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Si–O–Falloy films deposited by chemical vapor deposition have static dielectric constants,es ,
significantly reduced with respect to those of similarly prepared SiO2, ;3.2 to 3.4 as compared to
4.0 to 4.2. Infrared absorption spectra provide a basis modeling the molecular structure of these
alloys, as well as helping to identify microscopic mechanisms responsible for static dielectric
constant reductions. Contributions of electronic and vibrational transitions toes are discussed in
terms of an empirical chemical bonding model.Ab initio calculations are then used to identify
inductive effects of Si–F bonds on the properties of Si–O–Sigroups that are back-bonded to the Si
atom of that Si–F group. Theab initio calculations provide a theoretical framework for
understanding why relatively low concentrations of F atoms;;10–12 at. %, produce significant
decreases ines , ;22%, as reported for the Si–O–Falloys. © 1997 American Vacuum Society.
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I. INTRODUCTION

There is considerable interest in insulating films w
static dielectric constants,es , lower than SiO2 for use as
dielectric layers between thin film metal interconnects in
tegrated circuits. One alloy system that has recently attra
considerable attention for this application is Si–O–F. This
article

~i! reviews previously published experimental results
the infrared, ~IR!, optical properties of Si–O–F
alloys,1,2

~ii ! presents new IR data, which when combined with
data of Refs. 1 and 2, provides the basis for a desc
tion of the local bonding arrangements of the inco
porated F alloy atoms,

~iii ! characterizes the alloy compositions in a pseu
binary notations,

~iv! explains the major contributing factors to the redu
tions in es atoms by three effects:

~a! replacement of strongly IR-active Si–O–Si with
weaker Si–F bonds,

~b! chemical induction effects,3 whereby Si–F bonds pro
duce changes in frequencies and infrared effec
charges of the vibration modes of nearest neighbor
O–Si bonding groups reducing the contribution
these modes to thees , and

~c! reductions in alloy density.4

The reductions in alloy density,;5% for films with 10–12
at. % F, can only account for about 20% of the total d
creases ines reported for these films.

On the other hand in Ref. 2 it was demonstrated t
decreases in the intensities of Si–O–Si vibrations in the IR
absorption spectrum account for a significant fraction of
decreases in the static dielectric constant of Si–O–F alloys
with respect to SiO2. However, no attempts were made

a!Electronic mail: gerry–lucovsky@ncsu.edu
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either Refs. 1 or 2 to provide an understanding ofwhy these
additional decreases ines with F alloy atom incorporation
were so large. For example, aone for onesubstitution of
Si–F bonds for Si–O bonds is insufficient to explain t
large changes that occur. In making this comparison, i
necessary to compare integrated absorption strengths r
than simply peak values of the absorption constants of
Si–F and Si–O–Siabsorption bands. In this article it i
shown that the very large changes ines can be understood in
terms of additional effects in which the presence of Si
bonding

~i! reduces the dynamic IR effective charge of neare
neighbor IR-active Si–O–Sibond-bending vibrations
and

~ii ! increases the frequencies of Si–O–Sibond-stretching
vibrations.

Both of these contribute to reductions ines as will be dem-
onstrated using an extended Penn Model for the quantify
the contributions of the vibrational modes toes .

5

II. INFRARED SPECTRA

The significant changes in IR absorption in Si–O–F al-
loys with respect to SiO2 have been documented in Refs.
and 2 where IR data has been presented in the spectral r
from 400 to 4000 cm21. This range includes the Si–O an
Si–F vibrational modes that make the most significant c
tributions to es ; i.e., the Si–O–Si asymmetric bond-
stretching mode which peaks at;1050–90 cm21, the
silicon monofluoride ~Si–F! bond-stretching mode a
;935 cm21, the Si–O–Si bond-bending mode a
;810 cm21, and the Si–O–Si bond-rocking mode
;460 cm21. Si–F bond-bending modes are expected at f
quencies below 400 cm21; however, our recent IR measure
ments shown in Fig. 1 indicate that these are not detect
in alloy films with up to about 12 at. % F. These samp
were prepared using conventional direct plasma proces
83615(3)/836/8/$10.00 ©1997 American Vacuum Society
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tools, and the F atom concentrations were determined
x-ray photoelectron spectroscopy. The data in Fig. 1 are
samples of approximately the same thickness. We have
sented IR data for alloy films, which may then be compa
with IR data for SiO2 films in the corresponding spectra
range as presented in Refs. 1 and 2.

