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Abstract In this paper low stress silicon oxide was
deposited with tetraethylorthosilicate (TEOS, Si(OC2H5)4)/
ozone by plasma enhanced chemical vapor deposition
(PECVD) and sub-atmospheric chemical vapor deposition
(SACVD) for deep trench filling. Two kinds of PECVD
oxide were fabricated: Coil antenna inductively coupled
plasma (ICP) oxide and parallel plates capacitive coupled
plasma (CCP) oxide. Adding ozone into the deposition
process enhances the trench filling capability. Oxide filling
in a deep trench (5 lm wide, 52 lm deep) was carried out
using the SACVD process, which gave excellent conformal
step coverage. However, the coil antenna ICP oxide was
suitable as a sealing material. The effects of argon ion
sputtering and magnetic field in the PECVD for the trench
filling are discussed in this paper. Because the low tem-
perature processes of PECVD and SACVD, the thermal
residual stress was reduced and a low stress film of 85 MPa
compression is available.

1
Introduction
Recently, in semiconductor application, silicon dioxide
serves as insulating dielectrics, and a passivation layer [1].
The SiO2 layer of vary large-scale integrated (VLSI) devices
has to be capable of planarization, trench filling, and
reducing parasitic capacitance. Similarly, silicon dioxide is
a very attractive MEMS (Microelectromechanical systems)
material, because of its low thermal and electrical con-
ductivities, low thermal expansion coefficient, and good

mechanical strength. Currently, deep trenches are often
encountered both in advanced semiconductors devices
(e.g. multilevel interconnections [1]) and in MEMS (e.g.
inertial sensing [2]). As MEMS devices continue to further
use high aspect ratio processes (e.g. to encapsulate a
micromachined device or micro-packaging [3–5]), trench
filling greatly simplifies the following technology steps.

The trench-filling layer in MEMS can be a final layer for
sealing holes in a membrane over a micromachined device,
an etch-stop [6–7], a sacrificial layer (e.g. gyroscope [2]),
or a suspended support for thermal isolation (e.g. mi-
cromachined heated silicon island [3]) as illustrated in
Fig. 1a. For pure planarization or trench filling, confor-
mal step coverage is greatly desired as illustrated in
Fig. 1b. Figure 1 shows the trenches discussed in this
paper and Fig. 1c shows the trench is partially filled.
Here the parameters of the step coverage are defined: the
bottom step coverage, b/a, and the sidewall step coverage,
c/a [7]. The aspect ratio of a trench is the ratio of the depth
to the width of the trench. In many cases a void forms
during the film deposition as illustrated in Fig. 1d.
However, for sealing a hole in a membrane above a sen-
sitive structure or forming a micro-channel in Power
MEMS or Bio MEMS [5, 8], a low bottom step coverage
(b/a) and a low sidewall step coverage (c/a) are desired. A
thick silicon dioxide layer also provides a variety of
application for electrical, thermal isolation, and packaging
[3]. In summary, the MEMS requirements for SiO2

properties are: (1) low residual stress, (2) trench filling
capability and surface planarity, (3) low dielectric constant
[1, 9]. Especially, the trench filling capability plays
important role in MEMS, since the microstructures with
high aspect ratios have been rapidly developed.

In this paper plasma enhanced chemical vapor deposi-
tion (PECVD) and sub-atmospheric chemical vapor
deposition (SACVD) were used to form SiO2 with the low
residual stress, because the depositions were done at low
temperature (<400 �C) [10–15]. Most conventional low
pressure chemical vapor deposition (LPCVD) processes
run at relatively high temperature about 650 �C or higher,
resulting in high thermal residual stress. However, LPCVD
offers good step coverage and is a strong candidate for
filling trenches as well [3–5]. The organic silicon source for
PECVD and SACVD, TEOS (tetraethylorthosilicate, or
tetraethoxysilane, Si(OC2H5)4), and ozone (O3) provide a
superior conformal coverage and trench filling of oxide to
those of silane/O2 due to its movable precursor on the
wafer surface [16–18]. In this paper two kinds of PECVD
oxide were fabricated: Coil antenna inductively coupled
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plasma (ICP) oxide and parallel plates capacitive
coupled plasma (CCP) oxide. Since ICP provides high
density plasma (HDP), higher deposition rate can be
achieved [19], but poor step coverage and overhang occur.
That makes ICP oxide be capable of sealing the trenches.
Most important of all, SACVD oxide shows excellent con-
formal step coverage, and deep trench filling is achieved.

