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Structural and electrical properties of fluorinated silicon dioxide~SiOF! films prepared by remote
plasma enhanced chemical vapor deposition from the SiF4–O2–H2–He gas mixture have been
studied using ellipsometry, Fourier transform infrared spectroscopy, transmission electron
microscopy, and current–voltage measurements. It has been found that the level of hydrogen
dilution strongly affects the microstructure of deposited SiOF films. The films prepared at the H2

flow rate below about 0.8 sccm have a biphase structure consisting of an amorphous matrix with the
incorporation of 5–30 nm sized particles. The main origin of these particles seems to be gas phase
oxidation of SiFx species~with x51, 2, 3! in plasma and downstream regions. Resulting films are
characterized by extremely low density, reduced structural homogeneity, and poor electrical
properties. Increase in the H2 flow rate above 0.8 sccm completely suppresses the incorporation of
particles into the growing film probably due to effective hindering gas phase oxidation process and
results in dense homogeneous amorphous SiOF films with good electrical properties. ©2000
American Vacuum Society.@S0734-2101~00!01506-8#
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I. INTRODUCTION

The main trend of the modern ultralarge scale integrat
circuits industry towards device shrinking has aroused
great deal of interest in low dielectric constant materi
whose application as an interlayer insulator enables str
reduction in wiring capacitance of multilevel metallizatio
Among these materials, fluorinated SiO2 ~SiOF! is one of the
best candidates because of its easy integration into exis
semiconductor processing along with excellent insulating1,2

gap filling properties,3,4 and dielectric constant as low a
3.6.2

SiH4 ,5 Si2H6 ,1 tetra-ethoxy-silane,3,6–11 and other orga-
nosilanes have been used recently as a silicon source
plasma enhanced chemical vapor deposition~PECVD! of
SiOF films. However SiOF films obtained from these prec
sors usually contain hydrogen bonded in Si–H and Si–
groups,7,9,12 which causes moisture instability problems du
ing the postdeposition period. To avoid hydrogen incorpo
tion into the SiOF film, hydrogen-free SiF4-based plasmas
have been applied recently in several studies.6,13–16 How-
ever, the question about the optimal feedstock gas mix
still remains open.

In our previous study it was shown that hydrogen addit
to SiF4-based plasmas enables one to control the fluo
doping level of SiOF films without hydrogen incorporatio
into the film.17 However, other reasons exist for hydrog
addition to SiF4-based plasmas. It has been revealed rece
that hydrogen dilution can cause considerable improvem
in the structure ofmc-Si:H films prepared by PECVD from
SiH4–H2 plasma.18 The results of our previous studies19 al-

a!Electronic mail: alonso@servidor.unam.mx
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low us to suppose that an increasing amount of H2 in the
reaction chamber causes densification of silicon diox
films prepared by direct PECVD from SiF4–NO2–H2 gas
mixture. The purpose of this work is to study in detail th
effect of hydrogen addition to the process on the microstr
ture of SiOF films prepared by remote PECVD fro
SiF4-based plasmas using laser ellipsometry, Fourier tra
form infrared ~FTIR! spectroscopy, and transmission ele
tron microscopy characterization techniques. Since the m
application of SiOF films is to serve as an interlayer diele
tric of the integrated circuits with multilevel metallization,
is of practical interest to study the correlation between
structural changes observed in SiOF films as a function of2

flow rate and the electrical properties of these films.

