plays an important role in enhancing the electrical and
optoelectrical efficiency of OLEDs [7].

There have been many studies on the preferential
orientation and surface morphology of thin films [8—15].
However, most researchers focused on the observation and
analysis of the preferential orientation using methods such
as X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), etc.
Thilakan et al. [8] reported that the crystal growth behavior
of ITO films was dependent on the oxygen concentration in
the film. Mergel et al. [9] found that the orientation texture
of the ITO films changed from (400) to (622) dominant
with an increase in oxygen flux. They explained this
resulted from the dynamic incorporation and segregation
of oxygen during film growth. The dependency of surface
morphology and crystal quality of ITO films on oxygen
partial pressure in the processing gas has been reported [10,
11]. It was also suggested that changes in the preferential
orientation of ITO films could be due to other reasons, such
as the variation in energy of the sputtered atoms [16] and
the concentration of Sn in the ITO film [17]. Kamei et al.
[18] reported that the different re-sputtering rates between
the (400) and (222) planes of ITO film during film growth
could have affected crystalline orientation. The preferential
orientation and resultant surface morphology of ITO thin
films, however, has not been fully understood yet.

In this study, the effects of oxygen pressure in the
sputtering ambient on the preferential orientation and
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resultant surface morphology of ITO films grown by RF
magnetron sputtering were investigated. These phenomena
are discussed from the viewpoint of surface energy. The
electrical and optical properties of the films are also
reported.

2 Experimental procedure

An ITO target having 90 wt% In,O3;—10 wt% SnO, was
prepared by a general solid-state reaction method. In,O;
(99.99%) and SnO, (99.99%) powders were used as raw
materials. The powders was formed into a 150 mm
diameter disk by cold isostatic pressing at 300 MPa, and
then sintered for 10 h at 1550 °C in an oxygen atmosphere.
The apparent density of the target was 99.2% and the
dimensions of the target were adjusted to 76 mm in
diameter and a thickness of 5 mm. The substrate of the
Si0,-coated Corning 1737 glass was cleaned in acetone,
methyl alcohol, and de-ionized water in that order by an
ultra sonic cleaner, then dried with nitrogen gas.

The base pressure of the chamber was 1.0 x 107° Torr.
ITO films were grown on SiO,-coated Coring 1737 corning
glass under various Ar:O, flow ratios. The working
pressure during the growth of the films was fixed at
10 mTorr with an RF sputtering power of 50 W. Oxygen
partial pressure in the sputtering ambient varied from pure
Ar to Ar:0O, flow ratios of 9:1, 8:2, 7:3, and 6:4. The
distance between the target and the substrate was 4 cm. The
deposition process was carried out for 40 min at 300 °C.
The crystal structure of the film was investigated by an X-
ray diffractometer (Rigaku, D/MAX-2200H) using Cu-K«x
radiation and a four-circle X-ray diffraction (Philips X’pert
Pro-MRD). The surface morphology of the films was
observed with a scanning electron microscope (SEM;
Hitachi, S-4100) and a scanning probe microscope (SPM;
Nano Scope Illa, Digital Instruments of America). Trans-
mission electron microscope (TEM; Hitachi H-9000)
studies were conducted to analyze the structure of the
films. A Focused Ion Beam (FIB) was employed for the
TEM sample preparation. Hall-effect measurements with
the van der Pauw technique (EGK, HEM-2000) were
conducted to examine electrical and optical properties
(UV-VIS-NIR Spectrophotometer; Varian, CARY 5G) were
also analyzed.

3 Results and discussion
Figure 1 shows X-ray diffraction patterns of ITO films
grown by RF magnetron sputtering as a function of oxygen

partial pressure in the sputtering ambient. The preferential
orientations of the ITO films depended on the oxygen
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Fig. 1 X-ray diffraction patterns of ITO thin films as a function of
oxygen partial pressure in the sputtering ambient

partial pressure. An ITO film grown with pure Ar gas
shows a preferential (400) plane orientation parallel to the
substrate surface. The preferential orientation of films
changed from (400) to (222) plane when even a small
amount of O, was added to the Ar sputtering ambient. It
was also observed that the diffraction intensity of the (222)
peak decreased as the oxygen partial pressure increased.

Figure 2 shows the (400) pole figure of preferentially
(400) orientated films and the (222) pole figure of
preferentially (222) orientated ITO films. The (400) pole
figure of the former film indicates a well pronounced (400)
texture, even though the (400) peak position is approxi-
mately 11° away from the normal direction (Fig. 2(a)). The
<222> axis orientation of the preferentially (222) orientated
film is perpendicular to the substrate surface (Fig. 2(b)).
The (400) plane of preferentially (222) orientated ITO film
is found approximately 55° away from the (222) normal,
essentially the inter-plane angle of 54°44' between the
(400) and (222) planes of the body-centered cubic structure
of the bixbyite ITO.

