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Thin oxide films are deposited from tetramethoxysilane (TMOS) with some addition of O2 (or N2O) gas in
inductively coupled plasma (ICP) discharges supplied with radio frequency power. The effects of various
deposition parameters such as O2 (or N2O) partial pressure ratio, ICP power, and gas pressure on the
growth characteristics and properties of the deposited films are investigated. The chemical bonding
states of deposited films are analyzed by Fourier transform infrared spectroscopy, and the deposition rate
and optical properties are determined from in-situ ellipsometry. For the TMOS=O2 case, the deposition
rate increases with increasing ICP power. Larger oxygen partial pressure ratio decreases the deposition
rate. For the TMOS=N2O case, higher N2O fraction results in a decrease in nitrogen content in the gas-
phase and in the deposited films, thereby decreasing the refractive index. As the gas pressure increases,
the deposition rate increases first and saturates later. Capacitance–voltage measurements are performed
in MOS capacitors to obtain the electrical properties of the deposited films. The interface trap density is
observed to decrease with increasing ICP power.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction govern the deposition mechanism and the composition and prop-
Silicon dioxide is one of the most widely used thin films as
interlayer dielectric in integrated circuits and microelectronics de-
vices. When the substrate materials have poor heat resistance, it is
necessary to deposit silicon oxide at low temperature. Plasma en-
hanced chemical vapor deposition (PECVD) allows deposition of
good-quality films at low substrate temperature.

Although silane has been widely employed as a silicon precur-
sor, organosilicon sources such as TMOS (tetramethoxysilane:
SiðOCH3Þ4) [1], TEOS (tetraethoxysilane) [2], TMS (tetramethylsil-
ane) [3], HMDS (hexamethyldisilazane) [4], and HMDSO (hexame-
thyldisiloxane) [5] deposited with an oxidizer such as oxygen are
used increasingly because they result in the conformal thin films
and allow the deposition of a large variety of materials. Using
low TEOS=O2 flow ratio, high quality films could be deposited by
PECVD at room temperature [6]. PECVD of silicon dioxide from
organosilicon sources and oxygen plasma has been extensively
investigated [1–10]. The primary issues have been how process
conditions such as silicon precursor dilution, pressure, and power
ll rights reserved.
erties of the deposited films.
In previous papers [11,12], we confined our efforts to finding

some advantages of TMOS as a precursor for good-quality silicon
oxide films over other precursors such as TEOS, HMDSO, or silane
gas. We investigated the effects of parameters such as source RF
power, substrate bias power, oxygen partial pressure, and total
pressure on the deposition rate and on the chemical bonding states
of SiO2 thin films deposited from TMOS=O2 in an inductively cou-
pled RF plasma. The plasma was also characterized by using Lang-
muir probe and optical emission spectroscopy, and the correlation
between the film properties and the plasma characteristics were
explained [11].

Recently, nitrogen-incorporated silicon oxide thin films have at-
tracted attentions since they are good candidates for gate dielectric
material and for optical waveguides for micromechanical systems.
Our study has been extended to nitrogen-incorporated silicon
oxide thin films deposited by PECVD from the gas mixture of
TMOS=N2O [13,14].

In this study, we report some improvements in the deposition of
silicon oxide films utilizing the mixtures of TMOS=O2 or TMOS=N2O.
In particular, we investigate in detail the effects of various deposi-
tion parameters such as partial pressure ratio of O2 (or N2O), source
RF power, and gas pressure on the deposition rate and the properties
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of the deposited films. The optical properties of the deposited
films are characterized by the refractive index measurements using
in-situ ellipsomety. The characterization of the SiO2 layers are also
performed by ex-situ Fourier transform infrared spectroscopy (FTIR).
In this study, optical emission spectroscopy (OES) is used to investi-
gate the gas-phase chemistry in the deposition process. The precur-
sor decomposition produces a larger number of atoms and simple
molecules which contribute significantly to the determination of
film properties [15]. The intensities of light emission from molecules
and radicals in the plasma are measured by OES. Especially, the var-
iation of the light intensities from N and C atoms with varying N2O
fraction is examined to correlate with film property. The electrical
properties of the silicon dioxide film and SiO2/Si interface are inves-
tigated using capacitance–voltage (C–V) measurements.
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Fig. 1. (a) Thickness of the films during the deposition time of 5 min versus O2