II. EXPERIMENT

SiOF films were prepared by the remote PECVD tec
nique using SiF4–O2–H2–He feedstock gas mixtures. Th
reaction chamber was equipped by an inductively coup
plasma source mounted on the top flange. The detailed
ometry of the reaction chamber is described elsewhere.17 The
films were deposited onn-type ~100! silicon substrates of
200 V cm. To study the effect of hydrogen dilution on th
deposition of SiOF films, SiF4 , O2 , and He flow rates were
kept constant at 20, 40, and 280 sccm while the hydro
flow rate was varied from 0 to 10 sccm. For special studie
SiF4 flow rate of 5 sccm was applied. The total pressure w
held at 500 mTorr using a throttle valve for all depositio
cycles. The substrate temperature during film deposition
175 °C. The plasma was generated and sustained by app
200 W of a 13.56 MHz radio frequency power for all dep
sitions.
28270Õ18„6…Õ2827Õ8Õ$17.00 ©2000 American Vacuum Society
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Film thickness and refractive index were measured us
a Gaertner L117 laser ellipsometer. Films thickness was
geted for 1000 Å. Film composition and structure was st
ied by FTIR absorption spectrometer Nicolet 210. The ra
of the area of 900–1000 cm21 Si–Fx absorption band to the
area of the stretching mode Si–O peak~Si–F/Si–O ratio!
was used after base line correction for qualitative estima
of fluorine content in the SiOF films. IR measurements w
used to study the microstructure of our films as a function
fluorine content. For this purpose we used a procedure b
on the central force model of Sen and Thorpe,20 which was
developed in the past to study the structure of thermal
device quality SiO2 films21,22 and has been applied recent
to study SiOF films.13 This procedure consists in using th
relation between the peak position and change in full wi
at half maximum~FWHM! of the main Si–O–Si phonon
band within the SiOF network and the width of Si–O–Si
bond angle distribution~Si–O–Siangle deviation!, which is
a direct indicator of film microstructure. On the other han
based on several articles related to the topic,23–33 the ratio
between the IR absorption intensity of the high-wave num
shoulder and the main peak of the Si–O–Sistretching vibra-
tion mode in SiO2 was used to evaluate the structural pro
erties and porosity of our SiOF films. Film microstructu
was further examined by electron microscope Jeol-1200
in bright-field, dark-field, and selected area electron diffr
tion regimes. Electrical measurements were performed u
metal–oxide–semiconductor~MOS! structures fabricated on
crystallinen-type silicon wafers of 0.1–1V cm. The metal
contacts were aluminum dots with 0.14 cm diam therma
evaporated through a metallic mask. The current–volt
~I–V! characteristics were measured with a log-picoamm
and a ramp voltage generator.

III. RESULTS

A. Deposition rate, fluorine content and structure

Figure 1 shows the film deposition rate as a function
H2 flow rate for two SiF4 flow rates, 5 and 20 sccm. No film
growth is observed when hydrogen-free SiF4–O2–He gas

FIG. 1. Deposition rate of SiOF films vs H2 flow rate at different values of
SiF4 flow rate.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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mixture is applied. SiOF film growth starts only when hydr
gen is added into the feedstock gas mixture at flow ra
higher than 0.6 sccm. For both SiF4 flow rates, first an in-
crease in the deposition rate is observed~Fig. 1! as the H2

flow rate increases, then, after reaching a maximum va
which depends on the SiF4 flow rate, the deposition rate
decreases as a function of hydrogen flow rate. The effec
SiF4/O2 flow rate ratio on the deposition rate of oxides d
posited at low hydrogen flow rate~1.6 sccm! is shown in Fig.
2. It is observed that under these conditions the deposi
rate increases as the SiF4/O2 ratio increase.

Figure 3 shows the refractive index of SiOF films as
function of H2 flow rate. As seen in the figure, the refractiv
index of the films prepared at 0.8–5 sccm of H2 flow rate is
in the 1.398–1.417 range, but drops sharply up to the va
of 1.2 when the H2 flow rate is reduced below 0.8 sccm. I
order to study the origin of lower refractive index of ou
SiOF films, studies of F content and film microstructure we
performed.

The incorporation of fluorine in our SiOF films was stu
ied by IR measurements. A typical FTIR spectrum of o
samples is shown in Fig. 4. It contains three major pe
located at 1090, 800, and 450 cm21 ~see Fig. 4! that are
usually identified as the stretching, bending, and rock

FIG. 2. Deposition rate of SiOF films vs SiF4/O2 flow rate ratio.

FIG. 3. Refractive index of SiOF films vs H2 flow rate.
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modes of the Si–O–Sibonding, respectively. The Si–Fx ab-
sorption band is clearly seen in the 900-1000 cm21 range.
The ratio of the area of this band to the area of Si–O stre
ing vibration peak~Si–F/Si–O ratio! was used to estimat
the fluorine content in our SiOF films. Figure 5 shows th
the relationship between the F content and the H2 flow rate is
not a simple negative exponential, as it was expected on
basis of our previous studies.17 On the contrary, an increas
in the F content is observed as the H2 flow rate increases in
the range from 0.6 to 1.5 sccm. The exponential reductio
the F concentration is only observed at H2 flow rates higher
than 1.5 sccm. Si–H and Si–OH bond absorption peaks w
absent in the FTIR spectra from as-deposited SiOF films
the entire range of H2 flow rate.17