Returning first to the data presented in Refs. 1 and 2

FIG. 1. IR spectra of a Si–O–F alloys: ~a! IR spectra from 400 to
4000 cm21 for alloy with 11.7 at. % F;~b! expanded spectrum in the rang
of the Si–F bond-stretching feature (935 cm21) and the Si–O–Sibond-
bending mode (815 cm21) for alloy with 11.7 at. % F; and~c! IR spectra
from 150 to 400 cm21 for an Si–O–Falloy with 12.5 at. % F. The thick-
nesses of the alloy films with 11.7 and 12.5 at. % F are essentially the s
JVST A - Vacuum, Surfaces, and Films
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clude, the most important observations reported for the
O–F alloys included the following:

~i! for incorporation of F to about 10–12 at. % there a
three significant changes in the IR absorption w
respect to SiO2:

~a! development of a weak Si–F bond-stretching a
sorption at;935 cm21,

~b! changes in the Si–O bond-stretching band; m
notably an increase in the position of the spect
peak with increasing F content, and an accompa
ing decrease in the half-width, which combine
decrease the integrated IR absorption strength,

~c! reductions in the integrated IR absorption streng
of the 810 and 465 cm21 bands with increasing F
content;

~i! reductions ines from values of;4.1–4.2 to 3.3
60.1 for F concentrations of;10–12at. %, and

~ii ! changes in film properties upon exposure to atm
spheric water and low-temperature annealing.

The spectra presented in Fig. 1 show essentially the s
changes with respect to SiO2 spectra as noted above in~i! ~a!
and ~b!; e.g., compare the spectra in Fig. 1 with those p
sented in Ref. 1.

It is important to note that there is no definitive spectr
scopic evidence for Si–F2 bonding arrangements in alloy
with up to about 12 at. % F in the published literature,1,2,6 or
in the new IR data presented in this article; e.g., in the fo
of the scissors and rocking bond-bending modes that are
ticipated to occur at a frequencies below about 500 cm21.7

Returning to bond-stretching modes, Hayasakaet al. in Ref.
6 have suggested that the development of low and h
wavenumber features on the 935 cm21 Si–F absorption are
indicative of the symmetric and anti-symmetric bon
stretching vibrations of Si–F2 bonding groups. The splitting
between these two features that they attribute to Si–F2 bond-
ing groups is;68 cm21 for F concentrations of about 6–
at. %, and is significantly smaller than what is expected
the basis of kinematic effects for Si–F2 groups from the
atomic masses of Si and F.7 For example, based on the ca
culations in Ref. 7 a frequency splitting of at least 90 cm21 is
expected for the splitting between the symmetric and a
symmetric Si–F2 vibrations. Finally, in order to confirm un
ambiguously the presence of Si–F2, it is necessary to show
the presence of bond-bending scissors and bond-roc
modes.7 As noted above, based on the recent IR studies p
formed in our laboratory which have extended absorpt
spectra down to 150 cm21, there is no spectroscopic ev
dence for either of these types of vibrational modes
samples with up to 12.5 at. % F~see Fig. 1!. In addition, the
results shown in Fig. 1 also demonstrate that the two ad
tional spectral features reported for the Si–F bond-stretch
vibration in Ref. 6 are notintrinsic to Si–O–Falloy films. In
particular, comparisons with other studies suggest that
920 cm21 feature reported in Ref. 6 is derived from a rea
tion of the Si–O–F film with water;8 i.e., the 920 cm21 fea-

e.
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ture is due to a displacement of hydrogen bonded OH gro
with respect to Si atoms. The results of Ref. 6 showe
distinct feature developed at;920 cm21, whereas the pres
ence of a feature at about 980 cm21 was inferred from an
attempt to fit the spectral data with three gaussian-sha
bands. Based on the data in Fig. 1, the existence of a disc
mode at 980 cm21 that is intrinsic to Si–O–Falloys is highly
questionable. A similar conclusion can also be drawn fr
the IR data in Refs. 1 and 2.