partial pressure ratio for different applied ICP powers, (b) refractive index versus O2

partial pressure ratio for different applied ICP powers.
2. Experiment

The PECVD reactor utilizes an inductively coupled plasma (ICP)
source operating at 13.56 MHz to sustain low-pressure (1–
50 mTorr) high-density plasmas. The inductively coupled plasma
yields a high degree of ionization and significant decomposition
of the precursor. The gas flow of TMOS, O2, and N2O, regulated
by mass flow controllers (AFC 50), are introduced downstream
from the plasma about 10 cm above the substrate. Films are depos-
ited on p-type Si (100) substrate at room temperature.

The plasma chamber consists of a stainless-steel cylinder with
28 cm diameter and 34 cm length. A 1.9-cm-thick by 27-cm-diam
tempered glass plate mounted on one end separates the planar
one-turn induction coil from the plasma. The induction coil is
made of copper (with water-cooling) and connected to an L-type
capacitive matching network and a RF power generator (ENI
OEM-12). To control the ion bombardment energy, the electrode
on which the substrate is placed can be independently driven by
a capacitively coupled RF source. Hence independent control of
the ion/radical flux (through the ICP power) and the ion bombard-
ment energy (through the substrate bias power) is possible.

The partial pressures of the organosilicon compound (TMOS) and
O2 (or N2O) are controlled by mass flow controllers. The total pres-
sure is fixed at 10 mTorr if not otherwise mentioned. The ICP power
is varied from 100 to 500 W (1000 W for the TMOS=N2O case) and
the substrate bias power is not applied. Deposition studies are car-
ried out as functions of ICP power, gas pressure, and partial pressure
ratios of O2 (or N2O). The ellipsometry measurements using the
in-situ ellipsometer (Elli-situ 2000, Ellipso Tech) operating at He–
Ne laser wavelength (632.8 nm) are performed to obtain the thick-
ness and refractive index of the films. Incidence and outlet angles
both are 70�. The deposition rate is determined from the ratio of
the film thickness to the deposition time. The chemical bonding
states of deposited films are analyzed by FTIR (BIO RAD Excalibur).
The light intensities of emissive molecules and radicals in the plas-
ma are collected by an optical fiber, that is coupled to multi-channel
spectrometer (OPC-2000, Optel-Precision). Light emission from
glow discharge is detected through a home-made optical probe dur-
ing deposition in the wavelength range of 300–900 nm with a reso-
lution of 1 nm. The dependence of the emission intensities on the
process parameters is investigated. High frequency capacitance–
voltage (C–V) measurements are performed using a probe con-
nected to a computer controlled capacitance-meter (Keithley 590).
The C–V samples are prepared in the way that thermally evaporated
Al is used for the Si back electrode and as the capacitor electrode.
3. Results and discussion

Fig. 1a shows the thickness of the films during the deposition
time of 5 min as functions of O2 partial pressure ratio and applied
ICP power for the TMOS=O2 case. The pressure is kept constant at
10 mTorr. As the O2 partial pressure ratio increases, the deposition
rate decreases.

It has been known that either electron impact processes or
atomic oxygen processes control the deposition rate [1,6,7]. As
the O2 partial pressure ratio increases, the frequencies of the elec-
tron impact dissociation of TMOS and its reaction with atomic oxy-
gen are decreased. It has been established that electrons have a key
role in TEOS fragmentation while the contribution of O is shown to
be very weak [16]. The films are etched by O atoms. The etching
rate is proportional to the density of O atom and is of the same or-
der of magnitude as the deposition rate, which demonstrates that
deposition and etching really compete in O2=TEOS plasma [16].

The deposition mechanism from TMOS can be explained in a
similar fashion to that from TEOS. The TMOS molecules are almost
completely broken into small radicals in the plasma [7,8]. The
Si–O–Si network is formed from the surface reactions of these frag-
ments. The deposition occurs through an ion-assisted and an oxy-
gen atom initiated pathways [17]. The deposition rate depends on
a sum of oxygen atom induced and oxygen ion-assisted pathways.

