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Atmospheric pressure plasma (APP) systems operate at atmospheric pressure and low temperatures, eliminating the need for
vacuum systems such as vacuum chambers and pumps. In this paper, we studied that silicon dioxide thin films were formed
at room temperature (25 oC) and 400 oC by APP processes on silicon wafers. A mixture of hexamethyldisilazane, oxygen,
helium, and argon was supplied to the plasma apparatus to form the SiO2 layer. It was observed that a heat insulating layer
having a thickness of about 22 nm at 25 oC and about 75 nm at 400 oC was formed. Although the surface was clean in samples
treated at 400 oC, small grains were observed in samples processed at room temperature. However, no void or defect in all
samples is observed inside the thin film from the surface. The physical property of the SiO2 thin film carried out by measuring
refractive index and density. The experimental refractive index of silicon dioxide grown by applying heat can be fitted to the
Sellmeier equation. Also, the film density of the sample at 400 oC using a XRR was observed to be 2.25 g/cm3, similar to that
of the glass, but that of the sample treated at room temp. was very low at 1.68 g/cm3. We also investigated the voltage-
dependent current change in the oxide material. The SiO2 layer coated at room temperature showed a breakdown electrical
field of 2.5 MV/cm, while oxides deposited at 400 oC showed a characteristic of 9.9 MV/cm.
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Introduction

Micro- or nano-scale materials such as metals, semi-
conductors, dielectrics or metal-dielectric film composites
have been applied to electronic device technology due
to their superior properties [1-6]. A dielectric thin film,
like silicon nitride, aluminum oxide, and silicon dioxide
(SiO2), have been applied to mass production during
the past few decades in electronic devices [7-10]. In
particular, SiO2 insulating layer is widely used interlayer
and intermetal dielectrics, because of its high resistivity
and its good adhesion to Si. The electrical resistivity of
this film is close to ideal bulk values [11, 12], and same
time it is stable and cost-effective.

Chemical vapor deposition (CVD) method is suitable
for depositing of an insulating layer on the conductive
and rough surface of steel, glass, and wafer due to its
satisfactorily uniform coverage and relatively low process
temperature [13-15]. Therefore, the CVD is one of the
most developed methods for depositing of SiO2 thin
film. In particular, the CVD technology affects the
properties of amorphous thin films such as band gap,
breakdown voltage, and surface morphology. Because

of these physical properties, it can be widely used as
an anti-   reflection coating or passivation layer in the
microelec- tronics industry. 

Atmospheric pressure plasma (APP), a gas ionized in
an atmospheric pressure atmosphere, is a technology
that can efficiently treat silicon wafer, metal, and glass
surfaces. Atmospheric plasma systems operate at
atmospheric pressure and low temperatures, eliminating
the need for vacuum systems such as vacuum chambers
and pumps [16, 17].

It is usually obtained when a gas is excited to a state of
energy through electrons in high frequency (rf), microwave
or hot filament discharge. In particular, APP treatment
process can generate a uniform high density plasma by
utilizing a wide range of inert and reactive gases [18,
19]. Also, this technique is a very fast processing method
compared to the technique performed in a vacuum
chamber.

A similar experiment was performed before, but only
the chemical properties of the thin film were observed,
and no electrical analysis was performed [20, 21]. In
order to apply the coated thin film to the field of electronic
devices, characteristics according to voltage and current
must be investigated. Therefore, this paper is intended to
study the physical, electrical and morphological properties
of SiO2 thin films formed on silicon wafers using APP
technology for roll-to-roll manufacturing.
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Experimental and Theoretical Details

