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This study analyses the influence of the argon flow on the Plasma Enhanced Chemical Vapor
Deposition (PECVD) of silicon oxide thin films by using TEOS as silicon source. The argon flow
increases the deposition rate, however it also can creates some defects in the deposited film. Several
characterization techniques were used to analyze the deposited films. The presence of argon, in the
gas phase, modifies the plasma composition, the surface roughness of silicon wafer, and the surface
reaction. The optimum argon flow ranges between 65 and 80 sccm to obtain a silicon oxide thin
film with high quality in terms of refractive index, smoothness, and uniformity.

I Introduction

Plasma Enhanced Chemical Vapor Deposition
(PECVD) by using tetraethylorthosilicate (TEOS),
as silicon source, is a well-known technique to deposit
silicon oxide thin films [1,2]. The advantage of this tech-
nique is to deposit silicon oxide with a high rate and at
low temperature, that is compatible with a large range
of applications. Indeed, as well in very large integrated
circuit process with very thin junctions as in large area
electronics using glass substrates, a temperature lower
than 600°C is required [3]. However, for this rather low
temperature, the silicon oxide film can present struc-
tural and electrical defects. Thus, additional studies
are needed to optimize the process to improve the ma-
terial. A way to modify the film properties is to change
the dissociation conditions of TEOS and thus to add
a gas in the plasma. We propose, in this work, to use
a mixture of argon, oxygen and TEOS in the plasma
[4]. Then, we analyze the influence of the argon flow on
the silicon oxide thin films deposited by PECVD onto
silicon substrate. The presence of argon modifies the
plasma composition and the deposition rate and also
can create some defects, more especially at the Si/SiO,
interface. The main objective is thus to optimize the
quality of the silicon oxide film by changing the argon
flow.

After a presentation of the experimental conditions
of the developed process, several explanations of the
observed phenomena are given on the base of physical

analyses and optimal conditions are drawn.

I Experimental

The home made PECVD cluster tool system, used in
this study, was described before [5,6]. It has three
process chambers, a load lock and a sample manipula-
tion chamber. Silicon wafers (100), p-type, 10-20 Q.cm,
75 mm in diameter were used as substrate. The sub-
strates were cleaned using the piranha and RCA stan-
dard cleaning processes followed by a dip in diluted
HF. The silicon oxide depositions were carried out in
the conditions presented in Table 1. The TEOS, oxy-
gen, and argon gases are mixed in a special chamber
before entering the process reactor to guarantee a ho-
mogeneous mixture. The argon flow, expressed in sccm,
is the analyzed parameter.

From Ellipsometry measurements, using a wave-
length of 632.8 nm, the thickness and the refractive
index were determined. For the wet etching rate mea-
surement, we used a diluted HF solution (1:100).

The Composition of the plasma, in term of
molecules and radicals, is deduced from Optical Emis-
sion Spectroscopy (OES). Fourier Transform Infrared
Spectroscopy (FTIRS) was used to determine the chem-
ical bonding states of the films. To evaluate the con-
tamination as well at the Si/SiO, interface as in the
volume of the films, Atomic Force Microscopy (AFM)
and 4u-RAMAN techniques were performed.
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Table 1: process parameters used in all the silicon oxide
deposition processes.

TEOS flow (sccm) 6.5
Oxygen flow (sccm) 450
Argon flow (sccm) 0 to 200
Process pressure (Torr) 1
Temperature (°C) 375
RF power (W) 400
Distance between electrodes (mm) 10

After the deposition process, some samples were an-
nealed in a conventional furnace at 600°C during 12
hours, aluminum contact MOS capacitors were imple-
mented for -V measurements. The aluminum layer was
annealed at 430°C in forming gas during 30 min. The
final capacitor test cell area is 300 x 300um?.

IIT Results and Discussions

The influence of argon flow on the deposition and etch-
ing rates were analyzed.