Starting from the TMOS only case (O2 partial pressure ratio = 0),
the film thickness (thus deposition rate) decreases with increasing
oxygen partial pressure ratio. The role of oxygen atom is generally
assumed to be involved in TMOS dissociation in the gas-phase and
to be responsible for the elimination (etching) of C and H atoms
from the growing films [18].

In the case of high O2 partial pressure ratio, the deposition rate
is limited by the availability of TMOS and the etching reaction of O
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atoms, while in the case of low O2 partial pressure ratio, the surface
is covered with the fragments of TMOS and the deposition rate is
limited by the availability of O atoms. A similar trend is found in
the case of HMDSO where the deposition rate depends linearly
on the HMDSO concentration [19]. Note that deposition rate
achieved in this study is comparable to that obtained in microwave
plasma reactors [20].

The maximum deposition rate of SiO2 is about 700 _A/min, quite
high for room temperature depositions. The figure also indicates
the effect of ICP power on the deposition rate. As the applied ICP
power increases, the deposition rate increases since the frequency
of the electron impact dissociation of TMOS is increased. A linear
increase in the deposition rate with increasing ICP power is ob-
served except at the higher O2 pressure ratios of 60% and 80%. This
may be explained by the increase in the active reaction species due
to high dissociation frequency [21].

Fig. 1b shows the variation of refractive index of the deposited
film for several values of O2 partial pressure ratio and applied ICP
power. It is observed that the refractive indices, which range from
1.34 to 1.50, do not have explicit dependence on the ICP power and
O2 partial pressure ratio. At the O 2 partial pressure ratio of 0.2, the
refractive index is a little higher than that of thermal SiO2

n ’ 1:456Þ. For lower oxygen fraction in the gas, the refractive in-
dex may increase due to incorporation of carbon species [22,23].

It was previously shown in different PECVD reactors that the
refractive index decreased with increasing oxygen concentration
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Fig. 2. FTIR transmission spectra for the films deposited at various oxygen partial pressu
Pp ¼ 400 W; p ¼ 10 mTorr.
at a fixed flow rate of precursor molecules [3,24]. The refractive in-
dex of a thin film depends on the composition, chemical bonding,
and densification of the film in a very complex manner. In an
inductively coupled CVD reactor, the ion bombardment on the film
is determined by the difference between plasma and floating po-
tential, which depends on the electron temperature. The electron
temperature is not simply dependent on the applied ICP power,
therefore, one should not expect an increase of densification of
the films with the applied power [25]. Although the deposition rate
is expected to increase with the applied power as seen in Fig. 1a,
the effects of the ICP power on the refractive index do not exhibit
such a consistent tendency. Generally speaking, the abundance of
carbon, oxygen, and nitrogen atoms (and hydrogen atom some-
times) in the film contribute to the determination of the refractive
index [3,26]. We can attribute the decrease of the refractive index
to the incorporation of more oxygen in the film. The variation of
refractive index of the deposited film with O2 pressure ratio has
a similar tendency to the results of our previous work on the depo-
sition using the mixture of TMOS/O2 [12]. But, more thorough anal-
ysis may be needed to give the physical explanations on the
variation of refractive index.

Fig. 2 shows FTIR spectra of films deposited at various ICP pow-
ers and oxygen partial pressure ratios for the TMOS=O2 case. The
gas pressure is fixed at 10 mTorr. The spectra exhibit absorption
peaks corresponding to Si–O–Si stretching at 1059 cm�1, Si–O–Si
deformation at 806 cm�1, Si–OH stretching at 926 cm�1. The spec-
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Fig. 3. FTIR spectra of the films deposited at various ICP powers for the TMOS=N2O
case: (a) Pp ¼ 300 W, (b) Pp ¼ 500 W, and (c) Pp ¼ 1000 W.
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tra show a quite strong dependence on the ICP power and the oxy-
gen partial pressure ratio. It is observed that as the ICP power is in-
creased the Si–OH peak decreases. The OH elimination is achieved
due to the temperature increase of the substrate at higher ICP
power. As the oxygen partial pressure ratio is increased, the Si–
O–Si peaks increases, and the Si–OH peak decreases. Thus, it can
be stated that the density of the Si–O–Si bonding group increases
with increasing ICP power and with increasing the oxygen partial
pressure ratio. A similar trend was observed in our previous works
[11,12] and in the O2=TEOS case [27]. The remaining Si–OH bands
in the deposited film are due to the low substrate temperature.
This residual Si–OH bands reduces the electrical resistivity and de-
grade the mechanical properties.