In order to form the SiO2 films, silicon wafer with a
size of 27 × 27 mm2 was used. The film coating process
is as follows. First, to remove dust and organic material
on the wafer surface, oxygen plasma was generated by
APP, which disappears through a physical and chemical
reaction with plasma. The process was performed for
60 s with a power of 150 W. We observed that the
surface changed from hydrophobic to hydrophilic by
measuring the contact angle before and after oxygen
plasma treatment. Next, the SiO2 thin layer was formed
by repeatedly moving back and forth a total of 40 times
at a speed of 10 mm per second while maintaining the
temperature of the sample stage at room temperature
(25 ℃) and 400 oC, respectively. To generate the plasma,
a capacitively coupled APP is formed by a 13.56 × 106

Hz radio frequency. The gas was supplied to the
equipment through a small space between the power
electrode and ground. HMDS (Hexamethylidisilazane,
Merck Co., purity 99%, ((CH3)3SiNHSi(CH3)3) as the
silicon precursor was fed to the plasma head by
injecting Ar into the form of bubbles through a HMDS
liquid tank stored at 60 oC. A mixture of HMDS/O2 (10
sccm)/He (10 lpm)/Ar (0.2 lpm) was composed to form
the SiO2 layer. He/Ar is a plasma source and O2 is
supplied for an oxidation of Si. 

To evaluate the electrical properties of the SiO2 layer,
the Ag metal film was formed using electron beam (E-
beam) equipment and metal masks, with a thickness of
1000 Å and a diameter of 1 mm. E-beam evaporation is
processed in a vacuum chamber capable of depositing
conductors such as silver and aluminum, and AZO
(Aluminum Zinc Oxide) semiconductors. The equipment
used in this work was composed of an evaporator and a
150 keV ion accelerator in the same chamber; so that
the coating and ion beam processes could be conducted
in situ without breaking the vacuum. The base pressure
before processing and the operating pressure during
processing are ~106 Torr and ~103 Torr, respectively.
The process temperature was at 25 oC. Also, the substrate
was rotated at 5 rpm to form a uniform film. The E-beam
current value was adjusted to maintain the deposition
rate of Ag at 1 Å/s. In this process, Ag films was
deposited on the surface of the silicon wafer in contact
with the 1mm hole of the metal mask.

Surface morphology was performed using scanning
electron micoscopy (SEM, JEOL-JSM7000F) equipment.
The thickness and composition of thin films were
investigated by transmission electron microscope (TEM,
JEOL-2200FS,) and energy-dispersive X-ray spectroscopy
(EDS, JEOL-JSM7000F), and density was analyzed
using X-ray reflectivity (XRR, Rigaku-MFM310). The
refractive index of the thin films was measured using
an ellipsometer (Wizoptics-alphaSE). In addition, the
voltage and current characteristics were measured by
probe station (Mstech-M5VC).

Results and Discussion

In this paper, we investigate the experiment and the
results of the APP process at 25 oC and 400 oC. The
reason for analyzing the results at 25 oC is that, if
oxides can be deposited at room temperature, the
insulating layer deposition process is possible on all
flexible or rollable materials that have recently become
an issue in the field of electronic devices. Also, the
reason for the additional comparative analysis of the
400 oC process is that the CVD process temperature
condition used to deposit SiO2 currently used for mass
production is about 400 degrees.

Fig. 1 shows SEM images of silicon dioxide deposited
on silicon wafers by supplying HMDS to APP systems.
Although the surface was clean in samples treated at
400 oC, small grains were observed in samples processed
at room temperature. These increase the roughness of
the film and weaken the adhesion with the film to be
formed later. In Fig. 2, EDS analysis to investigate the
compositional components of the film revealed that
they were composed of silicon and oxygen. However,