Fig. 1 shows the deposition and etching rate in func-
tion of the argon flow. One can observe two regions.
The first one (0-65 sccm of argon) in which the depo-
sition rate decreases, the second one (100-200 sccm of
argon) in which the deposition rate increases. In the
first region, the slight decreasing of the etching rate
shows that the density of the deposited films increases.
This can be attributed to the argon bombardment of
the surface, which desorbs the active species. In the
gas phase, the effect of the argon is not significant, de-
spite its higher atomic mass of the argon ion compared
with the oxygen, because the partial pressure is too low.
In the second region, the surface bombardment always
increases but the deposition rate increases, which is at-
tributed to the higher collision rate in the gas phase
promoting the decomposition of the TEOS [7,8]. But it
provokes also structural defects as confirmed by AFM
and p-Raman results.
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Figure 1. Deposition and etching rates of the silicon oxide
films as a function of the argon flow. An increasing argon
flow induces first a decrease and then an increase of the de-
position rate with a correlated modification of the etching
rate.
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The refractive index of the silicon oxide films was
1.45840.007 and thus close to thermal oxide one. More-
over, we observed that the refractive index had no sig-
nificant variation in depth, during the wet etching ex-
periment. This means that despite the variation of the
etching rate, the composition of the film is almost con-
stant and the porosity remains low.

1) OES analysis

To determine the composition of the plasma and
to understand the role of argon flow, OES analysis
was performed [7,8]. Fig. 2 shows the oxygen, car-
bon monoxide, and argon optical emission intensities
in function of argon flow.
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Figure 2. OES measurements of the O, CO and Ar emis-
sion intensity in the gas phase during deposition. The CO
emission increases with the argon flow suggesting an en-
hancement of the TEOS oxidation.

The slight and constant increase of the observed CO
emission suggests an enhancement of the TEOS oxida-
tion process by the argon added to the gas mixture. An
increase of Oy emission is also observed that means that
the argon enhances the generation of excited oxygen in
the plasma.

2) FTIRS analysis

Fig. 3 shows a typical spectra of the deposited sili-
con oxide. For the argon flow (0-65 sccm), we observed
the regular stretching, bending and rocking absorbance
bands of silicon oxide films and also the Si-OH ab-
sorbance band. For higher argon flow (100-200 sccm)
the Si-OH absorbance band was not detected show-
ing low hydrogen incorporation during the deposition
[9,10,11]. Moreover, the independence of the spectra, in
function of the argon flow, confirms the almost constant
composition as mentioned above despite the variations
of the deposition and etching rates.
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Figure 3. FTIRS spectra of samples deposited with differ-
ent argon flows added to the total flux. The three observed
peaks correspond to silicon-oxygen bonds; no Si-OH peaks
are present.

3) AFM analysis

Fig. 4 shows the AFM images of the silicon wafer
surface after removing the silicon oxide layer.

First of all, an increase of the argon flow, up to
100 sccm, leads to an increase of the average roughness
(see Table 2). This can be explained by the increasing
bombardment of the silicon surface at the beginning of
the deposition process, by the more numerous species
present in the plasma. As mentioned above, this bom-
bardment always increases with the argon flow.

For argon flows higher than 100 sccm, we observe a
strong decrease of the roughness. This behavior can be
explained by the breaking of the adsorbed TEOS sub-
products at the silicon surface by the higher bombard-
ment of argon ions. This bombardment also decreases
the initial silicon roughness.

Moreover, one can observe the presence of small par-
ticles at the surface, which were not removed by the HF
solution treatment. These particles are the unreacted
[(Et-0)3Si-OH] radicals remaining onto the silicon sur-
face. As well for the lowest as for highest argon flows,
the particle density is higher. This can be correlated
to the deposition rate. When the deposition rate in-
creases, these adsorbed particles have not reacted with
oxygen and some of them remain on the surface and are
not removed by the HF treatment. The effect of the
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plasma bombardment, for high argon flows, promotes
an increasing of the roughness and defects density of the
silicon surface increasing the probability of trapping of
the unreacted TEOS radicals. This result is confirmed
by pu-Raman analysis.

Table 2: AFM measurements obtained from the sam-
ples showed in Fig. 4.

Argon Particles/Area RMS Peak-Valley
Flow Density Roughness  Roughness
(scom)  (um?) (nm) (nm)
0 88 0.54 47
50 35 0.47 42
100 13 0.61 7
120 33 0.05 0.03
135 44 0.12 0.14
150 44 0.06 0.04
168 41 0.12 0.21
180 41 0.12 0.30
200 39 0.09 0.12

4.4-RAMAN analysis

Punctual and large defects in the silicon oxide thin
films are observed on u-RAMAN images as shown in
Fig. 5.