Finally, the changes that take place in the position of
spectral peak of the Si–O bond-stretching feature are con
tent with the average Si–O–Si bond angle,b, increasing by
about 5°–10°, from about 145° in SiO2 to more than 150° in
the Si–O–Falloys. The application of a nearest-neighb
central force field analysis of the bond-stretching mode in
cates that the frequency of this mode is directly proportio
to the sine of one-half of the Si–O–Si bond angle; i.e.,n
5n0 sin(b/2), wheren0 is an empirically determined con
stant that is approximately equal to the square root of
ratio of a bond-stretching force constant and an oxyg
atomic mass.9

III. BONDING OF FLUORINE ATOMS IN S i–O–F

The local atomic bonding of univalent atoms and grou
in SiO2 has been previously addressed with emphasis on
drogen~H! atoms and hydroxyl~OH! groups. In the F-doped
SiO2 alloys, F atoms replace the H atoms or OH groups
hydrogenated SiO2. As noted above the Si–F bond
stretching vibration is at approximately the same freque
as that the Si–OH vibration, 935 cm21 as compared to
920 cm21, consistent with the near equivalence of t
masses of F~19 amu! and OH~17 amu!. Figure 2 includes a
schematic representation of the local atomic bonding of S
groups in an SiO2 host. Based on the arguments presen
above, there is no definitive IR spectroscopic evidence
Si–F2 bonding in Si–O–Falloys with concentrations of F up
to at least 12 at. %. Therefore, the focus in what follows
based on changes in Si–O–Falloys with respect to SiO2 that
are introduced by the incorporation of monofluoride or Si
bonding arrangements into the SiO2 network. The Si–F bond
is isoelectronic with the double-bonded P5O group in
P2O5 glasses, and the Si–F bond-order is also greater

FIG. 2. Local molecular structures in Si–O–Falloys.
J. Vac. Sci. Technol. A, Vol. 15, No. 3, May/Jun 1997
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one due to back-donation from filled lone pair-p-orbitals of
the F atom into empty anti-bonding states of Si with ad3s
symmetry; i.e., the so-calledpp–dp bonding.10 The hydro-
scopic nature of the Si–O–F alloys derives from the high
reactivity of the terminal Si–F bond, paralleling the behav
of P5O groups in P2O5 glasses and films.

The bonding model presented below has been constru
for an alloy regime in which each Si atom of a host Si2

network is bonded to at most one F atom. As noted pre
ously, there is no spectroscopic evidence for multiple atta
ment of F atoms as in Si–F2 arrangements for the compos
tions of interest for low-dielectric constant devic
applications~up to;12 at. % F!, so that the bonding mode
is clearly applicable for these alloy compositions. Howev
to model alloy behavior, it is useful to consider higher
atom concentrations as well. If the monofluoride bonding
taken to the limit of one F atom/Si atom for theentire
SiO2 network, then the resulting compound composition
given by Si2O3F2 ~this composition is an isoelectronic analo
of the P2O5, which can be written as P2O3~O8!2 in order to
emphasize the two different O bonding environments, th
bridging singly bonded oxygen atoms, O, and one termi
doubly bonded oxygen atom designated as O8. Fluorinated
oxides with lower concentrations of F can then be descri
as a homogeneous alloy mixture of SiO2 and Si2O3F2, where
a pseudo-binary alloy notation as in (SiO2)x(Si2O3F2)12x is
then appropriate. The resulting alloy compositions lie on
join-line between SiO2 and Si2O3F2 in a ternary composition
diagram. Note that once the at. % of F is fixed, the ratio of
to O is also determined. The number of Si–O bonds/Si at
defined byNSi–O and is equal to (622x)/(22x), and the
number of Si–F bonds/Si atom is defined byNSi–F is equal to
(222x)/(22x). Figure 3~a! containsNSi–O andNSi–F and
Fig. 3~b! contains the atomic fractions,@Si#, @O#, and@F#, all
as functions of the alloy compositionx. The same model, a
shown in Fig. 4, can also be used to calculate the statis
probability for F atoms being

~i! ‘‘isolated’’ in the context that they are on Si atom
that are separated by one or more O–Si–O group

~ii ! at least paired; i.e., on Si atoms that are connec
through a single O atom, and

~iii ! more strongly clustered in the network structure.

