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Surface characterization of the SiOx films
prepared by a remote atmospheric pressure
plasma jet
Chun Huang,∗ Chi-Hung Liu and Shin-Yi Wu

The deposition rate and surface properties of SiOx films were prepared and investigated using remote atmospheric pressure
plasma (APP) jet. The APP, generated with low frequency power at 16 kHz, was fed with tetraethoxysilane (TEOS)/air gas mixture.
After deposition, the SiOx films were analyzed for chemical characteristics, elemental composition, surface morphology, and
hardness. It was found that the deposition substrate temperature is the key factor to affect the deposition rate of remote
APP chemical vapor deposition process. Fourier transform infrared (FTIR) spectra indicated that APP deposited SiOx films are
an inorganic feature. XPS examination revealed that the SiOx films contained approximately 30% silicon, 58% oxygen and
12% carbon. Atomic forced microscopy (AFM) analysis results indicated a smooth surface of SiOx films in deposition under
higher substrate temperature. Also, pencil hardness tests indicated that the hardness of APP deposited SiOx films was greatly
improved with increasing substrate temperatures. Copyright c© 2008 John Wiley & Sons, Ltd.

Keywords: atmospheric pressure plasma; thin film; silicon oxide; surface characteristics

Introduction

Atmospheric pressure plasma (APP) is a promising technique for
deposition of thin films. This technique consists of feeding organic
monomer into plasma glow discharge and chemically depositing
organic/inorganic materials onto various substrate surfaces.[1 – 5]

To date, most of the research efforts in APP deposition have
been focusing on increasing plasma dimension or extending
discharge gap between the electrodes in order to make the
plasma sources more suitable to practical applications.[6] Recently,
we have designed and developed a new APP jet system that can
be used to prepare SiOx films with remote plasma deposition
mode. Deposition of SiOx films using an APP jet simultaneously
achieves such advantages as the film structures are kept relatively
constant and at low temperatures for coating processing. The
formation of APP deposited films and the detailed surface
characterization of these films are particularly attractive for the
researchers due to the existence of a greater number of chemical
species in the surfaces of plasma deposited films. In this context,
surface characterization of APP deposited films provides valuable
information for understanding the various deposition phenomena
that govern the APP chemical vapor deposition process. However,
there is no such study in the case of SiOx films deposited by remote
APP jet. Therefore, such a study would be of great significance.

The aim of this study is to find the correlations between
the surface characteristics of the APP deposited SiOx films and
plasma process parameters. The influence of process parameters
on the characteristics of SiOx films deposited in tetraethoxysilane
(TEOS)/air plasma at atmospheric pressure was studied. Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy,
XPS, and atomic forced microscopy (AFM) were employed to
understand the surface characteristics of the plasma deposited
films. Furthermore, the relationship between the atomic oxygen
to silicon ratio (the O/Si ratio) and the porosity of the SiOx films
were also studied.

Experimental

Atmospheric pressure plasma deposition system

SiOx films were deposited by an APP jet system as shown in Fig. 1.
This system contains a discharge chamber with a proprietary
design. An electrical field was applied to the two electrodes
located inside the chamber to ignite the plasma glow discharge by
a 16-kHz AC power supply. Silicon wafers were used as substrates
precleaned ultrasonically in deionized water for 5 min to remove
surface contamination. The high speed gas flow rate air (30 slm)
was introduced from the upside of the plasma system and passed
through the discharge chamber as the ionization gas. Argon gas
was used as carrying gas bubbling through precursor reservoir
with flow rate fixed at 1 slm. TEOS monomer was introduced into
the precursor reservoir with the temperature maintained at 150 ◦C.
The monomer gas flow rate was kept at 5 g/h as monitored by a
liquid mass flow controller. The distance of nozzle-to-sample was
fixed at 20 mm. The applied plasma power, stage moving velocity,
and deposition cycle time were set at 555 W, 100 mm/s, and 5
times, respectively.

