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The atmospheric pressure plasma-enhanced chemical vapor deposition of fluorinated silica glass was
demonstrated at a temperature of 120 °C. The process was carried out by simultaneously feeding
tetramethylcyclotetrasiloxane (TMCTS) and triethoxyfluorosilane (TEOFS) into the afterglow of helium and
oxygen plasma. The effect of the flow rate of the fluorinated precursor on the growth rate, composition, and
optical properties was examined. The ratio of atomic fluorine to atomic silicon increased up to 10% at a TEOFS/
TMCTS atomic Si feed ratio of 1.3 and then leveled off. Coatings made from pure TMCTS and both precursors
showed higher surface roughness and porosity, and more hydroxyl content compared to coatings made from
pure TEOFS. The refractive indices at 633 nm of films produced using pure TMCTS, a TEOFS/TMCTS atomic Si
feed ratio of 1.3 and pure TEOFS were 1.457, 1.449, and 1.411, respectively.
+1 310 206 4107.
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1. Introduction

Fluorinated silica glass (FSG) coatings have a number of applica-
tions in the optical coating and semiconductor manufacturing
industries. Many FSG coatings have low refractive indices suitable
for the core and/or cladding material of optical fibers and waveguides,
as well as for various applications in optoelectronic integrated circuits
and components, including passive splitters and optical attenuators
[1–3]. These materials have also demonstrated low dielectric
constants suitable for inter-metal dielectrics in integrated circuits
[4–12]. In addition, depositing this material from the vapor phase has
shown improved gap-filling capabilities over conventional silica glass
[10,12–14], especially when using a high-density inductively coupled
plasma (ICP) source [15].

Several methods of depositing FSG coatings have been developed,
including a liquid-phase reaction [2], sol–gel processing [1,11,16,17],
chemical vapor deposition [3,18], and plasma-enhanced chemical
vapor deposition (PECVD) [8,9,13,14]. Some of these coatings
exhibited poor adhesion to the substrate and poor aging character-
istics [5,7,10]. Those materials with more stable material properties
and improved adhesion were deposited under vacuum conditions
using direct PECVD [9,14].

This paper reports on the remote PECVD of fluorinated silica glass
at atmospheric pressure and low temperature (T≤120 °C). This
process does not require vacuum equipment or a growth chamber and
may be adapted to a wide range of continuous processes. The plasma
source employed in this work has been used previously to grow
amorphous hydrogenated silicon [19], silicon dioxide [20], silicon
nitride [21], aluminum-doped zinc oxide [22], and indium oxide [23].
In this study, we demonstrate the deposition of fluorinated silica glass
coatings using atmospheric pressure PECVD with mixtures of
tetramethylcyclotetrasiloxane (TMCTS) and triethoxyfluorosilane
(TEOFS). These coatings are compared to those obtained using the
pure precursors.

2. Experimental details

The PECVD applicator employed in this work has been described
previously [19,21,22], and is depicted in Fig. 1 both schematically and
in a picture where it is mounted on the experimental apparatus
described below. It consisted of a 2.5 cm circular showerhead with
126 holes, 0.8 mm in diameter (Atomflo™ 250-D, Surfx Technolo-
gies). A distribution plate mixes the precursor feed with the plasma
gas flow just downstream of the grounded perforated electrode. The
source was fed with 30 L/min helium and 0.7 L/min O2, and driven
with 250 W power at 27.12 MHz. The forward and reflected powers
measured at the power supply were 246±1 W and 3±1 W,
respectively. The fluorinated precursor, triethoxyfluorosilane (N95%
purity, TEOFS), was held in a stainless steel bubbler maintained at
25 °C with a vapor pressure of 440 Pa. The other precursor,
tetramethylcyclotetrasiloxane (N95% purity, TMCTS), was held in a
stainless steel bubbler maintained at 19 °C with a vapor pressure of
867 Pa. The flow rate of helium through the TMCTS bubbler was
maintained at 40 mL/min, while the flow rate of helium through the
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Fig. 1. Picture of PECVD source mounted on a robot with hot-plate mounted on stage
(above), and schematic diagram of the PECVD source (below).
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TEOFS bubbler was varied from 0 to 1100 mL/min. A third helium
stream was introduced immediately downstream of the bubblers in
order to maintain a constant total feed rate of 1.5 L/min into the
plasma afterglow. The ratio of the fluorinated (TEOFS) to the non-
fluorinated precursor (TMCTS) was calculated based on the atomic Si
in the precursors using the following equation:

Atomic Si Feed Ratio =
QTEOFS⋅Pvap

TEOFS

QTMCTS⋅Pvap
TMCTS

⋅1
4

Where Qi is the gas flowrate through the bubbler, Pivap is the
equilibrium vapor pressure at themeasured bath temperature, and i is
the precursor type.