The probability of F atoms being on Si atom sites that
isolated from other F atoms by at least one O–Si–O bond
group is given byr(12r)3, wherer is the fractional occu-
pation of allowed F atom bonding sites. In a similar way t
probability of a given F atom havingat leastone nearest-
neighbor Si site that is occupied by an F atom is given
3r2(12r)2. It is important to note that thex axes in Figs.
3~a! and 3~b!, and Fig. 4 are different. In Fig. 3, they refle
pseudo-binary alloy notation presented above, and in Fig
thex axis is related to the occupancy of available F bond
sites.
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IV. DIPOLE OSCILLATOR CONTRIBUTIONS TO es

In generales can be expressed as a sum the contributi
of dipole oscillators associated with electronic and vib
tional transitions. A representation that is particularly use
is based on a sum of

~i! the optical frequency dielectric,e0 , which includes
the integrated contributions from all of the electron
transitions, and

~ii ! an additional sum over the contributions from spec
types of IR-active vibrations.2,5

FIG. 3. ~a! Concentrations ofNSi–O andNSi–F bonds andNSi–O–Si bonding
groups, and~b! the atomic fractions,@Si#, @O#, and@F#; both are plotted as
functions ofx in the pseudobinary alloy notation.

FIG. 4. Isolated and near-neighbor Si–F concentrations as a function ox.
JVST A - Vacuum, Surfaces, and Films
s
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IR studies indicate significant reductions in absorption as
ciated with Si–O–Sibond-stretching modes as F is added
the alloy1,2 as well as a weak IR response for the Si–F bon
stretching mode, so that the substitution of F for O by its
can lead to a significant reduction in the contribution of t
vibrational modes toes . es can be written as a three-ban
Penn model5 as in Eq.~3!:

es511HEpEEgEJ 21HEpVSiOEgVSiOJ 21HEpVSiFEgVSiFJ 2, ~3!

where

~i! EpE is an effective electronic plasma frequency,
~ii ! EgE is an effective optical band-gap, and
~iii ! EpVX andEgVX are vibrational frequency analogs o

EpE and EgE, reflecting the separate contribution
from X5Si–O and Si–F vibrations.

The vibrational plasma frequencies,EpVX, represent inte-
grated oscillator strengths that are proportional to the ba
widths and the squares of infrared effective charges, and
vibrational band gaps,EgVX, are effective vibrational fre-
quencies that are approximately equal to the positions of
respective bond-stretching and bending features in the
sorption ore2 spectra~see Fig. 1 and Refs. 1 and 2!. The first
two terms in Eq.~3! are defined as the optical frequenc
dielectric constant,e0 :

e0511HEpEEgEJ 2. ~4!

Note thate0 is the square of the index of refraction,n, which
is approximately constant in the transparent region betw
the band edge and the vibrational absorption bands. Spe
relationships between the vibrational and plasma terms
Eq. ~4! and vibrational frequencies and IR effective charg
can be obtained from

~i! the macroscopic equations that relate transverse o
cal ~TO! and longitudinal optical~LO! frequencies to
IR oscillator strengths, and

~ii ! the Lydanne, Sachs, Teller relationship as presen
for example in Ref. 5.

