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Abstract

We attempted to form silicon oxide films by spraying hexamethyldisiloxane (HMDSO)
to a substrate together with low-energy O* ion beam injections. The energy of O ions
was 100 eV. The substrate temperature was set at room temperature. After the trial, we
found a film deposited on the substrate. X-ray photoelectron spectroscopy (XPS)
measurements of the film showed that the film was silicon dioxide. The XPS spectra of
the film also showed that the film contained almost no carbon atoms. For comparison,
100 eV SiO" ion beams were injected into a substrate at room temperature in conjunction
with HMDSO. XPS results of the deposited film showed that the film was silicon oxide
and the atomic concentration ratio of oxygen to silicon was 1.35. In this case, however, a
relatively large amount of carbon atoms (12 atomic%) was included in the film. In
conclusion, we confirmed that the 100 eV O* ion beam induced deposition using HMDSO

is useful for the silicon dioxide film formation.
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1. Introduction

The ion beam technique is available for film formations of various materials [1, 2]. There

are several film depositing methods using the ion beam technique.

We are now studying two film deposition methods based on the ion beam technique, i.e.,
the molecular ion beam deposition method [3] and the ion beam induced chemical vapor
deposition (IBICVD) method [4-6]. In the molecular ion beam deposition method, a
source material is dissociated in an ion source and molecular ions are mass-selected from
various fragment ions produced by the decomposition of the source material. Then, the
molecular ions are irradiated to a substrate and thus, a film is deposited on the substrate.
On the other hand, in the IBICVD method, a source material and ion beams such as O"
and Ar" are simultaneously injected to a substrate. Recently, we also conducted an
experiment integrating the molecular ion beam deposition method with the IBICVD

method [7].

Meanwhile, silicon oxide films are useful as an insulating film in semiconductor

technologies. Silicon oxide films can be formed by chemical vapor deposition (CVD)



using silane [8] or tetraethyl orthosilicate (TEOS) [9].

Hexamethyldisiloxane (HMDSO, (CH3)3SiOSi(CHs3)3)) has also been used as a source
material for the formation of silicon oxide films. Many studies in which silicon oxide film
formations were performed using HMDSO have been published [10-20]. However, only
a few papers in which HMDSO was used as a source material for ion beam deposition
experiments are available. Recently, Yoshimura et al. succeeded in depositing silicon
oxide films by the molecular ion beam method [21]. In their experiments, SiO* ion beam
produced by the decomposition of HMDSO was injected to a substrate and then, a silicon
oxide film was formed on the substrate. On the other hand, Matsutani et al. performed an
IBICVD experiment using HMDSO [22]. They irradiated a substrate by 150 eV O" ion
beams while spraying HMDSO on the substrate, confirming that a silicon oxide film was
formed on the substrate. However, in those previous experiments, the optimal injecting
ion energy level has not been investigated yet. In addition, no experiments where
HMDSO was sprayed on a substrate and SiO" ions were simultaneously injected to the

substrate, have been conducted so far.

In most cases, silicon oxide films deposited by the methods such as CVD [8-20] were



uniformly formed on the substrates. On the other hand, films deposited by the ion beam
technique were formed at the location where the ion beam contacted the substrate. In fact,
we confirmed that a film could be deposited on a limited local site of the substrate with

the molecular ion beam deposition method [23] or with the IBICVD method [24].

In this study, we conducted an experiment in which HMDSO was sprayed onto a substrate
and the substrate was also simultaneously irradiated with O* or SiO" ions. The mass and
the energy of the injecting ions were firstly measured. The ion energy of O" or SiO” ions
was set at 50, 100, or 200 eV. Trials for 50, 100, and 200 eV were performed and the
resulting film thicknesses were evaluated. We found that the ion energy at which the
obtained film thickness was maximal was 100 eV for both O and SiO" cases. After the
film deposition by 100 eV O" or SiO" ion beam injections to a substrate in conjunction
with HMDSO, the obtained films were analyzed by X-ray photoelectron spectroscopy

(XPS) and Fourier transform infrared (FTIR) spectroscopy.

2. Materials and Method

The experimental trials were carried out using an ion beam machine (ULVAC) [25] with



a Freeman-type ion source. This machine was originally prepared for the investigation of
the interaction between ion beams and various materials (e.g., sputtering yield of various
materials by ion beam injections) [26, 27]. Since the machine was not designed for film
formation experiments, the ion beam intensity was relatively weak when compared with
the ion beam machines, commonly used for film depositions. In this study, we produced

low-energy O" and SiO" ion beams using the ion beam machine.