The plasma source was mounted on an I&J Fisnar 7000C robot
which used a raster-type program to scan over the substrate during
deposition. This method is used to generate a fairly uniform film from
the perforated showerhead source. The scan speed was 10 mm/s and
the pitch between raster lines was 1.5 mm. The source-to-substrate
distance was maintained at 5 mm. The deposition area was approx-
imately 5.0×5.0 cm2. The total deposition time was 20 min per run of
the program. Coatings were deposited on 1″ undoped float-zone
silicon (100) wafers for Fourier-Transform Infrared spectroscopy
measurements, and on quarter pieces of 4″ p-type silicon (100)
wafers for the other measurements. Substrates were mounted on a
low-profile (heightb2″) hot-plate on the robot stage, and heated to
120±1 °C during deposition.

Coating thickness profiles were obtained by masking one edge of
the silicon wafer with Kapton® tape prior to deposition. This tape was
removed and the resulting average step height (along the edge) was
measured at intervals of 1.0 mm using a VEECO Dektak stylus
profilometer. The uncertainty in the average thickness was calculated
as the standard deviation of these measurements. The surface
composition of the coatings was measured by X-ray photoelectron
spectroscopy (XPS) with a PHI 3057 instrument usingMg Kα X-rays at
1286.6 eV. Each measurement was taken in small area mode with a 7°
acceptance angle and 23.5 eV pass energy. The detection angle with
respect to the surface normal was 25°. Individual atomic spectra were
not analyzed, and the surface composition was estimated from the
survey scan according to the following equation, where In and Sn
correspond to the integrated peak area and sensitivity factor of
atom n:

%F =
IF
SF

� �
= ∑

n

In
Sn

� �

The composition of the bulk coating was evaluated by transmis-
sion infrared spectroscopy, using a Bio-Rad FTS-40Awith a deuterated
tri-glycine sulfate detector. These two stretching vibrations for Si–F
and Si–O are located at 930 to 948 cm−1 and 1060 to 1075 cm−1,
respectively. The infrared spectrum was truncated between 850 and
1350 cm−1 and this section was curve fitted with a linear baseline
function, using the Bio-Rad software. This region was fitted with the
two previously mentioned peaks and two additional peaks: one
for the high energy shoulder of the Si–O peak, located at 1140 to
1165 cm−1, and another for the Si−OH stretching mode, located at
895 to 915 cm−1 [24]. It should be noted that this last mode may also
appear at higher wavenumbers, interfering with the Si–F peak. The
peak intensities and integrated areas of the fitted curves were used for
calculating the normalized absorbance and area ratio data presented;
the Si–F peak was not used quantitatively because of the interference
with neighboring peaks.

Optical measurements were performed using a Sopra GES5
spectroscopic ellipsometer with an incidence angle of 75.0°. Measure-
ments of the functions of the Stokes parameters, tan(Ψ) and cos(Δ),
from 300 to 800 nm at 2 nm intervals were used to formulate a model
for the refractive index of each coating. The absorption coefficient, k,
was assumed to be zero over this wavelength range; and this
assumption was confirmed in separate experiments measuring the
transparency to visible light, as well as in literature [25]. The models
were generated varying the film thickness and two Cauchy para-
meters, A and B, until a confidence intervalb2σ was obtained.
Cauchy's equation for the refractive index is as follows, where n is
the refractive index and λ is the wavelength in nm:

n = A +
B
λ2

The surface topographywas analyzed using a Veeco DI3100 atomic
force microscope (AFM) fitted with a silicon RTESP probe in tapping
mode, at a scan rate of 0.5 Hz over a 5 μm square area. Root-mean-
square roughness (Rq), total vertical range, and actual/projected area
ratio values were obtained on all coatings. It should be noted that the
Rq values for these coatings are an order of magnitude larger than
TEOS coatings deposited in a vacuum and used for semiconductor
applications. The depth-dependent composition of a coating obtained
using pure TEOFS was measured by secondary ion mass spectrometry
(SIMS) by the Evans Analytical Group, LLC.
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3. Results

