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A novel method employing Gas Cluster Ion Beam (GCIB) assisted deposition was developed to
deposit hard carbon films. Cgy was used as a carbon source and Ar cluster ion beam bombarded onto
Ce to form hard carbon film. The carbon films deposited at 7keV GCIB showed much higher
hardness than films deposited with other technique. Electron energy loss spectra (EELS), near edge
X-ray adsorption fine structure (NEXAFS) and Raman spectroscopy were used to investigate the
chemical bonding configuration of the films. Local structure around Sn ion in indium tin oxide (ITO)
thin films deposited with O, cluster ion assisted technique were investigated by Sn K XAFS. Sn K
XAFS spectra were measured in both transmission and a fluorescent technique Sn Ka fluorescence
signal from 19 elements solid-state detector could be picked up from In Ka fluorescence, In Kf§
fluorescence, Sn KP fluorescence and elastic scattering signals. Local structure around Sn atoms in
ITO is completely different from tin oxide structure. The first neighbor Sn-O distance was slightly
increased with substrate temperature during deposition. The oxygen coordination number of Sn and

the second neighbor Sn-In (Sn) peak area also increased with substrate temperature.
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1. INTRODUCTION

Clusters, aggregates of atoms or molecules, are of
interest not only as a new state of matter but also as a
new material process, which has been developed at
Kyoto University [1-20]. When a cluster with the size of
1000 atoms is accelerated with energy of 10 keV, each
constituent atom has only 10 eV, and these 1000 atoms
collide with the surface within a several nm%. Thus,
cluster ions with a low equivalent energy (low velocity)
impact on solid surfaces with extremely high energy and
particle density.

Because of these high-density energy deposition and
multiple-collisions on surfaces, the collision of the
energetic cluster on an atomistic scale is still unclear.
Traces of single ion impact on surfaces have been
observed with Scanning Tunneling Microscope (STM)
for both monomer ions and cluster ions.[15,16] One
clear evidence of cluster effects (peculiarity of clusters)
is the crater formation on solid surfaces.

The cluster effects can to be utilized for various
material processes, such as surface smoothing,
high-quality thin film formation, high rate sputtering,
nano-etching and very shallow implantation [9,10].
Especially, surface smoothing is one of the promising
technologies for industrial applications. Surface
smoothing effect with cluster ion beam has been
reported for various materials, such as , semiconductors
and diamond{11,14] Scratches on surfaces can be also
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removed. It has been demonstrated that surface
smoothing process is able to improve characteristics of
magnetic tunnel junction (MTJ), which will be utilized
for next generation tunneling magnetoresistance (TMR)
read head.[18]

Another important application is thin film formation.
The ion assisted deposition technique is widely used for
industrial applications. Due to the damage formation
with high-energy ions, the energy of the assisted ions
has to be as low as possible. Formation of Diamond Like
Carbon (DLC) film and tin—doped indium-oxide (ITO)
film using GCIB  have been demonstrated [4-8].

Hard carbon films (e.g. DLC: diamond-like carbon)
have been used in the last decade for a number of
applications, because of their superior properties, which
include not only high hardness but also low friction
coefficient, transparency and chemical stability [21,22].

However DLC films deposited by present
technologies have a limited range of applications. In
view of the remarkable recent progress in the field of
electronics and hard coatings, good properties are
required for various devices in the next generation [23],
and thus improvements in DLC deposition technique are
also required.

We have proposed a novel method employing gas
cluster ions beam (GCIB) assisted deposition as a
breakthrough in DLC synthesis. In this method,
energetic gas cluster ions deliver extremely high energy
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densities into very localized and shallow atomic level
regions of a substrate surface [16]. Because the impact
point of a cluster ion for an instant attains conditions of
high pressure and high temperature [17], Molecular
Dynamic simulation reveals that the phase transition
from sp? to sp’ is enhanced even when the substrate is
held at room temperature. As well, it is expected that
films with quite smooth surfaces can be achieved with
the lateral sputtering effect that is a unique characteristic
of cluster ion bombardment [3,13]. One of the
difficulties in development in DLC film deposition is
that very few analysis techniques are available to study
the chemical bonding state of the carbon atom.