IR spectroscopy was employed for evaluating the str
tural characteristics of the films on the basis of works,13,21–25

which relate the structural properties of silicon dioxide film
with the form and characteristics of the IR absorption ba
associated with the Si–O–Si bond stretching vibrations in
SiO2 films. As can be observed in Fig. 6, the FWHM an

FIG. 4. Typical FTIR spectrum of the SiOF film prepared at H2 flow rate of
1.5 sccm. Si–O–Si stretching, bending and rocking vibrational modes a
labeled as~s!, ~b!, and~r!, respectively.

FIG. 5. Si–F/Si–O peak area ratio vs H2 flow rate.
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position of this band shows significant changes as a func
of H2 flow rate. From these changes, the values of Si–O–Si
angle deviation within SiOF network were calculated e
ploying the equation used in Ref. 13. These values are sh
in Fig. 7 and demonstrate that SiOF films deposited using2

flow rate below about 0.8 sccm are characterized by an
creased angle deviation, which is indicative of their reduc
structural homogeneity. It was also found that the ratio of
intensity of the high-wave number shoulder to the intens
of the main peak of the Si–O–Sistretching vibrations band
undergo big changes as the H2 flow rate changes. For the
sake of the analysis, the band was deconvoluted using
Gaussian peaks. Figure 6 shows these contributions f
film deposited with a hydrogen flow rate of 0.75 sccm.
this case the main peak is located at 1090 cm21 and the other
one, which contributes to the high-wave number shoulder
located at about 1160 cm21. The behavior of the intensity
ratio between the high wave number peak and main pea
a function of H2 flow rate is shown in Fig. 8. This ratio
exhibits a trend consistent~opposite! with that of the refrac-
tive index ~see Fig. 3! versus the H2 flow rate. Namely, the

FIG. 6. FTIR spectra of SiOF films prepared at different H2 flow rates in
950–1300 cm21 region. The spectrum from the SiOF film prepared at 0
sccm of H2 flow rate is deconvoluted to two Gaussian peaks located at ab
1160 and 1090 cm21 ~shown by dashed lines! as an example.

FIG. 7. Si–O–Sibond angle deviation as a function of H2 flow rate.
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relative intensity of the high-wave number shoulder dra
cally increases when the H2 flow rate reduces below 0.8
sccm.

Transmission electron microscopy~TEM! studies were
performed for further investigation of the structure of SiO
films. Selected area electron diffraction studies showed
samples prepared at H2 flow rates ranging from 0.6 to 10
sccm had a diffraction pattern@see inset in Figs. 9~a! and

FIG. 8. Ratio in intensity of 1160 cm21 Gaussian peak to that of the pea
located at about 1090 cm21 as a function of H2 flow rate.

FIG. 9. ~a! and ~b! typical bright-field TEM images of the SiOF films pre
pared at the H2 flow rate below and above 0.8 sccm, respectively, acco
panied by corresponding selected area electron diffraction images~see in-
sets!.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
i-

at

9~b!#, which consisted of a central halo and diffuse rings a
indicated the structure of the films to be amorphous. This
consistent with a common concept of the SiO2 film structure
as a continuous random network of SiO4 tetrahedra joined
together by bridging oxygens.20 Dark-field TEM did not
show any presence of the crystalline phase in the sam
prepared in the entire range of hydrogen dilution. Howev
bright-field TEM studies have revealed that the structure
the samples prepared at H2 flow rates below about 0.8 sccm
differed significantly from that of films prepared at high
hydrogen flow rates. As seen in Fig. 9~b!, SiOF films pre-
pared at H2 flow rate exceeding 0.8 sccm are characteriz
by uniform homogenous structure typical for amorpho
films. On the contrary, SiOF films prepared at the H2 flow
rate below about 0.8 sccm have the structure that can
classified as a biphase one as seen in Fig. 9~a!. The micro-
structure of these films consists of the amorphous matrix,
with an incorporation of individual particles of the irregula
shape and sized within 5–30 nm range.

