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Silicon dioxide (SiO,) films were deposited by afterglow-plasma-enhanced CVD using triethoxysilane (TRIES)
and tetraethoxysilane (TEOS) as source materials. TRIES has approximately four times higher vapor pressure
than TEOS. The growth rate using TRIES was approximately twice as high as that using TEOS under the same
operating conditions. The step coverage of film grown by TRIES was better than that by TEOS under a wide
range of operating conditions. These results suggest that TRIES is a good candidate for SiO, films.
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1. Introduction

Silicon integrated circuit (IC) technology is being
rapidly developed, which requires shrinkage of device
dimensions and increase in device package density".
The manufacturing processes of IC must be operated at
relatively low temperatures to prevent the excessive
diffusion of dopant and damage to the metal line. To
realize low temperature processes, many thin film
growth processes for IC manufacture are assisted by
plasma. In general, if the substrates are exposed directly
to the plasma, the devices manufactured on the
substrates become damaged by factors such as plasma
because of charging and ion bombardment® *. The
afterglow-plasma-enhanced CVD (AG-PECVD) can
reduce these plasma damages. The apparatus of the AG-
PECVD is separated into two zones; one is the zone for
activating sources by plasma discharge and the other is
the zone for film grown on the heated substrate. The
ions rapidly recombine outside of the plasma zone, but
long-lived and metastable radicals or intermediates are
transported downstream to the substrate surface and
form films"®. Thus, AG-PECVD is expected to have
the advantages of both thermal CVD and PECVD.

Silicon dioxide (SiO,) films are one of the most
important materials used for interlayer dielectrics and
are indispensable for the LSI industry™ ”. In recent
years, SiO, films have been widely studied using
methods such as thermal CVD®, laser ablation®,
electron cyclotron resonance (ECR) PECVD'» ')
photo-assisted CVD'?"'), and the sol-gel method"*» '°).
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Among. the source materials for SiO, film growth,
tetracthoxysilane [Si(OC2H5)4, TEOS] has been widely
used in the semiconductor industry because of its
excellent gap-filling ability and low deposition
temperature.

In a triethoxysilane [HSi(OC,H;),, TRIES], which has
less ethoxy (-OC,H;) substrate, even four times higher
vapor pressure than TEOS, high growth rate can be
expected without a heating source material. However,
there are only a few papers on the characteristics of SiO,
CVD using TRIES being reported. In this work, the
characteristic of SiO, CVD using TRIES/TEOS in
horizontal hot-wall AG-PECVD, such as morphology,
growth rate and step coverage under various operating
conditions were studied. Also, we attempted to find out
the role of the plasma by using two types of reactors,
that is, straight and branch-type tubular reactors.

2. Experiment

Figure 1 shows the schematic diagram of the AG-
PECVD reactor. The vapor of TRIES and TEOS being
heated at 303-333K and at 333K, respectively, was
carried by nitrogen (N,) gas. The gas lines were heated
over 15K higher than the evaporator temperature to
prevent condensation of the vapor. We have investigated
the role of the plasma process using three kinds of gas
feed method in two types of reactors. First, TRIES / N,/
Oxygen (O,) gas was passed through the electrodes and
was activated by the plasma in the straight reactor as
shown in Fig.1b. Second, O,/ N, gas was injected into
the plasma zone and TRIES / N, gas was fed into the
growth zone without passing through the electrodes
(Fig.1c). Third, the gas lines of O,/ N, and TRIES / N,
were alternated for the second method. However, in the
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third method, the films were grown at over 873K,
almost similar to the TRIES / O, LPCVD experiment
previously reported'”, because the ozone and activated
oxygen cannot be produced. Thus, we detail the
experiments using the first and second methods.

Films were deposited on silicon p-type wafers on
which a trench pattern was etched and on the inner
surface of short quartz tubes in the reactor. We cleaned
the substrate with acetone and purified the water to
remove organic impurities.
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Fig.1 Schematic diagram of the AG-PECVD reactor
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Fig.2 Temperature distribution into the afterglow PECVD reactor

The electrodes consisted of two parallel plates
(L150mm X W300mm) made of aluminum and the

distance between the two electrodes was 25mm, with a
rf power of 13.56MHz. The distance between the
electrodes and the furnace (L340mm XID20mm) was
50mm. The uniform temperature distribution of the
reactor was realized over 26¢m (from 4cm to 30cm from
the reactor inlet)(Fig.2, at 323K- 973K). The film
growth rate was determined by the weight change before
and after the growth experiments. The morphology and
step coverage was observed by scanning electron
microscopy (SEM). The composition in the gas phase
was analyzed using a quadrupole mass spectrometer
(QMS). Experimental conditions are summarized in
Table I and each experiment was classified in Table II
In case 1, the TRIES / N,/ O, gas was passed through
the electrodes and activated by plasma in the straight
tubular reactor as shown in Fig.1b. In case 2, the O,/ N,
gas was supplied into the plasma zone and the TRIES /
N, gas was supplied into the film growth zone without
passing through the electrodes (Fig.1c). Case 3 and 4
were alternated with TRIES and TEOS.