Cross sectional and tilted views of ITO thin films
observed by SEM and AFM are presented in Fig. 3. The
cross sectional views show that the thicknesses of the films
significantly decrease when a small amount of oxygen is
added to the sputtering ambient, and subsequently
decreases slowly as the oxygen partial pressure increases.
The thicknesses of the films were 625, 195, 130, 110 and
95 nm for pure Ar and Ar:O, flow ratios of 9:1, 8:2, 7:3
and 6:4, respectively. The gradual decrease in thickness
with increase of the oxygen partial pressure can be
explained by the smaller sputtering yields of oxygen ions
than argon ions; the momentum transfer of oxygen is
smaller than that of argon during ionic bombardment [19].
However, the thickness difference between the films that
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Fig. 2 Two dimensional pole
figures through (a) (400) plane
for the preferentially (400) ori-
entated ITO thin film (pure Ar),
and (b) (222) plane for the
preferentially (222) orientated
ITO thin film (4r:0,=9:1)

are grown with and without oxygen is too significant to be
explained only by the momentum transfer process. There
must be additional reasons for that which will be discussed
later in this work. Concerning the surface morphology in
the tilted SEM photographs shown in Fig. 3, a very rough
surface was observed in the (400) films while the (222)
films revealed a smooth surface. RMS (root mean square)
roughness was estimated by AFM surface analysis for the
(400) film without oxygen and the (222) film grown with
the Ar:O, ratio of 9:1 to be 4.2 and 0.8 nm, respectively.
Smooth surface roughness was observed for other films
grown with oxygen in the sputtering ambient. The RMS
roughness of the films grown with the Ar:O, ratio of 8:2,
7:3 and 6:4 was 0.8, 0.8 and 0.7 nm, respectively. The
surface roughness and thickness of the films were almost
the same when oxygen was added (Ar:O, flow ratios of 9:1,
8:2, 7:3, and 6:4).

Concerning the momentum transfer of oxygen, the resput-
tering effect has been studied in sputtering-assisted oxide thin

film growth, in which negative oxygen ions are frequently
formed [20-26]. Cuomo et al. suggested that if the value of
I — EA (I: ionization potential, E4: electron affinity) were less
than 3.4 eV, they predicted a negative ion formation, and the
presence of resputtering effects [22, 23]. A subsequent study
by Kester et al. [24] showed that the negative ion resputtering
became stronger as the / — EA value decreased. However, it is
believed that the resputtering effect could not interpret every
phenomenon which occurs in oxide films since discrepancies
in experimental results often exist between films deposited
with different materials and conditions.

According to research by Kester et al. [25], which is one
of the most frequently cited regarding the resputtering
effect, the film thickness decreased linearly as oxygen
partial pressure increased. However, in the case of this
study, the thicknesses of the films drastically decreased
when a small amount of oxygen was added to the sputtering
ambient, and they subsequently decreased slowly as the
oxygen partial pressure increased (thickness change is

Fig. 3 (a) Cross-sectional SEM
images and (b) three dimen-
sional AFM images of ITO films

grown as a function of oxygen
partial pressure

(b)
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Fig. 4 TEM images of (a) the
(400) and (b) (222) films

mentioned in Fig. 3). Concerning the surface roughness of
the films, increase in the surface roughness was reported as the
oxygen partial pressure increased due to the increase in the
resputtering effect [18, 24]. This was not in agreement with
our results also. When a small amount of oxygen was
added, the roughness decreased from 4.2 (pure Ar) to
0.8 nm (Ar:O; ratio of 9:1). The further addition of oxygen
did not greatly affect the surface roughness of the films as
mentioned in Fig. 3, i.e., smooth surface roughness was
observed for the films grown with oxygen in the sputtering
ambient. Even though the 7 — EA4 could not be an absolute
standard value of resputtering, the / — EA4 value of ITO was
about 4.36 eV when the value was gathered from the previous
studies [22-24], which signifies that the resputtering effect
might not be such a serious problem in ITO system. From
these points of view, even though resputtering might have
partly contribute to ITO system, it has not predominantly
affected the surface characteristics of ITO.

Fig. 5 Schematics of (a) In,O;
bixbyite structure and its (b)
(222) and (c¢) (400) planes.
Cations and anions coexist in
the (222) plane, while either
cations or anions exist in the
(400) plane

(c)
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Figure 4 shows TEM images of the preferentially (400)
oriented and (222) orientated ITO films. For TEM sample
preparations using a Focused Ion Beam (FIB) milling and
imaging system, carbon and platinum were sequentially
deposited onto the film to sustain them during micro-
machining. The white region on the film is the carbon
followed by the platinum layer. The preferentially (400)
oriented ITO film exhibited a sawteeth-shaped rough
surface but the preferentially (222) orientated film showed
a flat and smooth surface as shown in Fig. 4.