Tin doped indium oxide (ITO) films are known to be
transparent conductive films that have high electrically
conductivity and are highly transparent in the visible
region. Therefore they are widely applied to

optoelectronic devices such as flat displays or solar cells.

For this purpose, a new gas cluster ion deposition
technique has been developed. Using indium and tin
metal as deposition sources, high quality ITO films were
deposited with oxygen gas cluster ion assistance.

The carrier in ITO film is created when Sn** ion is
substituted In** ion. Therefore, the resistivity of ITO
film is concerned with coordination state of Sn ions. To
develop the high-quality ITO films, coordination states
of Sn ions have to be investigated. X-ray absorption fine
structures (XAFS) analysis is a powerful method to
investigate the local structure around the particular ion

in multi-component materials. In this study, Sn K XAFS -

measurements of ITO films, which were obtained by O,
gas cluster ion assisted deposition technique, as a
function of substrate temperature.

2. EXPERIMENTS

A schematic diagram of the apparatus for cluster ion
assisted deposition is shown in figure 1. Carbon films
were formed by evaporating Cq, as a carbon source from
heating crucible and Ar cluster ion bombard Cg on the
surface simultaneously. In case of ITO film deposition,
ITO pellets were used for evaporation and O, cluster
ions were bombarded to form high-quality oxide films.
The Ar and O, clusters were formed by adiabatic
expansion of high-pressure gas through a small nozzle
into high vacuum.[8,24,25] The neutral clusters were
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Figure 1 Schematic Diagram of Cluster Ion Assisted
Deposition System

introduced to an ionizer through a skimmer, and ionized
by electron bombardment. Subsequently cluster ions
were accelerated up to 9 keV. The mean size of the
cluster ion was 1000 atoms/ion. Therefore in the case of
an acceleration energy of 9 keV, the energy per atom
was 9eV. The evaporation rate was measured with a
quartz thickness monitor.

Hardness of the DLC films was measured by the
nano-indentation technique (Hysitron Inc.: Tribo-Scope).
The hardness of each film was obtained as an average of
5 measurements. Bonding structures of the films were
studied with EELS, NEXAFS and Raman spectroscopy.
The wavelength of the excitation laser for Raman
spectroscopy was 532 nm. The amount of sp” ratio in the
carbon film was evaluated with electron energy loss
spectroscopy (EELS) with electron energy of 200 kV.
The NEXAFS measurement was useful to obtain
information of the sp>-hybridized orbital content in DLC
films [20,26]. NEXAFS measurements were performed
using synchrotron radiation. Soft X-ray generated from
synchrotron radiation was irradiated to the film at
normal incidence with photon energy from 275 to 320
eV. Total electron yields were counted Ifor all electrons
emitted from the surface. The sp2 content in carbon films
was analyzed by using the near edge peak of p*
resonance (285.5 eV), with a reference from the
spectrum of graphite.

In and Sn K XAFS spectra were measured in
transmission and florescence mode using a Si (111)
double crystal monochromator at BLO1B1 at SPring-8.
The sample for transmission measurement near In and
Sn K edge was 50um thickness of ITO film deposited by
electron beam on 20um of silica glass. Harmonics were
rejected by a grazing incidence mirror. A mixture of
argon (75 %) and krypton (25 %) was filled in the I,
ionization chamber, and a mixture of argon (50 %) and
krypton (50 %) in the I ionization chamber. The scan
time for one data-point was one second. Absorption
spectra of metallic In and Sn, SnO, SnO, and
bixbyite-type In;O; were also measured.