Film characterization and analysis

The thickness of the APP deposited SiOx film was measured
using the optical thin-film thickness detector at wavelength of
632.8 nm. The chemical structures of the plasma deposited SiOx

films deposited were characterized by a FTIR spectrometer (Perkin-
Elmer LX 20 000G). Each spectrum was obtained from an average
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Figure 1. Schematic diagram of the APP jet deposition system. This figure
is available in colour online at www.interscience.wiley.com/journal/sia.

of 32 scans in the range of 400–4000 cm−1 at a resolution of
4 cm−1. The SiOx structural changes were investigated by Raman
spectroscopy (for Si–Si bonds). The Raman investigations were
performed with RENISHOW which is integrated with an Olympus
BX40 microscope. The surface composition of APP deposited SiOx

films was investigated by XPS with Mg Kα source (1253.6 eV). The
surface morphology and roughness of the plasma deposited SiOx

film were examined by AFM. The hardness of APP deposited SiOx

film was determined by pencil test (loading 500 g) according to
ASTM D3363-05 and the scratch samples were examined with an
optical microscope. The pencil hardness of APP deposited SiOx

films were ranging from 9H to 6B (hard to soft).

Results and Discussion

Substrate temperature dependence of the deposition process

The dependence of the APP deposited SiOx film growth rate
on deposition substrate temperature is shown in Fig. 2. It was
found that the thickness of plasma deposited SiOx film drastically
decreases with increasing deposition substrate temperature. This
finding is possibly because of the decreasing sticking coefficient of
deposition with the increasing substrate temperature.[7] In other
words, the major part of film growth rate-controlling step is the
adsorption of depositing plasma species in APP. Moreover, this
result is consistent with several researches[8,9] that state that the
substrate temperature plays a significant role in APP deposition
process.

Chemical structure of the deposited SiOx films

The chemical composition and structure of APP deposited SiOx

films were evaluated by FTIR. Figure 3 shows the FTIR spectra of
APP deposited SiOx film obtained at different deposition substrate
temperatures. The main features of the spectrum including several
chemical groups are:[10 – 12] a peak in the region of 801–845 cm−1
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Figure 2. Thickness of SiOx film as a function of substrate temperature.
(Nozzle-to-sample distance was fixed at 20 mm). This figure is available in
colour online at www.interscience.wiley.com/journal/sia.
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Figure 3. FTIR spectra of SiOx films obtained under various sub-
strate temperatures. This figure is available in colour online at
www.interscience.wiley.com/journal/sia.

corresponding to SiRx (R represents methyl group); a peak in the
region of 980–1230 cm−1 corresponding to Si–O–Si; a weaker
peak absorbance at 1700–1850 cm−1 corresponding to either
C C or C O and a peak in the region of 3000–3600 cm−1 assign
to OH groups. It should be noted that obvious peaks are detected at
2900 cm−1 and 3000–3600 cm−1 due to C–H and C O stretching
vibrations. The OH peaks of APP deposited SiOx film could be due
to OH groups formed from the remote APP interaction with
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Figure 4. Raman spectra of SiOx films obtained under various sub-
strate temperatures. This figure is available in colour online at
www.interscience.wiley.com/journal/sia.

moisture of ambient air. Furthermore, the strongest intensity of
Si–O–Si absorption peak obtained at lower deposition substrate
temperature (room temperature) was observed in Fig. 3. This result
implies that reasonably more Si–O–Si groups formed in APP
chemical vapor deposition process at lower deposition substrate
temperature. Consequently, Si–O–Si groups are indicated as the
major groups in the decomposition of TEOS and air mixture in APP
chemical vapor deposition process, and a relatively high inorganic
characteristic was detected by FTIR analysis.

The evolution of the Si–Si bonds could be investigated by
Raman spectroscopy. Figure 4 illustrates the Raman spectra of
APP deposited SiOx films. As can be seen in Fig. 4, the Raman
peaks at 520 cm−1 is crystalline silicon on APP deposited SiOx

films.[13,14] Increasing the deposition substrate temperature, the
peak centered at 520 cm−1 decreased in intensity. Qualitatively,
this means that the amount of Si–Si bonds has been decreased
by thermal decomposition. Corroborating this result with those
from the FTIR analysis, the intensity of Si–O–Si absorption
peak drastically decreased with increasing deposition substrate
temperature. Decreasing the thermal energy delivered to the
material, more oxygen-rich and silicon-rich materials have been
detected.

Table 1 represents the atomic percentages of the silicon,
oxygen, carbon, and nitrogen present in the APP deposited SiOx

films. The APP deposited SiOx films comprised of 28.8–31.9 at.