In order to explain the surface morphology of preferen-
tially orientated films, the relationship between the surface
energy of a given crystal plane and surface morphology
was employed. Fig. 5 shows schematic drawings of the
(400) and (222) planes in the bixbyite structure of ITO. The
absolute surface energy of the (400) and (222) planes are
not available either experimentally nor theoretically, but the
relative surface energy of the planes can be compared by

(b)
In1 site
In2 site
Oxygen
Oxygen vacancy

Cation + Anion

Cation
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Fig. 6 Schematic diagrams of
the crystallographic surface

(a)

morphology of the preferentially g ,»’»\
(a) (400) and (b) (222) oriented =z Q
films ST,
A
"?J -
(400)
Substrate
Substrate

considering the ratio of the cations and anions exposed on
the surfaces. In the case of the (400) plane, either cations or
anions are exposed to the (400) plane, while both cations
and anions coexist on the closed-packed (222) plane. This
indicates that the (400) plane has a higher surface energy
than the (222) plane. Exposed surfaces of films have a
tendency to be composed of planes having low surface
energies to minimize the total surface energy [27]. It is
therefore anticipated that the surface of the (400) oriented
film will consist of energetically favorable (222) planes
rather than (400) planes. This will result in sawteeth-shaped
rough surface like the macroscopic facet as drawn in
Fig. 6(a). The (222) oriented films, however, will have
(222) planes parallel to the film surface, thus leading to a
flat and smooth surface as drawn in Fig. 6(b). The observed
surface morphologies of the preferentially (400) oriented
and (222) oriented ITO films shown in Fig. 4 were
consistent with the schematic drawings as shown in
Fig. 6. As a consequence, the surface energy of the planes
plays an important role in determining the surface mor-
phologies of the preferentially oriented films.

When valleys, shaped by (222) planes as schematically
drawn in Fig. 6(a), are formed on the surface of the (400)
oriented film, they can provide preferential adsorption sites
to which atoms are anchored. This, as well as the difference
in the momentum transfer process of oxygen and argon

Table 1 Electrical and optical properties of ITO thin films.

previously mentioned, can lead to the faster growth rate of
the (400) oriented films than the (222) oriented films.

The electrical properties of the films were analyzed by
using Hall-effect measurements with the van der Pauw
method. The results are summarized in Table 1. The carrier
concentration, mobility, and resistivity are respectively
9.3x10*° ecm™, 40.7 em’/V-s, 1.6x10™* Q-cm for the
(400) films grown without oxygen and 3.2x10'7 cm >,
8.5 cm?/Vs, 2.2 Q-cm for the (222) films grown with an
Ar:0, ratio of 9:1. The higher carrier concentration of the
ITO film without oxygen is in excellent agreement with the
generation of electron carriers by oxygen vacancies in ITO.
The difference in Hall mobility between the two films could
be explained by the grain boundary scattering mechanism
in the polycrystalline ITO films. The grain size of the (400)
film is larger than that of the (222) films as shown in Fig. 3.
It is not clear whether the different preferential orientation
plays a role in variation of the Hall mobility of the films.

The average transmittance in the visible range for the
films is above about 80%. The optical bandgap energy (£,)
for highly degenerated oxide semiconductors, in which
direct transitions between the conduction band and the
valence band occur, is obtained from the optical absorption
coefficient near the absorption edge of oz(hv—Eg)”2 for
hv>E,, where « is the absorption coefficient [28]. The
absorption coefficient « is calculated from transmission (7)

Ar:0, Preferential Carrier concentration Mobility Resistivity Optical bandgap Work function
ratio orientation (ecm™) (cm?/V's) (£2-cm) (eV) V)

Pure Ar (400) 9x10%° 41 1.7x107* 3.9 49

9:1 (222) 3x10"7 9 23 3.6 5.1
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and reflection (R) measurements using the equation of
a=(1/d)n|(1 —R)Z/T , where d is the film thickness
[28]. The optical bandgap energy is determined by the
extrapolation of o versus hv. The calculated optical band
gap energy of the (400) film was 3.9 eV and that of the
preferred (222) orientated film was 3.6 eV. The difference
can be explained by the Burstein—-Moss shift, which
correlates the optical band gap shift with carrier concentra-
tion. The work function, measured by Ultraviolet Photo-
electron Spectroscopy, revealed 4.9 and 5.1 eV for the
(400) and (222) films, respectively. The higher work
function in the (222) film is believed to be caused due to
the lower carrier concentration in the conduction energy
band as well as the smooth surface. The higher work
function of (222) ITO film is more favorable to an increase
in the hole injection at the ITO/polymer interface in
polymer LEDs [29].

4 Conclusions

ITO thin films were grown by RF-magnetron sputtering
with various oxygen partial pressures. The (400) ITO film
grown in a pure Ar sputtering ambient showed a sawteeth-
shaped rough surface that formed valleys in the macro-
scopic facets shaped by the low surface energy {222}
planes. The (222) ITO film grown with oxygen has a flat
and smooth surface that is formed by {222} planes parallel
to the substrate surface. The differences in growth rate,
surface morphology, and roughness between the preferen-
tially orientated films were discussed in terms of the surface
energy of crystal planes. The carrier concentration, mobility,
conductivity, and optical bandgap energy of the (400) ITO
films are higher than those of the (222) ITO films. The work
function of the (222) ITO film is higher than that of the (400)
ITO film.
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