B. Electrical properties

The electrical properties of the SiOF films as a function
H2 flow rate were studied by takingI–V measurements on
MOS capacitors which incorporated these films. The cap
tor and equipment setup for these measurements was alr
described in Sec. II. Here it is only important to mention th
the ramp rate was 0.5 V/s in the positive bias direction, i
a positive voltage was applied to the gate~aluminum elec-
trode! in order to inject electrons from then-type silicon
substrate. Figure 10 shows the current–voltage charact
tics obtained for SiOF films prepared at different H2 flow
rates. It is clearly seen that the leakage current of SiOF fi
increases as the H2 flow rate decreases. Figure 11 shows t
value of breakdown electric field of the samples as a funct
of H2 flow rate. As seen in the figure, the SiOF films pr
pared at the H2 flow rate above 1 sccm are stable at elect
fields about 7 MV/cm. However, the dielectric integrity o
films drops sharply when the H2 flow rate decreases below
about 1 sccm.

-

FIG. 10. Leakage current vs electric field of SiOF films prepared at differ
H2 flow rates.
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IV. DISCUSSION

A. Deposition process and fluorine content

The behavior of the deposition rate shown in Fig. 1 can
explained considering that the SiOF film deposition proc
is indeed a continuous competition between two proces
~a! film growth by dissociation of SiF4 , followed by oxida-
tion and reduction of SiFx fragments withx51, 2, 3, and~b!
etching by highly reactive F species and hydrogen.34–36

Based on this, it is clear that the deposition rate of the S
films should be very sensitive to the choice of operat
conditions. In consistency with this, Han and Aydil13 ob-
served no SiOF film deposition if the SiF4 /O2 flow rate ratio
in SiF4–O2 gas mixture was above 1. No film growth too
place either in the study of Kimet al.14 when radio fre-
quency power was below the threshold value of 1000 W. O
results evidently show that hydrogen dilution is able to
fectively control the growth-etching equilibrium and eve
small hydrogen addition leads the process to shift from e
ing towards the film growth for a wide range of SiF4 /O2

ratios ~from 0.5 to 10!, as seen in Fig. 2. The ability o
hydrogen to control the etching-deposition transition has a
been observed in SiF4–H2 systems fora-Si film growth34

and can be attributed to both the ability of H to dissoci
SiF4 molecules giving free-bond silicon species (2SiFx) and
effective scavenging of free F radicals2,4 yielding HF as a
by-product of this reaction. HF is volatile and is remov
from the reaction chamber by pumping. The saturation tr
observed in Fig. 1 at high hydrogen flow rates likely cor
sponds to complete scavenging of F species by hydro
This is consistent with the finding that the film depositi
rate saturates at higher H2 flow rates with increasing flow
rate of SiF4 . Indeed, the higher the SiF4 flow rate, the higher
concentration of reactive F species is produced, the hig
hydrogen dilution is required to completely scavenge the

The dependence of fluorine content in the films on
hydrogen flow rate shown in Fig. 5 can be explained on
same basis used in the previous paragraph. For example
increase in the fluorine content as the H2 flow rate increases

FIG. 11. Breakdown electric field as a function of H2 flow rate.
JVST A - Vacuum, Surfaces, and Films
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in the range from 0.6 to 1.5 sccm can be due to the ability
H radicals to abstract halogen atoms from SiF4 .34–36 Given
this ability, at low hydrogen flow rates an increment in th
flow rate can change the plasma chemistry in such a way
more SiFx species are produced and incorporated in the fi
Additionally, interaction of H2 with electrons coming from
the plasma region can cause changes in the electron en
distribution function similar to those observed in SiH4–H2

plasmas,37 which can also enhance the production of Six

species to be incorporated into the films. It is also poss
that the F content in as-deposited SiOF films prepared a2

flow rates below 1.5 sccm primary follows the exponent
trend marked by the dashed curve in Fig. 5, but this tre
considerably changes during postdeposition period due to
tense F desorption. However, this question is out of the s
ject of the present work and requires additional studies.
mentioned in Sec. III, no bands related to hydrogen bo
were found in the IR spectra of our films. It must be point
out that the IR absorption band observed in the range fr
900 to 1000 cm21 ~see Fig. 4! was associated with Si–F
bonds. This band cannot be due to Si–OH bonds since th
absorption band associated with clustered OH~s! around
3350 cm21 was not observed in any case. The absence
Si–OH or Si–H bonds in the films indicates that in spite
the fact that H2 interacts with the SiF4–O2 mixture, the for-
mation of Si–H and Si–OH bond during SiOF film growth
energetically less favorable than Si–F bonds probably du
the relatively high energy of the latter. On the other ha
atomic hydrogen is known to be very effective in releasi
hydrogen weakly bound with silicon. For instance, Shimi
in his study observed that, despite introducing a la
amount of atomic hydrogen during Si film deposition b
glow discharge of SiF4–H2, the concentration of hydrogen i
the film monotonously reduced down to 1–2 at. %.36