3.1. Thickness and coating topography

The average film thickness of the co-deposited coatings, as a
function of the flow rate through the TEOFS bubbler, is depicted below
in Fig. 2 for a constant TMCTS bubbler flow rate of 40 mL/min. The
total deposition area for these samples was 25 cm2. One sees a
significant increase in thickness due to the addition of the TEOFS to
the TMCTS precursor flow. The thickness levels off at 320 nm for
TEOFS flow rates greater than 0.40 L/min, corresponding to a TEOFS/
TMCTS atomic Si feed ratio of 1.3. The average growth rate under
these conditions is approximately 16 nm/min over the 5.0×5.0 cm2

sample area. It should be noted that the average growth rates feeding
pure TEOFS and pure TMCTS under the same conditions were 3 nm/
min and 9 nm/min, respectively.

Three images of the films obtained by atomic force microscopy
are depicted in Fig. 3. The co-deposited coating was generated using
0.4 L/min flow to the TEOFS bubbler, and shows much rougher
features when compared with the coating deposited using pure
TEOFS. The vertical range of the co-deposited image is 100 nm, nearly
three times that of the latter image, which is 35 nm. The film prepared
from pure TMCTS exhibits the same roughness as the co-deposited
coating. The calculated rms surface roughness (Rq), vertical range, and
percent difference between the actual and projected surface, as
measured by AFM, are provided in Table 1. The vertical range is the
difference between the highest and lowest points in the scanned area,
and the area difference is the ratio of the actual topographical surface
area (calculated by the AFM software) and the projected surface area
of 5.0×5.0 μm2. The error in these three values is estimated to be
5 nm, 20 nm, and 3%, respectively. The data in Table 1 indicate that the
surface roughness does not change significantly with the TEOFS/
TMCTS atomic Si feed ratio. The greatest observed vertical range of
150 nm and area difference of 11% were obtained for the coating
deposited with pure TMCTS, while the lowest values of 70 nm and
0.4% were obtained for the coating deposited with pure TEOFS.

3.2. Composition

The composition of each coating was examined using infrared
spectroscopy. The IR spectra of samples made from the individual
precursors and amixture thereof are shown in Fig. 4. For themixture, the
TEOFS flow ratewas 0.40 L/min, corresponding to an atomic Si feed ratio
Fig. 2. Dependence of the film thickness on the TEOFS flow rate for deposition at 250 W,
30 L/min He, 0.7 L/min O2, and 120 °C.

Fig. 3. AFM images of coatings deposited using: (a) TMCTS, (b) a TEOFS/TMCTS feed
ratio of 1.3, and (c) TEOFS.
of 1.3. These spectra show peaks for the following vibrations: Si–OH
stretch at 904±8 cm−1, Si–F stretch at 942±10 cm−1, Si–O stretch at
1070±8 cm−1, and another Si–O stretch at 1152±12 cm−1 [13,24,26].
This last peak is the high energy shoulder on the main Si–O peak at

image of Fig.�3


Table 1
Surface morphology as measured by AFM for glass coatings from pure and mixed
precursors.

Growth rate
(nm/min)

TEOFS bubbler
flow (L/min)

TEOFS:TMCTS
atomic Si ratio

Rq
(nm)

Range
(nm)

Area
difference (%)

9 0 0 16 150 11
12 0.2 0.6 12 100 5
14 0.25 0.8 16 130 6
16 0.4 1.3 17 120 7
18 0.6 1.9 8 110 3
15 0.8 2.5 16 170 9
15 1 3.2 11 100 7
3 1.1 ∞ 4 70 0.4

Fig. 5. Infrared absorbance spectra of the hydroxyl stretching region normalized by
coating thickness for four different samples.
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1070 cm−1. Some spectra showed a very small peak at 1275±16 cm−1

for the Si–CH3 bending mode. In addition, two broad O–H stretches are
recorded at 3465±30 cm−1 and 3250±60 cm−1 due to intra-
and inter-molecular hydrogen-bonded hydroxyls. A third sharp peak
at 3650±25 cm−1 is observedwhichmay be attributed to isolated SiO–
H stretches [24,26].