Fig. 3 shows FTIR spectra of films deposited at various values of
ICP power for the TMOS/N2O case. The gas pressure is fixed at
10 mTorr. The samples are numbered from T1 (pTMOS:pN2O = 1:9)
to T9 (pTMOS:pN2O = 9:1). The spectra were obtained from films with
the same thickness (200 nm). The spectra exhibit absorption peaks
corresponding to Si–O–Si stretching band at 1045–1075 cm�1, Si–
N stretching at 960 cm�1, Si–O–Si bending at 810 cm�1, Si–O–Si
rocking mode at 460 cm�1 [28–30]. The broad peak at
1000� 1100 cm�1 corresponds not only to Si–O–Si, but also Si–
O–C and even Si–C–Si [31]. The absorption band 850–1000 cm�1,
which can be attributed to the formation of nitrogen-incorporated
oxide become dominant as the TMOS fraction increases (T7,T9). As
the N2O fraction decreases, the absorption bands at 1000–
1100 cm�1 are broadened and shifted to lower wavenumbers
(T7,T9) [32,33]. In addition, there are also Si–NH bending mode
and Si–N bending mode evident at 1175 and 475 cm�1, respec-
tively. The peaks of Si–N bending and Si–NH bending modes indi-
cates that the deposited films incorporate higher amount of
nitrogen atoms at the ICP power of 500 W.

Fig. 4 shows the optical emission spectra of the TMOS=N2O plas-
mas with various mixing ratios. The dominant peaks are N2 molec-
ular peaks (715.6, 442, 446, and 463 nm), C atom peak (578.8 nm),
N atom peak (502.5 nm), CH (431 nm), C2 (516 nm), Nþ2 (479 nm).
H (433 nm) peaks. Besides, there are peaks of H (656 nm) which
seems to be superposed to the emission due to the first positive
system of nitrogen molecule and NII (660 nm), NV (671.8 nm), NV

(685–688 nm). Although not shown in the figure, it is found that
all signal peaks in the spectra increase monotonically with an in-
crease in the ICP power. This confirms that as the ICP power in-
creases, the frequency of the electron impact dissociation of
TMOS is increased.

The optical emission spectra exhibit quite a big difference from
those for the TMOS=O2 discharges in which the emission spectra is
dominated by the emission lines due to H, OH, C2, CH, O and O2

[11]. With the addition of N2O gas, the spectra exhibit characteris-
tics typical to N2 discharges. This tendency is significant especially
for the higher N2O fraction. The emission characteristics typical to
N2 discharges disappears with increasing the TMOS fraction. How-
ever, it should be noted that the emission from N atom (502.5 nm)
gets larger with increasing the TMOS fraction.

Fig. 5a shows the evolution of the peak emission intensity of C
(578.8 nm) and NII (502.5 nm) from carbon and nitrogen atom as a
function of the TMOS=N2O pressure ratio. The parameter R is de-
fined as the ratio of partial pressure of the TMOS gas to the N2O
gas (i.e. R ¼ pTMOS=pN2O). The N peak increases with R while the
C peak exhibits insignificant change. Since the actinometry mea-
surement is not performed in this work, it is difficult to assume
that the intensity of the emitted light is proportional to the den-
sity of ground state species. However, the excitation cross sections
and the threshold values of these atoms are not quite different,
and thus it may be stated that the intensity of emitted light can
provide some clue on the evolution of atomic abundance in the
plasma.
In a previous study, [14], the composition of the films were esti-
mated by using an X-ray photoelectron spectroscopy and the result
is shown again in Fig. 5b. The atomic concentrations of N and C
atoms in the film increase with R. The refractive index was found
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to increase with R [14]. Therefore, the increase in the N atom con-
tent contributes to the increase in the refractive index of the
deposited film.

Fig. 6 shows the effect of pressure on the deposition rate and the
refractive index of the deposited films. The deposition from the gas
mixture of TMOS=N2O is carried out at a pressure ratio of 8:2 and
at the ICP power of 500 W. The pressure is varied from 7 to
15 mTorr. As the pressure increases, the deposition rate increases
and saturates after reaching at a maximum of 840 _A=min.