Sn K XAFS spectra of ITO films with low resistivity
were measured in a fluorescent mode. In order to
increase sensitivity, a 19 elements solid state detector
(SSD) was used for I detection. Single channel analyzers
were utilized to pick up Sn Ka fluorescence signal from
In Ka fluorescence, In KP fluorescence, Sn KpP
fluorescence and elastic scattering signals. The scan time
for one data-point was 20 seconds. The sum of all
available elements data was used for analysis. A
counting loss of SSD was accounted for in the
analisys.

3. RESULTS AND DISCUSSION
3.1 DLC films

EELS and NEXAFS were used to anaylize various
DLC films. DLC films were deposited by Ion Plating,
ECR(Electron Cyclotron Resonance) and Cluster Ion
Assisted technique. Graphite was also measured as a
reference sample of pure sp’ bonded material. In
principle, both EELS and NEXAFS spectra should be
similar, because the same electronic transitions are
measured with both techniques.

Figure 2 shows the EELS and NEXAFS spectra of
varions DLC films. DLC films have two different
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Figure 2 Comparison of EELS and NEXAFS of various
DLC samples. The energy resolution of NEXFAFS is
much better than that of EELS. The arrow near the peak
at 285.5eV is assigned to excitation from 18 to sp? bond

bonding states of sp™hybridized bond and
sp’-hybridized bond. The peak at 285.5€V is assigned to
excitation from 1S to sp2 bond [27]. When this peak
(285.5eV) is high, it indicates a large fraction of sp’
bond in films. Because diamond have only sp® bond,
there is no peak at this energy. Therefore, lower height
of this peak indicates diamond-like properties in films.
In order to analyze the amount of sp bond in the film,
the integrated intensity of the peak at 285.5eV was
normalized by the background intensity.

As shown in figure 2, NEXAFS spectra have a much
better energy resolution than EELS spectra. Many
peaks are found in the NEXAFS spectrum of graphite. In
contrast with NEXAFS spectra, only one peak at 286eV
is found in EELS spectra. In the cluster ion assisted
deposition technique, degradation of sp? peak is clearly
observed in NEXAFS spectra. However,a slight
difference in the same peak was found in EELS spectra.
Therefore, NEXAFS is much more suitable to study the
chemical bonding configuration in DLC films.

Figure 3 shows NEXAFS specira of DLC films
formed by various deposition techniques. A Cg, film is
also presented in figure 3. The NEXAFS spectrum of the
Ceo film shows three p* peak near the carbon K edge
(284.5eV, 285.5 eV, and 287.4 eV). This result agrees
well with the previous theoretical study [28]. The
spectrum of the film formed with Cg evaporation
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Figure 3 NEXAFS spectra of various carbon materials.
Transition of 1S to sp2 bond was found on most of
materials, except for diamond. The NEXAFS spectrum
of DLC film deposited with Cluster Ion Assisted
technique is quite different from that of Cgy film. This
indicates that Cg molecules were decomposed to form
DLC film.
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Figure 4 Raman spectra of DLC films deposited with
various techniques. I(D) and I(G) peak were obtained
from the peak deconvolution of Raman spectra. The
I(DYI(G) ratio is also shown. I(D)/I(G) ratio depend on
the deposition technique.

simultaneously irradiated with energetic Ar cluster ions
was completely different from that of the Cg film.
Deposited Cgy molecules were decomposed by the
collisions of Ar cluster ions on the surface, and a DLC
film containing large amounts of sp® bond was formed.