A close-up of the hydroxyl bands is depicted in Fig. 5, where the
absorbance spectra have been normalized by the thickness of each
coating. The sample made from pure TMCTS shows the highest
normalized absorbance due to the hydrogen-bonded hydroxyl groups
at 3465 and 3250 cm−1. The bands for the samples made from the
precursor mixture are slightly smaller than those for the TMCTS
sample. By contrast, the sample prepared from pure TEOFS exhibits
the smallest normalized absorbance for the hydroxyl groups, and the
isolated vibration at 3650 cm−1 is the dominant peak in this
spectrum.

Fig. 6 depicts the normalized infrared absorption spectra and curve
fitted peaks of coatings made from pure TEOFS, pure TMCTS, and a
mixture using 0.6 L/min flow through the TEOFS bubbler,
corresponding to a TEOFS/TMCTS atomic Si feed ratio of 1.9. The
most pronounced features of these spectra are the main Si–O peak at
1070 cm−1 and the shoulder at 1150 cm−1. The ratio of the shoulder
to the main peak is depicted as a function of the TEOFS/TMCTS atomic
Si feed ratio in Fig. 7. This ratio may be used as an indicator of porosity
or void space because the high energy shoulder is due to Si–O–Si
species which are most likely located at the surface of a void [20,26–
28]. These groups are not subject to the dielectric screening effect, and
therefore occur at a higher wavenumber than their counterparts in
the bulk [29]. It should be noted that the presence of fluorine may also
Fig. 4. Infrared spectra of coatings deposited using TEOFS, TMCTS, and a mixture of
TEOFS and TMCTS.
contribute to the area under this peak, as it will induce strained Si–O–
Si bonds which absorb at higher energies, causing an increase in the
ratio for increasing fluorine concentration [25]. As can be seen in
Fig. 7, the area ratio increases with increasing TEOFS/TMCTS atomic Si
feed ratio. Note that the lowest area ratio of 0.34 wasmeasured for the
coating obtained with pure TEOFS (not shown in graph), demon-
strating that the high ratios measured in the other coatings cannot be
due only to strained Si–O–Si from the presence of fluorine.

An additional figure of merit for porosity or void space is plotted in
Fig. 8, which displays the normalized intensity of the main Si–O peak
located near 1070 cm−1. The normalized intensity was calculated by
dividing the main Si–O peak height by the coating thickness, and is an
approximate measure of the Si–O density in the coating. This value
decreases for increasing TEOFS/TMCTS atomic Si feed ratios, confirm-
ing the trend observed in the previous figure. The value of this ratio for
the coatingmade frompure TEOFSwas 1.6 μm−1, higher than all other
values.

The results of an XPS survey scan are depicted in Fig. 9. This coating
was deposited using 1.1 L/min flow to the TEOFS bubbler and zero
TMCTS. This spectrum clearly identifies the presence of Si, C, O, and F
in the near surface region of the coating. Multiple scans of the Si 2p, C
Fig. 6. Infrared absorbance spectra of the Si–O stretching region, normalized by coating
thickness, with curve fitted peaks for each spectrum.

image of Fig.�4
image of Fig.�5
image of Fig.�6


Fig. 7. Relative film porosity based on the area ratio of the shoulder to the main Si–O
peak as a function of the precursor feed ratio.

Fig. 9. X-ray photoemission survey spectrum of a coating deposited using TEOFS at
250 W, 30 L/min He, and 0.7 L/min O2.
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1s, O 1s and F 1s spectra were acquired for each coating and used to
calculate the surface compositions presented in Table 2. These data
show that the fluorine concentration was significant when TEOFS was
fed to the plasma deposition process. At TEOFS/TMCTS Si feed ratios
between 0.6 and 3.2, the F/Si atomic ratio in the film was 0.06 to 0.10.
When pure TEOFS was fed to the reactor, the F/Si atomic ratio was
0.12. This coating was also analyzed by secondary ion mass
spectrometry (SIMS), and the fluorine concentration was found to
be approximately constant at 1020 atoms/cm3. Based on the density of
amorphous SiO2 of 2.2 g/cm3, this corresponds to an F/Si ratio of less
than 1%, but this value is likely higher due to the lower density of
these coatings as discussed below.
3.3. Optical properties