The so-called “wafer defect” in this figure is related
to the pre-existing line defect on the wafer surface. We
expected that the so-called punctual defects have the
same origin. Fig. 6 shows the y-RAMAN spectrum
made inside the punctual defect. The presence of C=C
bonds confirms that the unreacted radicals are trapped
by the surface structural defects.

This means that the “punctual defects” are carbon-
based defects and come from unreacted TEOS frag-
ments adsorbed at the surface at the beginning of the
deposition process. Note that the wafer defects just
reveal this phenomenon. One can note that except at
these localized disturbances, the film is uniform and
smooth showing an average good quality.
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Figure 4. AFM images of the silicon wafer surface after removing the silicon oxide layer (using a diluted HF 1:100 H,O-DI
solution) and according to the argon flow variation: a) without the argon flow, b) 100 sccm, c¢) 135 sccm and d) 150 scem.
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Figure 5. pi-RAMAN image of silicon oxide layer deposited
with an argon flow of 135 sccm. The surface appears uni-

form and smooth excepted at wafer defects. These punctual
defects appear correlated to the effects observed by AFM.
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Figure 6. Typical y-RAMAN Spectrum of a punctual defect

as shown Fig. 5. The carbon bonds confirm the presence of
unreacted TEOS radicals.

2) Electrical Characterization

Fig. 7 shows typical J-E curves obtained from the
MOS capacitors implemented with TEOS silicon oxide.

Table 3 shows the extracted parameters from the
J-E curves for several argon flows. The leakage current
density (Jrx) values were obtained with a 4 MV /cm
electrical field applied to the capacitors.
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Figure 7. J-E curves from MOS capacitors implemented
with an argon flow of 65 sccm. The annealing effect de-
creases the leakage current density and increases the break-
down strength.
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Table 3: Leakage current and breakdown strength ac-
cording the annealing time and as a function of the
argon flow extracted from J-E curves of Fig. 7.

Fa, Annealing Jrx (A) at Esp
(scem) Time (h): 4 MV/ecm  (MV/cm)
65 as-deposited 7.4 x 10”7 10.4

12 5.5 x 107 10.6

150 as-deposited 4.4 x 1076 9.3

12 4.4 %x107° 10.5

180 as-deposited 1.3 x 107° 8.5
121.5 x 10~8 10.4

We can observe an increase of the leakage current
density with the argon flow. For the as-deposited sam-
ples one can observe the same behavior after annealing,.
The annealing effectively decreases the leakage current
density and increases the breakdown strength. Thus,
the best argon flow ranges around 65 sccm.

IV  Conclusions

In order to improve the structural and electrical quality
of silicon oxide deposited by PECVD technique and by
using TEOS as silicon source, we have introduced ar-
gon in the plasma. We have studied silicon oxide films
deposited on monocrystalline silicon substrate. The in-
fluence of the presence of argon flow in the reactor has
different aspects. On one hand, whatever the argon
flow, the refractive index, measured by ellipsometry, is
very close to thermal oxide one that means that the
silicon oxide is always close to stoichiometric composi-
tion. On the other hand, an increase of the argon flow
decreases first the deposition rate and then increases it.
In the same time, the roughness of the silicon surface,
analyzed from AFM is continuously increased due to
the bombardment of additional species present in the
plasma. Some punctual defects were also detected but
they appear at the structural defects of the substrate
surface. These carbon-based defects are more present
when the deposition rate increases as detected by AFM
analysis because they can be rapidly overlayed.

As a conclusion, by the argon flow it is possible to
get a silicon oxide film with high quality in term of
refractive index, smoothness, and uniformity. The sili-
con substrate surface has to be free of defects to min-
imize punctual defects in the silicon oxide film, which
could affect the electrical behavior. The best results,
are for the films with the lowest etching rate, which
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means denser film, are obtained for an argon flow that
ranges from 65 to 80 sccm, that corresponds also to the
lowest leakage current density.
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