Figure 4 shows Raman spectra of films deposited with
various ion assisted deposition technique. Raman spectra
of the DLC films were generally evaluated with D
(1350cm™") and G (1550cm’!y peaks for an estimation of
sp2 contents. The D peak is usually assigned to A,
zone-edge mode, because of the finite size of the
graphitic domains. G peak is originated from the
zone-center Ej; photon, which means the lattice
vibrations in the plane of the graphite-like rings [29-31].
I(DYI(G) peak ratios were obtained from the peak
deconvolution of Raman spectra. When the I(D)/1(G)
ratio is small, it is generally believed that there is only a
small amount of sp2 content in the DLC film[32]. The
I(D)I(G) ratio depends on the deposition technique. The
I(D)YI(G) ratio obtained with Raman is compared with
EELS, NEXAFS resultsin Table I. EELS, NEXAFS and
Raman results are in good agreement. A film with a
small amount of sp? bond is much harder than tha with

Table I sp” content measured with EELS and NEXAFS
and I(D)YI(G) ratio. EELS, NEXAFS and Raman
results are in good agreement. The film, with a small
amount of sp2 bond is much harder than that with a
large amount of sp® bond.

sp? Content sp? Content 1,/1;Ratio

(NEXAFS) (EELS) {Raman)
RF Plasma 1 - 1.66
fon Plating 0.88 1 1.37
ECR Plasma 0.88 0.98 0.93
Cluster (5 keV) 0.59 076 0.16
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Figure 5 EXAFS spectra of various materials. The
spectrum of ITO is completely different from that of tin
oxide.
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Figure 6 Typical X-ray fluorescence spectrum of ITO
film. The largest peak corresponds to In Ka
fluorescence. The Sn Ka fluorescence signal is near In
Ko fluorescence. Single channel analyzer (SCA) is used
to select Sn Ka fluorescence from the spectra.

large amount of sp? bond. DLC film formed with the
cluster ion assisted technique is the hardest and exhibits
the lowest  sp® bond content in all samples.

3.21ITO films

Sn K EXAFS spectra of various materials are shown
in figure 5. All spectra shown in this figure were
measured with the transmission technique. More than 5
ITO samples were stacked in order to obtain enough
absorbance of X-ray near the Sn K edge. The quality of
the ITO samples is quite poor, because of the very high
deposition rate. According to the electrical measurement,
most of Sn atoms are electrically inactivated in the films
used in this measurement. Nevertheless, the ITO
spectrum is quite different from Sn metal foil and tin
oxides. This result indicates that no segregation of Sn
atoms occurs in ITO films. Even though Sn atoms are
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Figure 7 The radial structure function [F(r)| of ITO films
and SnO, calculated with Fourier transform analysis of
Sn K EXAFS spectra.

electrically inactivated, the local structure around Sn
atoms in ITO is completely different from the in oxide
structure. Electrically inactive Sn atoms seem to be
located on the lattice site of In,O;. However, it is very
difficult to measure highly conductive ITO films in
which Sn atoms are electrically activated, because the
thickness of these films is usually less than Ium.
Therefore, the X-ray fluorescence technique was used to
measure EXAFS spectra.

Typical X-ray fluorescence spectrum of ITO films is
shown in figure 6. Multi channel analyzer (MCA) was
used to measure this spectrum. Sn Ka fluorescence
signal near In Ko fluorescence is depicted in figure 5. In
order to measure the EXAFS spectra, Sn Ka
fluorescence signal has to be selected. However, thin foil
filtering technique could not be useful, because Sn Ka
fluorescence has a higher energy than the In Ka
fluorescence. Single channel analyzer (SCA) is used to
select Sn Ka fluorescence from SSD.

Fourier transform analysis has been applied to Sn K
EXAFS spectra. The range of Fourier transformation
region was from 37.2 to 1354 nm’' in k space. The
radial structure function |[F(r)| of ITO films and SnO, is
shown in Fig. 7. Since the phase shift parameter and the
correction for the inner potential energy were not
included in these calculations, the peaks in the |F(r)}
curves are found at slightly shorter distances than those
in the actual structures.

The first peaks around 0.16 nm in Fig. 7 correspond to
Sn-O bonds, and the shapes are different from those of
SnO,. This suggests that the coordination state of tin in
ITO films is different from tin in SnO,. The second
peaks correspond to Sn-In and the second nearest Sn-O.
The second peaks are more characteristic than the first
peaks.