An example of the ellipsometric spectra used to generate a refractive
index model of the coatings is depicted in Fig. 10. This sample was
deposited using the pure TEOFS precursor, and shows an excellent fit
with the predicted values in the model. The refractive index of the F–
SiOx coatings, calculated at 633 nm, is provided in Fig. 11. The error bars
in these values are calculated from the error measured in the fitted
model, as in Fig. 10. One sees a gradual decrease in the refractive index
with increasing TEOFS/TMCTS atomic Si feed ratio, from 1.457±0.001
to 1.440±0.003. The coating deposited using pure TEOFS exhibited the
lowest refractive index, equal to 1.411±0.001.
Fig. 8. Normalized intensity of the Si–O stretching peak at 1070 cm−1 as a function of
the TEOFS/TMCTS feed ratio.
4. Discussion

The data presented in the previous section indicate a substantial
difference between those coatings deposited from either the pure
TMCTS precursor or amixture of precursors, and those deposited from
pure TEOFS. Addition of up to 0.40 L/min TEOFS to the constant TMCTS
feed increases the growth rate from 9 nm/min to 16 nm/min, as seen
in Table 1. This 7 nm/min increasemay not be explained simply by the
introduction of additional Si atoms from the TEOFS precursor, since a
larger flow rate of pure TEOFS (1.1 L/min) yields less than half of this
value in growth rate (3 nm/min). The increase in volumetric growth
rate may be partially explained by the increase in porosity or void
space at higher TEOFS/TMCTS atomic Si feed ratios. However, the
growth rate is constant above a TEOFS feed of 0.40 L/min (a TEOFS/
TMCTS feed ratio of 1.3) while the porosity indicated in Figs. 7 and
8 continues to increase beyond this point.

When co-deposition of fluorinated and non-fluorinated silicon
precursors has been applied in direct PECVD, a decrease in growth rate
with increasing fluorinated precursor is observed [8,30,31]. The
addition of fluorinated precursor to the plasma induces etching
(and re-deposition) of the silica through the presence of F atoms and/
or ions, which reduces the growth rate for increasing amounts of the
fluorinated precursor [8]. In a remote plasma at atmospheric pressure,
the presence of F atoms will be extremely short-lived [32], and since
we observe a constant growth rate for increasing TEOFS precursor
flow rate above 0.40 L/min, it may be assumed that there is no etching
due to the fluorinated chemical.

The AFM images of the co-deposited coatings reveal no trend in
surface roughness with the precursor ratio (cf. Table 1). The coatings
deposited with pure TMCTS or mixtures of TEOFS and TMCTS exhibit
about the same roughness as indicated by the data in Table 1. By
contrast, the coating obtained using pure TEOFS shows a significantly
Table 2
Surface composition measured by XPS for glass coatings made from pure and mixed
precursors.

TEOFS:TMCTS
feed Si ratio

Atomic concentration (%) Atomic ratios

C O Si F F/Si Si/O

0.00 17 62 21 0.3 0.01 0.34
0.63 15 62 21 1.3 0.06 0.33
1.27 36 48 15 1.5 0.10 0.31
1.90 33 48 17 1.5 0.09 0.36
2.54 26 54 19 1.6 0.08 0.34
3.17 27 54 19 1.3 0.07 0.35
∞ 17 59 21 2.6 0.12 0.36
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Fig. 10. Measured (solid) and modeled (dotted) spectroscopic data: a) cos(2Ψ); and
b) sin(2Ψ)cos(Δ).
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lower roughness than the other coatings. It has been concluded that
the film morphology is affected by the choice of precursor. Although
the higher degree of smoothness obtained with pure TEOFS may be
partly due to the lower growth rate obtained with the precursor. The
surface roughness of all coatings is higher than those of standard
dielectric films because of the high growth rate obtained without
etching reactions, using this deposition process.

The effect of feed ratio on the average growth rate partially
explains the porosity data depicted in Figs. 7 and 8. For TEOFS/TMCTS
feed ratios up to 1.2, the growth rate increases linearly (cf. Fig. 2). In
this same range of feed ratios, the porosity or void space as measured
in Fig. 7 increases linearly, while the density of Si–O bonds decreases.
Thus, increasing the TEOFS feed rate (up to a ratio of 1.2) causes a
linear increase in the growth rate, and this increasing growth rate in
turn causes an increase in porosity or void space and a corresponding
reduction in the coating density.