B. Film structure

1. Refractive index

It is known that the refractive index of any film is affecte
by its stoichiometry, type and amount of impurities, densi
porosity, and stress. The determination of the influence
each one of these factors on the refractive index is a diffic
task, especially in SiOF films because fluorine incorporat
sensibly affects, at the same time, their density, poros
stress and electronic polarizability of the oxide. Howev
based on our results, in the following sections we have m
an attempt to evaluate separately the contribution of som
these factors on the refractive index of our films. Since R
therford backscattering spectroscopy~RBS! measurements
have shown that all our samples were nearly stoichiome
~Si:O51:2! we have only discussed the contribution of fa
tors other than stoichiometry.

2. Contribution of electronic polarizability

One important contribution to decrease the refractive
dex of SiOF films is the reduction in their electronic pola
izability due to the amount of F atoms incorporated into t
SiO2 network.16 The trend generally found is that the refra



It
fo
3
1
e
ra

te
e
o

1.
ra
d
c

b-
H
ib
d

th
i
th
-
s
n
s
ne
c

at
er
ta
d
in

l
cm

i
n

e
n
th
s
a
s
d
th

th

t
R

y
ling

a-
e
ity,
ca-
-

i-

er

igh-

ay
ain

d at
g of

as
s
re-

ose
the
cy

s.
po-
ed

nt,
ide
ig-
the

film
lieve
een
e

ow
tire

at
ture,
nd
ce
ion
can
truc-
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tive index decreases as the fluorine content increases.
worth noting that reported values of the refractive index
high-fluorinated SiOF films are typically in the 1.38–1.4
range, for fluorine concentration in the films as high as
at.%.3,9–11Figures 3 and 5 show that our SiOF films prepar
at H2 flow rates higher than 1.5 sccm follow the gene
trend. However, SiOF films deposited at H2 flow rates below
1.5 show the opposite trend. In fact, the SiOF film deposi
at a flow rate of 0.8 sccm is characterized by an extrem
small refractive index of 1.2 and the smallest amount of flu
rine incorporated. On the contrary, the film deposited at
sccm has a higher fluorine content, however it has a ref
tive index exceeding the value of 1.4. It allows us to exclu
the reduction in the electronic polarizability as the main fa
tor contributing to the low values of refractive index o
served in films deposited in the 0.6–1.5 sccm range of2

flow rate. It also suggests that other factors are respons
for the observed changes in the refractive index, namely
crease in the film density and intrinsic stress.

3. Contribution of continuous changes in film density

Various mechanisms can contribute to the reduction in
SiOF film density. One of them is the presence of voids
the form of connected or isolated pores. Another one is
formation of a highly open SiOF network built from high
order Si–O–Siring units.38 The internal space of such ring
can be considered as individual nanovoids. As was show
our previous studies17,38 the average order of ring unit
within the SiOF network should increase with the fluori
content resulting in a continuous SiOF film density redu
tion. As mentioned previously, Figs. 3 and 5 demonstr
that SiOF films with a refractive index of 1.2 have a mod
ate fluorine content. Consequently, these films must con
a small amount of nanovoids, whereas those characterize
a refractive index of about 1.4 must contain more fluor
and consequently more nanovoids. This suggests that the
refractive index of SiOF films deposited in the 0.6–1 sc
H2 flow rate range is not due to the continuous reduction
the density of the films produced by the presence of na
voids but rather due to isolated pores~porosity! in the films.