The second peak becomes large, when the substrate
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Table II The first interatomic distances, coordination numbers, growth temperature and resistivity of the films. Crystal
structure of SnQ, is rutile-type. Sn in SnO, has six nearest oxygen atoms located at 0.2052nm. The average coordination
number increases with substrate temperature. This tendency indicates that ITO film is well oxidized at high temperature.

somps| | sy | oy | T || Oen
SnO2 6 0.2052 ] 0.0055(14)

ITO-H1 | 5.0(1)]0.2071(1)| 0.0057(11) 300 1.3 x104 irradiated
ITO-H2 4.9(1) { 0.2064(1) | 0.0055(12) 200 1.7x10+4 irradiated
ITO-L1 4.6(1) | 0.2052(1) | 0.0056(12) RT.| 12Xx103 irradiated
ITO-L2 4.1(1) { 0.2059(1) | 0.0058(12) RT.] 3.0X103 unirradiated

temperature during deposition is more than 200C. The
spectra of ITO-L1 and ITO-L2 films deposited at room
temperature have no peak at the same distance. This is
consistent with the result of X-ray diffraction.
Amorphous ITO films are formed when the substrate
temperature is less than 200C.

The first peaks of |F(r)] curves were inversely
transformed to obtain k3xl(k). The k3xl(k) were fitted
with the theoretical values for the phase shift and the
amplitude parameters. We assumed that Sn atoms are
located at substitution site of In,Os. The crystalline
structure of In,O; is bixbyite and has two different
indium sites[33]. One is called b-site, and the other is
d-site. The In atom is surounded by six oxygen atoms
with an average distance of 0.218nm at both sides. In K
EXAFS analysis of ITO films shows good agreement
with that of InyO; powder. The first interatomic
distances, the coordination numbers, and the temperature
factors of samples were obtained by fitting the
calculated and observed k%(k). In this calculation Teo
and Lee’s parameters [34] were employed. Table II
shows the first interatomic distances, the coordination
numbers, growth temperature and resistivity of the films.
In order to compare with ITO and SnO,, the first peaks
of |F(r)| curves were analyzed in the same way with
adopting crystalline SnO, as a reference. Crystal
structure of SnO, is rutile-type. Sn in SnO, has six
nearest oxygen atoms located at 0.2052nm.

The average coordination number increases with
substrate temperature. This tendency indicates that the
ITO film is well oxidized at high temperature. The
average coordination number of ITO-L1 is very much
lower than that of ITO-L2. The difference in growth
condition of these films is cluster ion irradiation.
Transparent ITO film can be grown with cluster ion
irradiation even at room temperature. However, dark
ITO film is grown without cluster ion irradiation, and
the stoichiometry of the films is not kept. This result

agrees well to the coordination number calculated from
EXAFS. Oxygen cluster ion beam has a great capability
to oxidize surfaces.

The Sn-O distance slightly increases for the films
grown at high substrate temperature. The structure of
ITO film is considered to be also bixbyite-type structure
in which a part of In is substituted by Sn [35]. The
ionic radius of In is larger than that of Sn. The
substitution of In by Sn may increase Sn-O distance.
Therefore EXAFS result for the Sn-O distance shows
progress of the substitution. The substitution of trivalent
ion by tetravalent ion creates carrier in ITO film. The
decrease of resistivity with increasing of substrate
temperature during deposition may be due to this reason.

4. SUMMARY

Gas Cluster Ion Beam (GCIB) assisted deposition was
developed to deposit DLC and ITO films, which have
been investigated with XAFS technique. EELS,
NEXAFS and Raman spectroscopy have been used to
measure the sp2 content in the films. Good correlation
between EELS, NEXAFS and Raman spectroscopy was
found. The local structure around Sn atoms in ITO films
was investigated with Sn K EXAFS in both the
transmission and the fluorescent technique. The local
structure around Sn atoms in ITO is completely different
from tin oxides structure. The first neighbor Sn-O
distance was slightly increased with substrate
temperature during deposition.
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