Table I Experimental conditions

* Substrate Temp. 323~873K

* RF Power 0~150 W

- 0, Conc. 0~50 mol%

+ TRIES Conc. 0~10 mol%

* Pressure : 133 Pa(1Torr)
* Time ¢ 30~120 min

- Total Flow Rate 200 sccm

- Carrier Gas P Ny

Table I Classification of each experiment

Experiment.
Case 1 TRIES/O,/N, plasma
Case 2 0,/N, Plasma + TRIES/N,
Case3 | TEOS/Oy/N, plasma
Case4 | Oy/N, plasma + TEOS/N,

3. Results and Discussion
3.1 Effects of rf power and GR distribution

Figure 3 shows the average growth rate under
different rf powers at 673K. The growth rates in cases 2
and 4 were approximately twice as high as those in
cases 1 and 3, and the growth rate from TRIES was
approximately twice as high as TEOS. M. Adachi ef al.
estimated the ozone concentration (Cg;) with distance
from the reactor inlet'®. They showed that the Co,
decreased rapidly along the flow direction. T. Kawahara
et al' and C. S. Pai et al*® showed that ozone and
activated oxygen play an important role in SiO, film
growth using TEOS.
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Fig.4 Growth rate distributions along the flow direction at 673K, rf
50W, 1.27mol% TRIES / TEOS and 50mo1% O,.

In cases 1 and 3, most of the ozone and activated
oxygen that were formed in the plasma zone reacted
with the source and/or intermediates and formed
oligomers or polymers (hereafter, “polymer” represents
oligomer and polymer) of TRIES / TEOS as
intermediates in the plasma zone. The amount of
polymers increased with rf power and formed an SiO,
film from the plasma zone to the afterglow zone. In fact,
many SiO, particles became deposited on the wall of the
plasma zone. On the other hand, in cases 2 and 4, the
ozone and activated oxygen which had been synthesized
in the plasma zone began to react with TRIES / TEOS to
form polymers after the mixing zone. White-colored
SiO, particles were observed after the mixing zone. The
particle quantity from TRIES was larger than that from
TEOS. In all cases, the growth rate of the film increased
with rf power. The growth rate distributions on the
substrate in cases 1 and 3 were very uniform, however,
in cases 2 and 4, large peaks were observed near the
reactor inlet and decreased exponentially along the flow
direction (Fig.4). The concentrations of ozone and
activated oxygen (Cg,o+) and the concentrations of
TRIES / TEOS (Crrisaros) in the growth zone in cases
1 and 3 were considerably low, because both began to
react in the plasma zone and formed SiO, powders in the
plasma zone up to the inlet of the film growth zone. On
the contrary, Cg,,0- and Crpipsrros at the reactor inlet in
cases 2 and 4 were comparatively high because of no
reaction between them in the plasma zone.

Table III shows the weight change of the film before
and after annealing at 873K for 3 hrs. The weight
changes of films grown at 473K in cases 1 and 3 are
larger than those in cases 2 and 4, thus the films grown
using TRIES / TEOS in cases 1 and 3 contains more
organic impurities than those in cases 2 and 4, because
the temperature is too low to oxidize completely. On the
other hand, at high temperatures (673K), it is sufficient
to oxidize for preparing SiO, film, so the weight
changes are small in all cases. The films in cases 2 and 4
contains less organics than those in cases 1 and 3 as
shown in Table III. In cases 1 and 3, TRIES / TEOS
reacts with the ozone and active oxygen and
polymerizes in the plasma zone. The heavy polymers
partially oxidized flow into the growth zone and form
the SiO, film, however, it is difficult for heavy polymers
to be oxidized with low C;,q., so the film in cases 1 and
3 contains a lot of organic impurities. On the other hand,
in cases 2 and 4, TRIES / TEOS reacts with high Cg;0.
from the mixing zone and formed SiO, film with few
organic impurities.