4. Contribution of film porosity

As shown in Sec. III, the form of the IR stretching mod
of the Si–O–Si bonding changes as hydrogen dilutio
changes. Specifically, Fig. 8 shows that the intensity of
high-wave number shoulder of the stretching band increa
sharply with respect to the intensity of the main peak
hydrogen flow rate decreases below 1 sccm. As discus
below, these changes can be correlated with porosity an
other structural changes in the films. The shoulder of
stretching band located at about 1200 cm21 is attributed to
the out-of-phase motion of adjacent oxygen atoms of
asymmetric stretching transverse optical (AS2TO) vibration,
whereas the main absorption band at about 1090 cm21 is
assigned to the AS1TO in-phase motion of adjacen
oxygens.23,24Kirk has shown in a quantitative study of the I
absorption spectra of thermally grown SiO2 films that the
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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AS2TO mode mainly contributing to the high-frequenc
shoulder is due to a disorderinduced mechanical coup
between the AS1 and AS2 modes.26 Therefore, any factor
causing structural nonuniformity in the surrounding vibr
tional units~including the deviation from stoichiometry, th
presence of nonbridging oxygen atoms, impurities, poros
stress, etc.! can cause perturbation and resultant modifi
tions in the AS2TO mode.23–33 Some systematic studies re
lating the height of the shoulder of the Si–O–Si stretching
vibration mode with film composition have found that mod
fications in the stoichiometry of the SiO2 films toward the
silicon rich composition increase the height of this should
with respect to the height of the main peak.24,25On the other
hand, several recent works have suggested that the h
wave number shoulder of the Si–O–Si stretching vibration
mode is related to the porosity of the material in such a w
that the ratio of intensity between this shoulder and the m
peak increases as film porosity increases.29–33 It is worth
mentioning that these studies were carried out on SiO2 films
prone to be porous, since most of them were deposite
very low temperatures by techniques such as spin coatin
silica sol gel ~room temperature!,29 photo-CVD ~80 °C!,30

PECVD ~30 °C!,31 liquid phase deposition~50 °C!,32 and
electron-beam evaporation~20 °C!.33 Additionally, the den-
sity and refractive index of some of these films was as low
1.49 g/cm3 and 1.1, respectively.31,32 Based on these work
and taking into account that, according to RBS measu
ments, our films are nearly stoichiometric, we can supp
that the considerable reduction in the refractive index and
drastic increase in the relative intensity of the high-frequen
shoulder~see Figs. 3 and 8! of our SiOF films prepared at H2
flow rates below 0.8 sccm are due to porosity in the film
However, as is discussed below using TEM results, the
rosity in these films can be typified as formed by clos
voids.

The contribution of intrinsic stress is not clear at prese
however it can probably be neglected since a fixed ox
structure distorted by the stress normally exhibits more s
nificant changes in the infrared absorption strength of
shoulder relative to the main peak of the Si–O–Sistretching
band. For example, it has been reported that an oxide
under stress undergoes structural rearrangement to re
the stress and might reveal a strong absorption band betw
1150 and 1250 cm21 and the virtual disappearance of th
1080 cm21 peak.39 As seen in Figs. 6 and 8, the Si–O–Si
stretching vibrational mode of our SiOF films does not sh
any of the aforementioned extreme changes in the en
range of H2 flow rates.

C. Nature and origin of film porosity

TEM results revealed that our SiOF films deposited
hydrogen flow rates below 0.8 sccm have a biphase struc
which consists of individual particles of irregular shape a
size ~5–30 nm! embedded in an amorphous matrix. Sin
both dark-field TEM and selected area electron diffract
did not reveal any presence of polycrystalline phase, we
suppose that these particles also have an amorphous s
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ture. IR results are consistent with the TEM results since
values of Si–O–Si angle deviation within SiOF network
shown in Fig. 7, demonstrate that SiOF films with bipha
microstructure (H2 flow rate below about 0.8 sccm! are char-
acterized by an increased angle deviation, which is indica
of their reduced structural homogeneity.

The most probable explanation of the biphase microstr
ture formation in films deposited at very low hydrogen flo
rates is a gas phase oxidation of SiFx fragments~with x51,
2, 3! in plasma and downstream region followed by th
incorporation into the growing amorphous SiOF film. Sin
the image of these particles in the micrograph is much ligh
than that of the matrix@see Fig. 9~a!#, it allows us to suppose
that the density of these particles is less than that of
rounding SiOF network. As a consequence, SiOF films w
biphase structure must have a reduced density. Since the
entation of the incoming flux during remote PECVD is we
defined, the presence of irregularly shaped foreign parti
on the film surface can act as local masks producing
effect of shadowing. The surface mobility of precursors d
ing low-temperature remote PECVD is not sufficient to p
vide a conformous coating growth. In these conditions i
very probable the formation of closed voids~porous! in the
area of shadow which additionally contributes to the red
tion in the density of SiOF films. In summary, the structu
of these films can be typified as a biphase-porous struc
formed by a SiOF network with amorphous low density p
ticles and closed voids embedded on it.