The aim of this paper has been to successfully develop
the SACVD TEOS oxide to fill deep trenches, and the ICP
oxide to seal the wide trenches. The effects of argon ion
sputtering and magnetic field in PECVD processes will be
discussed in details. It should be noted that all processes
were done in the same chamber, so any kind of PECVD
machine can be utilized for this technique of deep trench
filling.

2
Experiments and discussion
The samples for the trench filling were prepared by deep
reactive ion etching (DRIE) the Si substrate using a neg-
ative-resist mask. The trenches were etched by SF6 and O2

ICP plasma (STS Co.). The etched trenches were all about
50–75 lm deep with widths varying from 4 to 50 lm. All
the CVD was done in the deposition reactor illustrated in
Fig. 2. The organic source, TEOS of ultrahigh purity
(99.99%) (Yamanaka Hutech Chemicals Co.), was evapo-
rated directly by a vaporizer and delivered into a heated
gas pipe kept at 90 �C to avoid liquefaction of TEOS. The
ozonizer generated O3 from pure O2 by the silent discharge
at atmospheric pressure. TEOS vapor and O3/O2 were
mixed near the region of the dispersion head and formed a
downstream flow above the substrate. The other kinds of
gas, Ar or C2F6, were piped into the chamber and injected
above the substrate. The deposition reactor assembly was
composed of a dispersion head (or a coil antenna), a he-
ated stage, and a cold wall chamber. The dispersion head
can be exchanged with a coil antenna. The RF power was
delivered into the dispersion head through a matching
box. The stage was grounded and the RF powers are all of

13.56 MHz unless otherwise noted. The chamber was
evacuated down to 1 mTorr by rotary and mechanical
booster pump before deposition. The pressure of the
chamber was controlled by tuning the main valve manu-
ally.

After every deposition, the film was characterized by
measuring the thickness and the refractive index (Nano-
spec film thickness system). The conformality was esti-
mated by scanning electron microscope (SEM). The film
stress was calculated using the Stoney equation [20] where
the curvature radius of the substrate was measured with a
surface profiler (KLA/Tencor).

3.1
PECVD oxide 1: ICP oxide
An immersed coil antenna was used to excite ICP pro-
ducing high density plasma [19] as shown in Fig. 3. O3/O2

mixture, and Ar were injected into the top of the coil, and
TEOS vapor was injected between the coil and the stage
[21]. Here the typical deposition conditions were listed as
follows: O2 (7.3% O3): 5 sccm, TEOS: 1 sccm, Ar partial
pressure: 26 mtorr, temperature: 350 �C, total pressure: 45
mtorr, coil RF power density: 0.25 W/cm2. The deposition
rate was about 78 Å/min, the refractive index of the oxide
was 1.38, and the film stress was about 95 MPa tension.

Here only a small amount of Ar was introduced to
sputter the wafer to enhance the gap filling capability of
the CVD [9–11]. During the deposition, at the same time,
the high density ion bombardment of the substrate with
high energy provides a sputtering effect such that the
deposition profile can be modified to reduce the void
formation, and simultaneously a good quality oxide can be
deposited at a high deposition rate.

Figure 4a shows the PECVD oxide deposited by the
coil antenna ICP with Ar supplied. The sidewall step
coverage, c/a, is much lower than the bottom step cover-
age, b/a, because the ion species basically contribute the
most to the vertical deposition component due to their
directionality to the substrate. If Ar is not introduced into
reaction, the oxide overhangs will occur on the trench edge
as shown in Fig. 4b under the same conditions. It is
attributed to that the charges accumulate on the trench
edge and attract ion species, so that the deposition rate on
the trench edge is higher than other surface region.