Note that for disordered materials such as SiO2 and Si–O–F
alloys, the effective TO frequencies are defined by the sp
tral peaks in the imaginary part of the dielectric functio
e2 , and the effective LO frequencies are defined by the sp
tral peaks in the energy loss function, Im(21/e). The
squares of the vibrational plasma frequencies,EpVX, are pro-
portional to the square of the respective infrared effect
charges, and the film density, and the squares of the vi
tional band gap terms,EgVX, are proportional to the square
of the respective transverse vibrational frequencies. Th
frequencies are integrated averages, and in the spirit of
Penn model, their exact positions are noted necessarily
actly the same as the spectral peaks in the absorption oe2
spectra.5 However, for purposes of this article, it is importa
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840 G. Lucovsky and H. Yang: Contribution of fluorine atom induced decreases 840
to understand that increases in the position of the spe
absorption peaks will also produce increases in the co
spondingEgVX terms.

V. REDUCTIONS IN es AS A FUNCTION OF
FORMAL BOND IONICITY

To illustrate howes scales with an empirically define
bond ionicity, the contributions from electronic and vibr
tional excitations are presented for a series of Si-based
terials in which formal bond ionicity increases: crystalline S
crystalline Si–C, amorphous SiO2, and Si3N4, and amor-
phous Si–O–F alloys. An empirically defined ionicity for
each of these materials can be characterized by the pa
charge on the Si atom that is calculated using the electro
gativities of the constituent atoms. This partial charge rep
sents a ‘formal’ charge transfer from the Si atom in formi
chemical bonds to the other compound or alloy constitue
i.e., the larger the electronegativity difference, the larger
partial charge on the Si atom. It is important to note that t
partial charge is not equal to an infrared effective cha
which, as shown below, generally has both static and
namic contributions. In addition, and more importantly, fo
lowing the original definition of electronegativity as put for
by Pauling, the larger the partial charge on the Si atom,
more ionic the bonding in the context of heteropolar con
butions to the total bond energy.10

Using the Sanderson method of Ref. 11, an effective e
tronegativity (XA8 ) can be calculated for each of the materia
in a compound (AnBm) according to the relationship pre
sented below in Eq.~5!:

XA85XB85@~XA!n~XB!m#1/~n1m!, ~5!

whereA is taken to be Si, andB is the other atomic constitu
ent; e.g., C, N, O or F. Using the values ofXSi8 for Si from
Eq. ~5!, the Si-atom partial charge,eSi , is then calculated
from:

eSi5
XSi8 2XSi

2.08~XSi!
0.5, ~6!

whereXSi is the electronegativity of a Si atom in a pure
covalent bond, as in crystalline Si.11 Equation~6! is an em-
pirical relationship that is based on defining effective char
for Na and F in NaF that are consistent with the fractio
ionicity of that material~see details in Ref. 8!. The values of
eSi for materials other than crystalline Si considered in Fi
5~a! and 5~b! are positive indicating electrons are withdraw
from the Si atom when it bonds to species such as C, N
and F which have values of electronegativity that are gre
than that of Si; i.e., from Eq.~5! XSi8 is larger thanXsi , so
that eSi is positive. Figure 5~a! contains plots of experimen
tally determined values ofe0 and es as functions of the S
atom partial charge;e05n2, wheren is the index of refrac-
tion. The difference betweenes ande0 is due primarily to the
contributions from the vibrational modes and is shown
Fig. 5~b!. In some molecular systems there are also con
butions toes from very low frequency dipolar effects; how
ever, there is no evidence that these contributions are sig
J. Vac. Sci. Technol. A, Vol. 15, No. 3, May/Jun 1997
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cant in inorganic materials such as SiO2 and Si3N4.
Returning to the IR active vibrational modes, as the par
charge of the Si atom increases, the contribution of the
brational modes toes in Fig. 5~b! decreases. This observatio
is counter-intuitive in as much as it sometimes assumed
the strength of IR active modes increases as the bond ion
increases. Many studies have shown that this is not the c
e.g., the IR active modes in homopolar trigonal Se and
crystals make contributions to the static dielectric const
well in excess of those of ionic crystal such as NaCl.12 This
derives from the fact that the IR effective charges, that ch
acterize the IR strengths have both static contributions,
can sometimes correlate with bond ionicity as defined abo
as well as dynamic contributions that come from charge
distribution during the course of the vibrational motion~see
discussion below!. For Se and Te the effective charges a
entirely dynamic and are significantly larger than the effe
tive charges in ionic materials such as NaCl and other ro
salt structured crystals.12

As noted above the contribution of a vibrational mode
es depends on the ratio of a plasma frequency to a vibratio
band gap or average TO frequency. Two factors contribut
the trend in Fig. 5~b!