When the H2 flow rate exceeds 0.8 sccm the particles a
not observed in the film@see Fig. 9~b!#. This allows us to
assume that the presence of hydrogen in the reaction ch
ber at a certain concentration is able to effectively suppr
the gas phase oxidation of SiFx species preventing thereb
the particle incorporation into the growing amorphous Si
network. The mechanism of hydrogen action is not clea
the moment, however it is known for SiF4–H2 plasmas that
an interaction of SiFx fragments~x51, 2, or 3! with atomic
hydrogen in gas phase can lead to the production of var
SiFnHm neutral and ionized species~m, n51, 2, or 3,n1m
,3).34–36 It has been found that Si–F bonds formed
a-Si:H~F! films prepared by glow discharge of SiF4–H2 are
easily changed into Si–O–Siones as a result of Si–F bon
hydrolysis when the films are exposed to the air.36 Thus, in
the presence of oxygen, hydrogen and fluorine radicals
SiF4–O2– H2–He plasmas a continuous competition sho
exist in the passivation of SiFx species dangling bonds by O
H, or F. It is obvious that the probability of Si dangling bon
termination by hydrogen is increased with H2 flow rate. At
present it is not clear whether SiFnHm or SiOxFnHm species
are the resulting by-products of the above processes. H
ever, the finding that no particle incorporation takes pla
when the H2 flow rate exceeds about 0.8 sccm allows us
suppose that the presence of H radicals in the reaction ch
ber effectively suppresses gas phase oxidation of SiFx pre-
cursors favoring thereby the formation of homogeneo
high-dense amorphous SiOF films.
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D. Electrical properties

I–V measurement results~Figs. 10 and 11! show that
there is a strong correlation between the electrical proper
and the structural changes observed in SiOF films as a fu
tion of H2 flow rate. Films deposited at hydrogen flow rat
higher than 1 sccm are structurally and electrically supe
than films deposited at lower flow rates. The dielectric inte
rity is practically lost and there is a drastic structural deg
dation when the SiOF films are deposited at H2 flow rate
below about 1 sccm. From this correlation we can conclu
that the structural defects in these biphase and porous S
films create a great amount of electronic defects and ca
the total deterioration of their insulating properties.

V. CONCLUSIONS

Analysis of the experimental data has demonstrated
the structural and electrical properties of SiOF films prepa
from SiF4–O2–He– H2 based plasmas depend sensibly
hydrogen flow rate and change drastically at low hydrog
dilution. The correlation among these changes and
changes in deposition rate indicate that hydrogen added
the SiF4 /O2/He plasma is effective not only to scavenge
species but also to control the amount of gas phase reac
and provoke the etching-deposition transition for SiOF fi
growth. When the addition of hydrogen into th
SiF4–O2–He feedstock gas mixture is less than 0.8 sccm,
SiOF films obtained have extremely low deposition rate a
are characterized by biphase microstructure consisting o
amorphous matrix with an incorporation of individual pa
ticles of the irregular shape and sized within 5–30 nm ran
The origin of the above particles is assumed to be gas ph
oxidation of SiFx species~with x51, 2, 3! in plasma and
downstream regions. It has been shown that building up
above particles into the growing amorphous SiOF netw
results in the formation of a low density inhomogeneous a
porous structure and leads to considerable degradatio
electrical properties of SiOF films. It has also been revea
that addition of hydrogen to the feedstock gas mixture
quantities higher than 0.8 sccm effectively suppresses
particles incorporation into the SiOF matrix probab
through hindering of gas phase oxidation of SiFx species.
SiOF films prepared in these conditions are characterized
homogeneous high-dense amorphous microstructure
good electrical properties~leakage current is less than
31024 A/cm2 at the breakdown electric field of at least
MV/cm!.

Lowering the value of the refractive index of SiOF film
below 1.3 is assumed to be an indicator of their reduc
density rather than a reduction in electronic polarizability
the entire range of F doping level.
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