Fig. 1. a Sealing over a micromachined device, b trench filling
and planarization, c partially filled trench, d a void forms in the
trench

Fig. 2. Schematic diagram of the deposition reactor
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Comparing Fig. 4a with b, the trench edge was etched
by this in-situ Ar ion sputtering [10, 11, 22], but not very
significantly. Even though several studies relating deposi-
tion and sputter etch cycles aiming at trenches filling have
been studied, the deeper the trenches are, more time and
cycles are required. It was very difficult and time-
consuming to fill the trenches of high aspect ratio (>10)
by using deposition and sputter etch cycles [9, 11].

On the contrary, enhancing Ar ion sputtering the
PECVD oxide increases the possibilities of sealing
trench-etched structures. Under the same conditions
Fig. 4c shows the oxide deposited by the coil antenna
ICP under the stage RF power density 1.25 W/cm2 ap-
plied. The trench openings were closed off and sealed as
closed micro-channels under the irradiation of enhanced
high density plasma. The effect of Ar ion sputtering was
further enhanced as the stage RF power increased.
Simultaneously the stage DC bias was increased, and
resulted in the ions acceleration. Since ions are energetic
species compared to the neutral species, the surface
mobility may play only a minimal role during SiO2

deposition [9, 10, 22]. It is the main reason that PECVD
oxide deposited by coil antenna ICP generates a shoulder
on a trench edge faster and seals a trench easier than the
other deposition methods. Because the surface mobility
of the oxide precursor was kept to a minimum, the
sidewall step coverage was also reduced to a minimum as
shown in Fig. 4c [9].

3.2
PECVD oxide 2: CCP oxide
The capacitive coupled plasma (CCP) was excited between
the parallel electrode plates as shown in Fig. 5. The stage
was the lower electrode plate, and the dispersion head was
the upper electrode plate. Here the typical deposition
conditions were listed as follows: O2 (7.6% O3): 130 sccm,
TEOS: 12 sccm, temperature: 350 �C, total pressure:
90 mtorr, RF power density: 2.5 W/cm2, electrode gap:
14 mm. The deposition rate was about 700 Å/min, the
refractive index of the oxide was 1.462, and the film stress
was about 159 MPa tension.

Figure 6a shows the PECVD oxide deposited by the
parallel plates capacitive coupled plasma (CCP). The
sidewall step coverage, c/a, is also lower than the bottom
step coverage, b/a, because of the ion directionality of CCP
oxide similar to that of ICP oxide. However, the trench

Fig. 3. Coil-antenna ICP

Fig. 4. a Oxide deposited by coil antenna ICP with Ar supplied,
b oxide deposited by coil antenna ICP without Ar supplied,
c trenches closed off by the coil antenna ICP oxide under the
stage RF power applied
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filling capability of the CCP oxide is better than that of
ICP oxide. Figure 6b shows the trench filled by this CCP
oxide.

To increase the plasma density, magnets of 1.7 kGauss
were added beneath the stage. The deposition rate of the
plasma enhanced by this magnetic field was much in-
creased up to five times of that without the magnetic field.
Figure 6c shows the trench filled by the oxide of CCP
enhanced by this magnetic field. Even though the step
coverage is not conformal, this thick and impermeable
SiO2 filled in shallow trenches is suitable for applications
that need to maintain large pressure difference between
the two sides of the layers, contain fluid within layers,
isolate any heated MEMS devices, or suspend high
temperature power MEMS devices [3, 8].

3.3
SACVD oxide
The deposition reactor of SACVD is the same to that of
CCP PECVD, but no RF power applied. Here the typical
deposition conditions were listed as follows: O2 (7.6% O3):
42 sccm, TEOS: 4 sccm, temperature: 375 �C, total pres-
sure: 22.5 torr, electrode gap: 6 mm. The deposition rate
was about 161 Å/min, the refractive index of the oxide was
1.461, and the film stress was about 85 MPa compression.