The source gas for the O" ion beam was CO,. In the O ion beam production, the
operational parameters for the ion source were as follows: The source gas flow rate, the
current being applied to a tungsten filament, the magnetic field applied in an arc chamber,
the arc voltage (the bias voltage between the arc chamber and the tungsten filament), and
the arc current were 1 sccm, 130 A,10 mT, 75V, and 0.5 A, respectively. The procedures
for the ion beam production were as follows. Firstly, CO, was dissociated in the ion source.
The resulting dominant ions were found to be C*, Of, and CO". All these ions were
extracted by applying a high voltage (-15 kV), and only O" ions were selected by a mass-
selector. The mass-selected O* ion beam was guided to a process chamber and was slowed

down by a decelerator to obtain a low-energy O" ion beam.



On the other hand, the source material for the SiO" ion beam production was HMDSO.
HMDSO was bubbled with argon gas and a mixed gas of HMDSO and argon was
introduced into the ion source. HMDSO was dissociated in the ion source. Only SiO" ions
were mass-selected from various fragment ions produced by the decomposition of
HMDSO. The SiO" ion beam was guided to the process chamber and was slowed down
to obtain a low-energy SiO" ion beam. The intensity of SiO* ion beams obtained under
the operational parameters mentioned above was found to be too small. Therefore, in the

SiO™ ion beam experiment, the arc current was increased to be 1.8 A.

A schematic drawing of the process chamber of the ion beam machine is shown in Fig. 1.
The low-energy O* or SiO* ion beam was injected to a substrate at normal incidence. The
vacuum degree in the chamber was 1x10° Pa. On the process chamber, an ion mass-
energy analyzer (balzers, PPM-421) was installed, as shown in Fig. 1. We used a gold-
coated quartz crystal microbalance (QCM) substrate (ULVAC, CRTS-0) as a target of
ion beam injections. The details of the QCM system were presented in our earlier paper
[28]. The thickness of the film deposited on the QCM substrate can be evaluated using a
QCM controller (ULVAC, CRTM-9000). The QCM substrate was used at room

temperature. During the ion beam injections, HMDSO was also simultaneously sprayed



onto the substrate. HMDSO vapor was introduced directly to a mass flow controller and
the flow rate of HMDSO was set at 0.7 sccm. The HMDSO pressure was 1x107 Pa in the
process chamber. After the experimental trials, the deposited films were analyzed by XPS

(ULVAC-PHI, ESCA-3057).

3. Results and discussion

Firstly, the mass spectra of ion beams were measured by the mass-energy analyzer. Fig.
2(a) shows the mass spectrum of an ion beam produced by the decomposition of CO;. In
Fig. 2(a), the mass peak is located at 16 u, showing that the ion beam was composed of
O" ions. Fig. 2(b) shows the mass spectrum of an ion beam produced using HMDSO. The
mass peak is at 44 u in Fig. 2(b), showing that this is SiO" ion beam. The beam current
density was about 1 pA/ cm? for the O* ion beam and about 0.1 pA/ cm? for the SiO*

ion beam.

Then, the energy spectra of ion beams were also obtained by the mass-energy analyzer.
Figs. 3(a), 3(b), and 3(c) show the actual energy distributions of O* ions when the ion
energy was set at (a) 50, (b) 100, and (c) 200 eV, respectively. Figs. 3(a)-3(c) show that

the peak energies of the energy distributions approximately coincide with the set values.
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Full width at half maximum of each energy distribution is about 15 eV in Figs. 3(a)-3(c).
On the other hand, Figs. 4(a), 4(b), and 4(c) show the ion energy spectra of the SiO* ion
beams in (a) 50, (b) 100, and (c) 200 eV cases, respectively. Full width at half maximum
of each energy distribution is about 3 €V in Figs. 4(a)-4(c). The energy spectra of SiO"
ions were different from those of O" ions because the operational parameters in the case
of SiO" ion beam production were slightly different from those in the O ion beam case.
The peak energies were located at (a) 56, (b) 105, and (c) 205 eV in Figs. 4(a)-4(c). The
actual SiO" ion energies were shifted from their nominal values because of kinetic

energies reflecting the plasma potential in the ion source [29].