% silicon, 59.7–59.9 at. % oxygen, and 11.3–7.8 at. % carbon,
with substrate temperature changing from 25 to 250 ◦C. The
presence of carbon in the film is believed to be due to incomplete
decomposition of the TEOS precursor. The ratio of the shoulder
area of Si–O stretching mode (between 1140 and 1160 cm−1)
to the primary peak area (between 1070 and 1080 cm−1) from
the FTIR spectra has been correlated with the porosity degree
of SiOx film[9] and the estimation result is shown in Table 1. It
was found that the film with higher porosity degree and C/O
ratio was obtained at lower deposition substrate temperature
(e.g. 25 ◦C). These results suggested that the TEOS monomer
rapidly penetrated through afterglow region of APP (downstream
process) and could be dissociated by electron impact and
penning dissociation. The dissociated TEOS monomer formed
the porous plasma deposited film structure at low deposition
substrate temperature. In contrast, the dense as-deposited film was
formed by thermal decomposition at high deposition substrate
temperature. In addition, the C–C (3.8 eV) band energy is much
lower than Si–O band energy (5.0 eV),[15] the C–C on the
as-deposited film surface is more easily broken with thermal
decomposition. This could be the major reason of the few carbon
atoms and lower porosity degree of APP deposited SiOx film can
be obtained under higher deposition substrate temperature. The
trends reported in Fig. 3 are consistent with this assumption,
where we can note the obvious SiOx characteristic in FTIR
analysis. In addition, the hardness of APP deposited SiOx film
improved from HB to 8H from pencil hardness method as shown
in Table 1.

Surface morphology of atmospheric pressure plasma
deposited film

AFM analyses were used to examine the surface morphologies
of APP deposited SiOx films. The vertical view of the films
in Fig. 5 shows that APP SiOx films obtained had a smooth
and continuous surface under higher deposition substrate
temperatures. It was also noticed that the surface of the APP
deposited SiOx film at lower deposition substrate temperatures
was relatively rough, and suggested that they could be bombarded
by higher energy particles. Figure 6 shows the surface roughness
of the APP deposited SiOx films taken at different deposition
substrate temperatures. The surface roughness of the APP
deposited SiOx films was calculated as a root mean square
value from the AFM analysis results by taking account of a
measured area of 10 × 10 µm2. With increasing deposition
substrate temperatures, the trend of the surface roughness
decreased.

Table 1. Elemental composition obtained by XPS analysis and porosity of SiOx film under various substrate temperatures

Parametera Porosityb C (%) N (%) Si (%) O (%) C/O ratio O/Si ratio
Pencil

hardness

25 ◦C 1.15 11.3 0.2 28.8 59.7 0.19 2.07 HB

50 ◦C 0.59 11.0 0.2 30.0 58.8 0.19 1.96 B

100 ◦C – 12.5 0.2 30.3 57.0 0.22 1.88 1H

150 ◦C 0.60 15.7 0.3 28.7 55.3 0.28 1.93 2H

200 ◦C – 12.6 0.4 28.1 58.9 0.21 2.10 8H

250 ◦C 0.51 7.8 0.4 31.9 59.9 0.13 1.88 8H

a The nozzle-to-sample was kept at 20 mm.
b Porosity of SiOx film is calculated from the shoulder area of Si–O stretching mode (between 1140 and 1160 cm−1) to the primary peak area (between
1070 and 1080 cm−1) by FTIR analysis.
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Figure 5. AFM images of SiOx films obtained under various substrate temperatures. (a) 25 ◦C; (b) 50 ◦C; (c) 150 ◦C; (d) 250 ◦C (scan range: 10 µm × 10 µm).
This figure is available in colour online at www.interscience.wiley.com/journal/sia.
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Figure 6. Roughness of SiOx film deposited as a function of substrate
temperature.

Conclusion

Our investigation showed the possibility to deposit SiOx thin
films by using a remote plasma chemical vapor deposition at

atmospheric pressure. The chemical characteristics of the APP
deposited SiOx thin films were investigated by FTIR spectroscopy.
The significant bands corresponding to the Si–O–Si groups
were detected. The influence of the operational conditions
on the properties of SiOx thin films was investigated. It was
found that especially deposition substrate temperature is very
crucial with regard to the resulting film properties. From FTIR
measurements, it could be concluded that the films deposited at
low deposition substrate temperature contain methylsilyl groups
indicating an incomplete reaction of the precursor material. Raman
spectra showed that the crystalline fraction of Si film decreased
with increasing deposition substrate temperature. Through XPS
analysis, it was shown that the large reduction in porosity degree
and C/O ratio is due to the increasing deposition substrate
temperature. AFM results elucidated that the surface roughness
decreases with increasing deposition substrate temperature.
Consequently, it was found that the SiOx film properties including
film growth thickness, chemical composition, surface roughness
and hardness were all dependent on the deposition substrate
temperature.
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