3.3 Effects of TRIES concentration (Cigys) and O,
concentration

Effects of Crpps On the growth rate are shown in Fig.
6 (O,: 50mol%, N,: balanced). The growth rate in case 1
rapidly increased linearly to 1.27mol% TRIES and then
gradually increased with Cizps. On the other hand, the
growth rate in case 2 rapidly increased up to 0.6mol%
TRIES, and then it gradually decreased. Figure 7 shows
the growth rate under various concentrations of oxygen.
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The growth rate in case 1 rapidly increased up to
15mol% O,, and then it gradually increased. In case 2,
over 20mol% O, it was saturated.
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Fig.6 Growth rate on Crgpes When deposited at 673K with 50mol% O,
and rf 50W.
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Fig.7 Growth rate vs. O, concentration when deposited at 673K and rf
50W.

3.4 Step coverage

The film using TEOS grows thick at the bottom and
thin at the top in microscale trenches like a liquid. This
coverage profile is called a “flow-like shape” 2" ??. The
flow-like shape is very useful for depositing the SiO,
film as an insulator or a dielectric on the rough surface
in the process of IC chips fabrication. However, the
flow-like shape using TEOS has not been found at
PECVD because that might be caused by an excess
polymerization in the gas phase, and the flow-like shape
was formed by monomer or dimer of TEOS***". The
step coverage in case 1 was poor regardless of growth
position (Figs.8a and 8b). The poor step coverage causes
defective insulation®”. The step coverage in case 2 was
dependent on the substrate position and the Cy;z/0.. The
film grown at 10cm has a better step coverage (Fig.8d),
however there is no flow-like shape in any operating
conditions via TRIES by AG-PECVD.

3.5 Discussion of film growth using TRIES

The molecular structure of TRIES is like that of TEOS
as shown in Fig.9. The distribution of the growth rate in
the reactor (in the plasma zone and in the growth zone)
and on a microscale roughness (step coverage) using
TRIES is also similar that using TEOS. The reaction

mechanism for preparing SiO, film using TRIES must

be similar to that using TEOS as M.Adachi et al report®
25)
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Fig.10 Mass spectra in the rear of the plasma zone at room
temperature

In case 1, the TRIES and O, are both introduced into
the plasma zone, so that heavy polymers of TRIES are
formed and flow into the growth zone. The heavy
polymers are difficult to oxidize, so the SiO, film
contains a large amount of organic impurities. In case 2,
the ozone and active oxygen are produced in the plasma
zone and mixed with TRIES after the mixing zone. The
TRIES forms the SiO, film containing few organic
impurities with sufficient oxidization by ozone and
active oxygen with partially polymerizing of TRIES in
the gas phase. Figure 10 shows the mass spectra just



R 154

AMKRERZERSBETERSE

25k H1E

after the plasma zone at room temperature. The
polymers of TRIES (m/z:164.3) are detected in case 1 as
shown in Fig.10a. This is evidence of the
polymerization reaction of TRIES in the plasma zone.
The polymerization also occurs by plasma without
ozone or activated oxygen.

4. Conclusions

The SiO, films were deposited by afterglow-plasma-
enhanced CVD (AG-PECVD) using triethoxysilane
(TRIES) and tetracthoxysilane (TEOS) as source
materials. We mainly executed two kinds of experiment
for investigation of the plasma process as follows. First,
when all gases, TRIES / O,/ N,, were supplied into the
front of the plasma zone, the films were grown at over
423K and the growth rate was proportional to the
temperature. Second, when O,/ N, was supplied into the
plasma zone and TRIES / N, was supplied into the front

of the growth zone, the films were deposited at even

323K and the growth rate had large peaks near the inlet
of the growth zone and rapidly decreased along the flow
direction. This may be attributed to the difference of the
concentration of the ozone and activated oxygen (Cos/0+)
at the reactor inlet. In other words, the ozone and
activated oxygen were produced in plasma with a
straight tube reactor and they reacted with monomers or
intermediates in the plasma zone, so that the C; . at the
reactor inlet was low. However, the ozone and activated
oxygen in the branch tube reactor started to react with
monomers in the mixing zone, so that Cg;o. Wwas
relatively high. As a result, the Cy;0. resulted in a
difference of initial deposition temperatures for each
experiment. In other words, the deposition was strongly
dependent on the Coys0.. A poor-quality film at low
temperature was caused by insufficient surface reaction,
while a high quality film at high temperature was caused
by sufficient surface reaction of C,H, and H,O
elimination reaction. Thus, a relatively high temperature
is necessary for preparing a high-quality SiO, film.
Overall, the films from TRIES were superior to those
from TEOS. This indicates that TRIES can be a good
candidate for SiO, film deposition.
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