Prior to the film deposition trials, we injected 50 or 100 eV O ion beams to a QCM
substrate without supplying HMDSO, and found that no film was formed on the substrate.
Trials in which HMDSO was sprayed to a QCM substrate without O" or SiO* ion beams

also yielded no film formation.

Firstly, O" ion beams were injected to a QCM substrate while HMDSO was
simultaneously sprayed to the substrate. Three trials in which the peak O energy was 50,

100, or 200 eV were carried out. The duration of each trial was 60 min. After each trial, a

10



film was found formed on the substrate. The film thicknesses were measured by the QCM
controller, and the results are presented in Fig. 5. Fig. 5 shows that the thickness of the

film obtained in the 100 eV case was thicker than those in the 50 and 200 eV cases.

Secondly, a QCM substrate was injected by SiO" ion beams of 50, 100, or 200 eV while
HMDSO was sprayed to the substrate. The duration of each trial was 60 min. The film
thicknesses are presented by closed circles in Fig. 6. We found that the thickness in the

100 eV case was thicker than those in the 50 and 200 eV cases.

For comparison, a QCM substrate was injected by SiO" ion beams without supplying
HMDSO to the substrate. Three trials in which the SiO" energy was 50, 100, or 200 eV
were carried out. The duration of each trial was 60 min. The film thicknesses were

measured by the QCM controller, and the results are presented by closed triangles in Fig.

The difference between circles and triangles in Fig. 6 represents the effect of spraying
HMDSO during the injection of SiO" ions. Fig. 6 shows that in the cases of 50 and 200
eV, the film thickness increased only slightly even when HMDSO was sprayed onto the

substrate. On the other hand, in the case of 100 eV, the film thickness was significantly
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increased by spraying HMDSO together with the SiO™ ion injection.

In the experimental trials in Figs. 5 and 6, the duration of each trial was 60 min. Then, we
elongated this duration for the increase of film thickness. Firstly, O" ion beams were
injected to a QCM substrate while HMDSO was simultaneously sprayed to the substrate.
The duration was 350 min. The injection ion energy was set at 100 eV because Fig. 5
demonstrated that the deposition rate in the 100 eV case was significantly larger than
those in 50 and 200 eV cases. After the trial, we found that a film was formed on the QCM
substrate. The QCM controller showed that the film thickness was 29 nm. Hereafter, we

refer to this film as sample (a).

Subsequently, SiO" ion beams were injected to a QCM substrate while HMDSO was
simultaneously sprayed to the substrate. The duration was 550 min. The injection ion
energy was set at 100 eV. After the trial, we found that a film was formed on the QCM
substrate. The QCM controller showed that the film thickness was 28 nm. Hereafter, we

refer to this film as sample (b).

Sample (a) was analyzed by XPS using an ESCA-3057 X-ray photoelectron spectrometer

12



equipped with an Al K, radiation source. The acquired XPS spectra of sample (a) are
shown in Fig. 7. The binding energies in the Ols [Fig. 7(a)] and the Si2p [Fig. 7(b)]
spectra indicate that the deposited film was silicon oxide [30]. The Cls XPS spectrum

[Fig. 7(c)] shows that almost no carbon atoms were included in the film.

Subsequently, sample (b) was analyzed by XPS. The XPS spectra of sample (b) are shown
in Fig. 8. The binding energies in the Ols [Fig. 8(a)] and the Si2p [Fig. 8(b)] spectra
indicate that the deposited film was silicon oxide. The Cls XPS spectrum [Fig. 8(c)]
shows that sample (b) contained relatively large amount of carbon atoms. The atomic

concentration of carbon in the film was 12 atomic%.

Then, the curve fitting of the Si2p peak was carried out. A previous paper reported that
five oxidation states (Si, Si'*, Si?*, Si**, and SiO>) existed in silicon oxide films [31]. Here,
Sil*, Si?* and Si** represent formal oxidation states [31]. Thus, we decomposed the Si2p
peaks [Figs. 7(b) and 8(b)] into five components (Si, Sit*, Si?*, Si**, and SiO,) using the
least-squares method. The results for samples (a) and (b) are shown in Figs. 9(a) and 9(b),
respectively. Fig. 9(a) shows that the Si2p peak can be fitted by the SiO, curve alone,

suggesting that the resulting film in sample (a) was silicon dioxide (SiO2). By contrast,
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Fig. 9(b) shows that sample (b) contained Si, Si'*, Si?*, Si**, and SiO, peaks. The O
concentration of sample (b) could be evaluated using the formula reported in a literature

[32] and we found that sample (b) was SiO1 3s.