Fig. 1. Plane-view SEM images of silicon dioxide processed at (a)
room temperature and (b) 400 oC, respectively.
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in the sample treated at room temperature, this pheno-
menon affects the generation of particles and electrical
characteristics in manufacturing electronic devices.
In conclusion, it will have a direct impact on mass
production yield. In previous studies, SiO2-like thin
films were deposited at low temperature (< 50 oC)
using APP technology. In detail, the film characteristics
were investigated according to the HMDS and O2 flow
rates. Compared to our chemical analysis, silicon, oxygen
and carbon were detected except for hydrogen. The
reason that no hydrogen was detected in our EDS data
is due to the resolution limitations of the analytical
equipment. To reduce carbon, which is an impurity in
the thin film, a study was performed on the surface
morphology and chemical bonding. However, the
physical and electrical properties of the thin film were

not analyzed. 
Next, we study the deposition rate according to the

temperature and the shape of the inside of the thin film.
Figs. 3(a) and 3(b) show the cross-sectional high
resolution TEM results of silicon dioxide formed at
25 oC and 400 oC. It can be observed that an insulating
layer having a thickness of ~22 nm at room temperature
and ~75 nm at 400 oC was formed. The temperature
difference of more than 350 oC resulted in a thickness
difference of more than 3 times. In the APP equipment,
if the sample stage is repeated once and again at 400
oC, a 1.9 nm SiO2 film is formed, whereas at room temp.
0.55 nm is deposited. No void or defect is observed
inside the thin film from the surface of Fig. 1(b) and
the TEM photograph, and these results indicate that
dense SiO2 material was formed. The amorphous
inorganic layer, devoid of micro-crystallites, was
identified by weak and wide rings in the diffraction
pattern by transmission electrons [See insets in Fig. 3].

Fig. 3. Cross sectional TEM images of silicon dioxide processed at
(a) room temperature and (b) 400 oC, respectively. Insets indicates
the diffraction pattern images by transmission electrons.

Fig. 2. (a) Image of EDS analysis of samples formed at room
temperature: The spectrum of (b) point 1, (c) point 2, and (d) point
3.
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The boundaries between the oxide material and the Si
wafer were clear and a finite thickness interface was
identified regardless of the temperature. Silicon and
oxide are well bonded to each other, so it can be seen
that oxide is an optimal insulating material for silicon
semiconductors. 

The physical properties of materials deposited at
different temperatures were measured using ellipsometer
(alpha-SE) and XRR (Rigaku, MFM310) as shown in
Figs. 4 and 5. The refractive indices (n) of the insulating

layer were determined for the light over the wavelength
range from 400 nm to 900 nm by using an ellipso-meter.
Figs. 4(a) and 4(b) indicate the real and imaginary parts
of the refractive index over the measured wavelength
range. The material coated at room temperature showed
a small refractive index and an imaginary value related
to the absorption rate was observed. This phenomenon
is caused by the presence of defect due to incompletely
coupled silicones or oxygen, resulting in the presence
of energy bands in the bandgap [22]. When this charac-
teristic is applied as an insulating layer to an opto-
electronic device, the efficiency decreases due to light
absorption, so the smaller this value is, the better.
Samples fabricated by applying heat have very small
imaginary part values, which means that they exhibit
low light absorption due to low defect concentration.
For application to an electronic device, it is necessary
to implement process conditions in which the real part
of the refractive index can be increased and the imaginary
part can be decreased.

In particular, the silicon oxide film grown by applying
heat was investigated in more detail, as below. The
experimental refractive index of silicon dioxide can be
fitted to the Sellmeier equation [5, 23].

(1)

The fitted curve is also shown graphically in Fig.
4(c), indicating that it matches the measurement value
well. The fitted parameters are α = 2.277, β = 0.0014, γ
= 0.084, δ = 0.0048, and ε = 0.015. The sum of the
squared residuals for the fitted curve is very small. This
means that the expression of Sellmeier's formulation is
reasonable in the range of visible spectra. 

Also, the film density of the sample at 400 oC in Fig.
5 using a XRR was observed to be 2.25 g/cm3, similar
to that of the glass, but that of the sample treated at

Fig. 5. Thickness and density of SiO2 thin films analyzed by
simulating data (red and blue) measured (black) with XRR.