The oxide deposition of SACVD yields excellent step
coverage as shown in Fig. 7a, because the only neutral
radials were generated during CVD reaction. Very high
conformality was achieved for 375 �C and 22.5 torr
deposition into a deep trench of 60.3 lm depth, 9.4 lm
width, and aspect ratio was 6.4. The trenches of 52 lm
depth and 5 lm width (aspect ratio ¼ 10.4) were com-
pletely filled as shown in Fig. 7b. It is attributed to that
the intermediate precursor of SiO2 possesses high surface
mobility during CVD reaction due to the high O3 con-
centration (7.6%) and the high flow rate ratio of O3 to
TEOS (10.5) [16–18, 23]. The step coverage varies with the
aspect ratio of the trench as shown in Fig. 8. The etched
trenches were all about 50–75 lm deep with widths vary-
ing from 4 to 50 lm. In Fig. 8a, the bottom step cover-
ages have no obvious differences between three types of

SiO2 under the low aspect ratio (<4) of trenches, but
SACVD oxide provides higher bottom step coverage than
others as the aspect ratio of the trenches larger than 5. It is
attributed to that the overhang formation on the trench
edge reduces the possibilities of the gas phase intermediate
of PECVD oxide falling down to the trench bottom. In

Fig. 5. Parallel plates CCP

Fig. 6. a Oxide deposited by parallel plates CCP, b trench filled
by the parallel plates CCP oxide, c trench filled by the parallel
plates CCP oxide under the magnetic field applied
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Fig. 8b, the sidewall step coverage of SACVD is much
better than those of the other two PECVD oxides, and
keeps larger than 92% as the aspect ratio of the trench up
to 6.5 and even approaches 100% as the aspect ratio down
to 1.85. Comparing Fig. 8a with b, it should be noted for
SACVD oxide that the bottom step coverage is lower than
the sidewall step coverage, because of the surface diffusion
of the intermediate precursor during SACVD reaction.
Besides, it also should be noted for CCP and ICP oxides
that the sidewall step coverages are lower than the bottom
step coverages, because of the ion directionality to the
substrate during PECVD reaction.

4
Conclusion
The TEOS/ozone SiO2 films deposited by PECVD and
SACVD for trench filling were characterized in this paper.
Two types of PECVD were utilized: Coil antenna induc-
tively coupled plasma (ICP) and parallel plates capacitive
coupled plasma (CCP). Coil antenna ICP produces oxide
films with higher deposition rate than others, but results in
poor step coverage, even though in-situ Ar ion sputtering
can impede the overhang formation on the trench edge. In
general, for the same trench width, trenches can be closed

from the trench top by a thick PECVD layers, especially an
ICP oxide layer. This is a good candidate for trench sealing
application.

The oxide film deposited by parallel plates CCP has
similar step coverages to that deposited by coil antenna
ICP. The CCP enhanced by the magnetic field can increase
deposition rate drastically. Even though the step coverage
is non-conformal, this CCP is suitable for producing a
thick and impermeable SiO2 layer filled in shallow trenches
for applications that need to maintain large pressure dif-
ference between the two sides of the layers, contain fluid
within layers, or isolate any heated MEMS devices.

The step coverage for SACVD oxide is much better than
those of the other two PECVD oxides. Step coverage in
high aspect-ratio trenches improves significantly by
utilizing SACVD process. The complete planarization
and deep trench filling have been achieved successfully by
utilizing SACVD. Very high conformality was achieved for
375 �C deposition into a deep trench (60.3 lm depth and
9.4 lm width, aspect ratio ¼ 6.4) and essentially 100%
conformality (52 lm depth and 5 lm width, aspect-
ratio ¼ 10.4) was obtained. Low temperature (<400 �C)
SACVD deposition resulted in the low residual stress about
85 MPa compression. We conclude that the SACVD TEOS/
ozone process is capable of depositing low stress films with
excellent step coverage at low temperature. Further more
detailed experiments have been conducted to characterize
SACVD oxide to fill the trenches of higher aspect ratio

Fig. 8. a Bottom step coverage varying with trench aspect ratio,
b sidewall step coverage varying with trench aspect ratio

Fig. 7. a High conformality of SACVD oxide, b trench filling and
planarization of the SACVD oxide

101



recently. In the future the SiO2 film capable of filling deep
trenches will be surely and widely applied in microsys-
tems.
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