Fig. 7(c) shows that sample (a) contained almost no carbon atoms. Although fragment
ions produced from HMDSO by the electron impact ionization have been reported [33,
34], fragments produced from HMDSO in the present experimental conditions have not
been identified yet. However, we speculate as follows: Firstly, the HMDSO sprayed was
adsorbed on the substrate. O" ion beams were injected to the substrate, and the kinetic
energy of the injected O" ions caused the dissociation of HMDSO. On the other hand, the
bond energy of Si-C in the HMDSO molecule was much smaller than that of Si-O and C-
H bonds, suggesting that Si-C bonds were preferentially broken by the ion beam injection.
Therefore, fragments such as SiOSi and CH3 seem to be produced by the dissociation of
HMDSO. We suppose that fragments such as SiOSi were oxidized by injecting O ions
and remained on the substrate. Fragments such as CH3s were also oxidized by O" ions

through the reaction between C and O atoms [35] and then released from the substrate.

Fig. 6 shows that when HMDSO was supplied to a substrate together with 100 eV SiO™*
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ion injections, the film thickness was increased when compared with that obtained by the
100 eV SiO" ion injection alone. Therefore, the resulting film was formed by the SiO*
ions injected to the substrate in addition to HMDSO molecules sprayed to the substrate.
Fig. 8(c), however, shows that sample (b) contained a relatively large amount of carbon
atoms (12 atomic%). The bond energy of Si-O was much smaller than that of the injecting
SiO" ion energy (100 V). Thus, it seems likely that the Si-O bond of the injected ions
was broken by the collision between the injected SiO™ ion and the substrate. The injecting
energy of 100 eV was distributed to the constituent atoms. The energies of Si and O atoms
were evaluated to be 64 and 36 eV, respectively. In this energy range (64 and 36 eV), the
ability of injected Si and O atoms to decompose the HMDSO molecule seems to be low
when compared with that of 100 eV O ion beams. Therefore, we suppose that the
dissociation of HMDSO molecule by the ion beam injection was insufficient in the SiO*

ion case and that then the resulting film contained carbon atoms.

We attempted to obtain FTIR spectra of films using the FT/IR-410 (Jasco) instrument.
However, the film deposited on the QCM substrate was not suitable for FTIR because
infrared radiation did not penetrate the QCM substrate. Therefore, a Si substrate was used

instead of the QCM substrate. The experimental parameters were similar to those in the
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experiments using the QCM substrate. FTIR spectra of films formed on Si substrates
following the injection of (a) 100 eV O" and (b) 100 eV SiO" ion beams in conjunction
with HMDSO were shown in Figs. 10(a) and 10(b), respectively. Figs. 10(a) and 10(b)
show that both spectra (a) and (b) have two peaks corresponding to the Si-O-Si stretching
mode and the Si-O bending mode, suggesting that the obtained films were silicon oxides.
It is noted that peaks around 1500 cm™ in Figs. 10(a) and 10(b) were attributed to water

in the ambient air inside the measurement chamber of the FT/IR-410 instrument.

In this study, we found that the 100 eV O™ or SiO" ion beam irradiation in the presence of
HMDSO promoted the silicon oxide film formation. In the case of 200 eV ion beam
irradiations, the obtained film thickness was thinner than that of the 100 eV case (Figs. 5
and 6). Although the reason for this has not been identified yet, we suppose that the
depositing silicon oxide films were sputtered by injecting 200 eV ions. Unfortunately, we
could not find any previous papers reporting the sputtering yields of silicon oxides
following the O" or SiO" ion injections. On the other hand, it has been reported that the
sputtering of various materials [36] and silicon oxide films [37] by injecting Ar" ions
increased when the injected ion energy was more than 200 eV. Although the injected ions

were not Ar' in this study, the finding that the film thickness in the 200 eV case was
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thinner than that in the 100 eV case seems to be ascribed to this sputtering effect of

injecting ions.

In the present study, we found that silicon dioxide films could be formed when a substrate
was irradiated with the 100 eV O ion beam in conjunction with HMDSO. Many studies
concerning to silicon oxide depositions using HMDSO have been reported [ 10-20]. Those
studies showed that the atomic concentration of Si, O, and C atoms in the silicon oxides
obtained depended on the experimental parameters. Therefore, the authors of those
previous studies had to optimize the experimental parameters to reduce the carbon
concentration in the film. By contrast, almost no carbon atoms were found included in

sample (a) without such a troublesome optimization process.