The deposition pressure determines the mean free path of elec-
trons colliding with the gas molecules. As the gas pressure in-
creases, the residence time of gases at the deposition surface
increases and the deposition rate increases at the low-pressure re-
gion [34]. A recent modeling study of O2/organosilicon gas per-
formed by Yanguas-Gil et al. [35] indicates that the frequency of
the electron impact process decrease with pressure, and the fre-
quency of the reaction of precursor with atomic oxygen has a broad
maximum at a specific value of pressure. This might be related to
the behavior shown in Fig. 6.

A composite process parameter / was formulated as [36]

/ ¼WkT
pMf

; ð1Þ

where W is the discharge power, T is the gas temperature, p is
the total pressure, M is the monomer molecular mass, and f is
the gas flow rate. At a certain value of /, the conversion time
has a minimum and the fragmentation rate has a maximum. At
that point, the deposition rate has a maximum. This might be
why the deposition rate has a maximum at a specific value of
pressure in Fig. 6.

As can be seen in Fig. 6, the refractive index lies between 1.48
and 1.53. These values are little higher than that of thermal SiO2.
The refractive index increases with the gas pressure first, and then
decreases again. As the pressure increases, the reactions N2Oþ
O! 2NO, and NO + O!NO2 are expedited. This might cause the
nitrogen composition in the film to decrease with a further in-
crease of gas pressure, and the refractive index, which is propor-
tional to the nitrogen content in the film, has a maximum at a
specific value of pressure (here, p = 10 mTorr).

Fig. 7 shows the C–V curves of the silicon oxide films deposited
from the TMOS=O2 case at different ICP powers. In the previous
work [12], it was observed that the fixed oxide charge density de-
creased with increasing the oxygen gas fraction and with increas-
ing substrate bias power, while the interface trap density increased
with increasing the oxygen gas fraction and with increasing sub-
strate bias power. In this work, we investigate the effect of ICP
power on the C–V characteristics of the deposited film. The C–V
curves are shifted to negative voltage. A negative flat-band voltage
ðVfbÞ indicates the presence of positive charges in the oxide. These
positive charges are defects which are usually holes trapped at
oxygen vacancies [37]. The Vfb becomes more negative gate voltage
with increasing ICP power because increasing power leads to an in-
crease in oxygen vacancy defects. The fixed charge density ðQf Þ in-
creases with increasing ICP power.
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Capacitance–voltage stretch out allows us the qualitative dis-
cussion about the variation of Dit depending on ICP power [38].
The slope of the C–V curves gradually increases with the decreas-
ing ICP power, indicating the decrease in the interface trap density,
Dit [39]. Therefore, the results indicate that defects and/or contam-
inants are increased by increasing ICP power.
4. Conclusion

Plasma enhanced chemical vapor deposition of silicon dioxide
thin films using TMOS and O2 (or N2O) was investigated in an
inductively coupled RF discharge. The optical and electrical charac-
teristics of the deposited films have been studied with varying pro-
cess parameters. The process parameters such as partial pressure
ratios of O2 (or N2O), applied ICP power, and gas pressure has pro-
found effects on the deposition rate and the film properties. For the
TMOS=O2 mixture, the deposition rate increases with increasing
ICP power and with decreasing the oxygen partial pressure ratio.
The deposition rate of about 700 _A=min is achieved, quite high
for room temperature depositions. As the ICP power increases,
the SiOH fraction in the films reduces due to an increase in the
ion bombardment energy. From the C–V curves of the silicon oxide
films, the interface trap density is observed to decrease with
increasing ICP power. For the TMOS=N2O mixture, the optical emis-
sion spectra indicate that the N peak increases with decreasing the
N2O fraction while the C peak exhibits insignificant change. The
atomic composition and the refractive index of the deposited film
measured in the previous study supports the variation of the gas-
phase abundance of nitrogen atom with the TMOS fraction in the
gas mixture. Since the refractive index was found to increase with
increasing the TMOS fraction (decreasing the N2O fraction), it may
be stated that the increase in the N atom content in the deposited
film contributes to the increase in the refractive index. As the pres-
sure increases, the deposition rate increases and saturates after
reaching at a maximum value of 840 _A=min. The refractive index
increases first and then decreases again with increasing pressure.
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