Fig. 4. Real (black) and imaginary (blue) parts of the refractive
index over the measured wavelength range of silicon dioxide
processed at (a) room temperature and (b) 400 oC, respectively. (c)
Measured refractive index versus wavelength (black) and fitted
curves (pink) to the Sellmeier's formula.
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room temp. was very low at 1.68 g/cm3. This means
that the SiO2 thin film deposited by thermal conditions
is denser than that deposited at low temperatures. The
influence of the thickness should be considered, but
it can be seen that about 0.6 g/cm3 is a very large
difference. Through this analysis, the thickness of the
oxide film was additionally measured, and the thickness
of the heat treatment sample was 75 nm and the room
temperature sample was 22 nm, which was almost
identical to that of TEM in Fig. 3. Through the refractive
index and XRR analysis results of the SiO2 film
deposited at 400 oC, it can be expected that the physical
properties of the thin film can be applied to optoelec-
tronic devices.

In order to evaluate the possibility of using the
manufactured oxide film as a gate insulating layer of a
thin film transistor or an insulating film for other uses
in the semiconductor or display industry, voltage and
current characteristics analysis is required. Current
characteristics according to voltage were measured to
verify the possibility of using the insulating layer of the
electronic device, as shown in Fig. 6. The electrical
breakdown of the SiO2 formed on the Si wafer can
cause irreversible damage in the layer and seriously
degrade the device performance [24, 25]. The breakdown
field BV is expressed by the BV = Vbd/t where Vbd

is the value of the breakdown voltage and t is the
thickness of the SiO2, while the sharp increase in
current indicates the electrical failure of the layer. As
shown in the figure, SiO2 coated at room temperature
showed a breakdown electrical field of 2.5 MV/cm,
while oxides deposited at 400 oC showed a characteristic
of 9.9 MV/cm. The thin film produced by applying
heat is similar to the BV characteristics of the oxide
film deposited in mass production using the thermal
oxidation method or CVD method [24]. However, the
low BV value at room temp. is associated with low
density and refractive index values, and is also affected

by the small grains formed on the surface in the SEM
image. This is because the electric field is concentrated
on the sharp or protruding part.

Conclusion

Using APP technology and HMDS, a silicon oxide
film was formed at room temperature and 400 oC, and
the physical and electrical properties of the film were
examined. The temperature difference of 375 oC resulted
in a thickness difference of more than 3 times. In the
APP equipment, if the sample stage is repeated once
and again at 400 oC, a 1.9 nm SiO2 film is formed,
whereas at room temp. 0.55 nm is deposited. No void or
defect is observed inside the thin film from the surface.

The optical characterization of the SiO2 material was
performed by measuring the refractive index. The ex-
perimentally measured refractive index of this material
deposited at 400 oC is well matched with the form of
the Sellmeier's formula. In addition, SiO2 thin films
deposited by thermal conditions are denser than thin
films deposited at low temperatures. 

The steady-state I-V characteristics have been studied
for a wide range of applied electric fields. The SiO2

layer coated at room temperature showed a breakdown
electrical field of 2.5 MV/cm, while oxides deposited
at 400 oC showed a characteristic of 9.9 MV/cm. The
low breakdown field at room temp. is associated with
a low density value by the presence of defect due to
incompletely coupled silicones or oxygen, resulting in
the presence of energy bands in the bandgap.

In particular, the evaluation of the electrical pro-
perties of the SiO2 thin film formed using atmospheric
pressure plasma at room temperature was presented for
the first time in this paper. The oxide film deposited at
room temperature has no small grains on the surface
and will establish process conditions for forming a film
having excellent electrical and physical properties. In
addition, the thin film formed at 400 oC showed a high
breakdown electric field value of 9 MV/cm or more.
These analysis results indicate that the SiO2 film, which
is used as an important film for electronic devices such
as displays and semiconductors, can be formed by
atmospheric pressure plasma technology. In the future,
we will apply the results of these techniques to insulating
and oxide films for flexible electronic devices.
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