The deposition rates of silicon oxide films were low in this study. Our ion beam machine
was not specifically prepared for film formation experiments but for fundamental
investigations of the ion beam effects on various materials. The ion beam intensity was
relatively low. In addition, our ion beam machine was not designed for introducing source
materials into the process chamber. In this study, we injected only a small amount of

HMDSO into the process chamber. For the silicon oxide deposition using the method

17



presented in this study, it seems to be required to employ other ion beam machines which
are capable of introducing both strong ion beam and a large amount of HMDSO into the

process chamber.

4. Conclusion

In this study, we conducted an experiment in which HMDSO was sprayed onto a substrate
and the substrate was also simultaneously irradiated with O" or SiO" ions. We found that
a film was deposited by the O" or SiO" ion beam injections in conjunction with HMDSO.
We also found that the ion energy at which the film thickness obtained was maximal was

100 eV for both O™ and SiO" cases.

Firstly, 100 eV O" ion beams were injected to a substrate while HMDSO was
simultaneously sprayed to the substrate. The XPS spectra of the deposited film indicated
that the film was silicon dioxide (SiO2). The Cls spectrum of the film showed that the
film contained almost no carbon atoms. Then, 100 eV SiO" ion beams were injected to a
substrate while HMDSO was simultaneously sprayed to the substrate. The XPS spectra

of the deposited film indicated that the film was silicon oxide (Si01 35). The Cls spectrum
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of the film suggested that the film contained a relatively large amount of carbon atoms

(12 atomic%).

In conclusion, we confirmed that the 100 eV O™ ion beam induced deposition using

HMDSO is useful for the silicon dioxide film formation.
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Figure captions

Fig. 1
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A schematic drawing of the process chamber in our ion beam experiments.

Fig. 2

Mass spectra in (a) O" and (b) SiO" ion beam experiments.

Fig. 3

Energy spectra of O" ion beams in (a) 50, (b) 100, and (c) 200 eV cases.

Fig. 4

Energy spectra of SiO" ion beams in (a) 50, (b) 100, and (c) 200 eV cases.

Fig. 5
The dependence of film thickness on injecting O" ion energy levels. The films were
obtained following the injection of O ion beams to a quartz crystal microbalance

substrate in conjunction with hexamethyldisiloxane.

Fig. 6

closed circles: The dependence of film thickness on injecting SiO™ ion energy levels. The
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films were obtained by the injection of SiO" ion beams to a quartz crystal microbalance
substrate in conjunction with hexamethyldisiloxane.
closed triangles: The dependence of film thickness on injecting SiO" ion energy levels.

The films were obtained by the injection of SiO" ion beams alone.

Fig. 7
(a) Ols, (b) Si2p and (c¢) Cls X-ray photoelectron spectroscopy spectra of a film obtained
by injecting 100 eV O' ion beams to a quartz crystal microbalance substrate in

conjunction with hexamethyldisiloxane.

Fig. 8
(@) Ols, (b) Si2p, and (c) Cls X-ray photoelectron spectroscopy spectra of a film
obtained by injecting 100 eV SiO" ion beams to a quartz crystal microbalance

substrate in conjunction with hexamethyldisiloxane.

Fig. 9
The curve fitting of the Si2p peak using the least-squares fitting method. (a) The Si2p

spectrum of a film, obtained following the injection of 100 ¢V O" ion beams to a quartz
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crystal microbalance substrate in conjunction with hexamethyldisiloxane, is shown by
closed circles. The solid line is the fitted curve (SiO) to the Si2p peak. (b) The Si2p
spectrum of a film, obtained following the injection of 100 eV SiO" ion beams to a quartz
crystal microbalance substrate in conjunction with hexamethyldisiloxane, is shown by
closed circles. The dashed line is the fitted curve to the Si2p peak. Five components (Si,

Si'*, Si**, Si**, and SiO2) decomposed from the Si2p peak are shown by solid lines.

Fig. 10
Fourier transform infrared spectra of films formed on Si substrates following the injection
of (a) 100 eV O' and (b) 100 eV SiO" ion beams in conjunction with

hexamethyldisiloxane.
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