An increase in porosity with growth rate has been seen in previous
atmospheric PECVD studies [22,26]. To confirm this behavior in this
work, an experiment was performed in which the TMCTS precursor
flow rate was varied. Growth rates of 1.8 and 3.0 nm/min were
obtained at TMCTS bubbler flow rates of 19 and 45 ml/min,
Fig. 11. Refractive index at 633 nm for coatings as a function of the TEOFS/TMCTS feed ratio.
respectively. Infrared spectra of the glass films are presented in
Fig. 12. The inset in this figure shows the hydroxyl region, where the
lower growth rate sample shows a relatively larger hydroxyl peak at
3650 cm−1, which is the dominant peak in the film obtained with the
pure TEOFS feed. In addition, the high energy shoulder in the Si–O
region at 1150 cm−1 is significantly reduced in intensity relative to
the main peak at 1070 cm−1 for the lower growth rate sample. After
deconvoluting these spectra, the ratios of the peak area of the
shoulder to that of themain peak for the samples grown using 1.8 nm/
min and 3.0 nm/min were 0.38 and 0.63, respectively. These values
may be compared to that obtained using the pure TEOFS feed, which is
0.34 at a growth rate of 3.0 nm/min.

The growth rate nevertheless levels off at TEOFS/TMCTS atomic Si
feed ratio≥1.2, while the increase in porosity and decrease in Si–O
density trends continue. Thus, the increase of TEOFS feed to the
precursor mixture above this ratio causes an increase in the porosity
or void space of the co-deposited coatings which is unrelated to the
growth rate. As described in Section 3.2, increasing TEOFS flow to the
precursor feed mixture has the effect of shifting the position of both
the main Si–O peak and the high energy shoulder to lower
wavenumber values. The precise composition of the precursor
mixture may therefore have an effect on the physical structure of
the coatings, even at a constant growth rate and substrate
temperature.

Three distinct values of refractive index were obtained under the
different process conditions used in this work. The highest value
recorded was 1.46 for the coating deposited from pure TMCTS, and
thus in the expected range for dense amorphous silica glass [33]. A
refractive index of 1.45 to 1.44±0.004 was measured for coatings
obtained by feeding a mixture of TEOFS and TMCTS. The decrease in
the value at higher TEOFS/TMCTS atomic Si feed ratios, as seen in
Fig. 11, is most likely due to increased porosity or void space in the
coatings. Finally, the pure TEOFS coating had an index of 1.411. This
value of refractive index is consistent with PECVD glass with a Si–F% of
about 4% [12].

Fluorinated silica glass coatings produced by liquid methods have
refractive indices, ranging from 1.43 to 1.48. These coatings are dense,
and have a lower fluorine concentration than vacuum deposited
coatings, which can range up to 5% [1,2]. Vacuum PECVD methods,
with an operating pressure between 0.1 and 70 Pa, have generated
coatings with lower refractive indices, ranging from 1.38 to 1.48,
depending on the deposition conditions. Plasma-enhanced chemical
vapor deposition performed at a pressure of 533 Pa yielded coatings
with refractive indices ranging from 1.42 to 1.48 [34]. These values are
in the same range as the atmospheric pressure co-deposited coatings
in this work while the pure TEOFS sample has a refractive index closer
Fig. 12. Infrared spectra of samples grown from TMCTS at different growth rates in the
Si–O and hydroxyl (inset) regions.
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to that obtained under high-vacuum conditions, 1.38 to 1.46 [12,31].
Thus, similar quality material may be obtained using the method
described in this paper, without the need for vacuum equipment or a
growth chamber.

5. Conclusions

Fluorinated silica glass coatings were deposited using remote
PECVD at atmospheric pressure and 120 °C. The composition of the
coatings ranged from 0.3% to 2.6% in fluorine concentration, as
determined by XPS. The refractive index of the coatings ranged from
1.46 for pure TMCTS feed, to 1.41 from pure TEOFS feed. The glass
coating deposited from pure TEOFS precursor had the lowest surface
roughness, porosity or void space, and refractive index.
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