~i! decreases in the IR effective charge with increas
bond ionicity, and

FIG. 5. Plots of~a! e0 andes and ~b! the contribution toes from the vibra-
tional modes, both as functions of the Si atom partial charge for1
crystalline-Si,2 b-SiC,3 noncrystalline Si3N4, 4 noncrystalline SiO2, and5
extrapolated approximate values for Si2O3F2. The values ofe0(5n2) and
es are experimental.
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~ii ! increases in the effective TO frequency with increa
ing ionicity.

The decreases in the IR effective charges reduce the v
tional effective plasma frequencies and the increases in
effective TO frequencies increase the effective vibratio
band gaps. Referring to Eq.~3!, these changes both contrib
ute to decreases ines . As shown in Sec. VI, there are tw
factors related to effective charges contribute to the
creased IR contributions

~i! the IR effective charge of a Si–F vibration is small
than that of the Si–O–Si vibration that it replaces
and

~ii ! the incorporation of a Si–F bond to a Si atom that
back-bonded to three O atoms can reduce the IR
fective charges of the back-bonded Si–O–Si groups.

A third factor derives from a significant increase in the fr
quency of the bond-stretching Si–O–Si upon alloying with
F. It is important to recognize that in applying the extend
Penn model of Eq.~3!, that the plasma frequency terms re
resent integrals over vibrational bands, e.g., the bend
stretching, and rocking modes of SiO2, and as such are no
simply proportional to the peak values of the respective
sorption constants.

VI. RESULTS OF AB INITIO CALCULATIONS

The details of theab initio calculations for the effects
identified immediately above in~i! and~ii ! will be presented
elsewhere.13 At this time, we will simply indicate the impor-
tant results for

~i! the energy difference between the minimum value
a 180° Si–O–Sibond angle~b! and other bond angle
down to the 100° in Fig. 6, and

FIG. 6. Excess energy with respect to optimum energy as a function
Si–O–Sibond angle,b. This diagram contains a schematic representation
the two molecular structures used in theab initio calculations.
JVST A - Vacuum, Surfaces, and Films
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~ii ! the changes in the IR effective charges for the S
O–Si bond-stretching, bending, and rocking vibr
tions in Fig. 7 that are induced by F atom inductio
effects in Fig. 7.

Figure 6 displays the energy difference between the m
mum value for a 180° Si–O–Si bond angle~b! and other
bond angles down to 100°. A schematic representation of
local clusters used in this calculation is included. There is
significant difference in this energy difference for Si–O–Si
bond angles between about 130° and 180°, consistent
x-ray diffraction studies of glassy SiO2 which indicate an
average bond angle of about 150°, and a bond angle sp
of about 50°.14 Most importantly for purposes of this stud
this difference is in the variation of this energy differen
function for H terminated and F terminated clusters.

The IR effective charges presented in Figs. 7~a!, 7~b! and
7~c! are computed numerically by calculating changes in
dipole moments (M ) corresponding to displacements (u) of
the O atom and F atoms that are appropriate to their res
tive bonding stretching vibrations; i.e., the O atom is d
placed in direction parallel a line joining its two Si ato
neighbors, and the F atom is displaced along the Si–F bo
The IR effective charge (e* ) is associated with a redistribu
tion of the electrons that results from these displaceme
and is given by the following expression:

e*5dM /du, ~7!

where the derivative is evaluated in the limit of small d
placements ofu; i.e., one calculates the moment,M , as a
function of the displacement coordinate,u, and then deter-
mines the derivative in the limit of small displacements. Th
calculation is not in any way based on the definition of p
tial charge as determined from the atomic electronegativit
nor is it expected that the IR effective charge should be eq
to the IR effective charge. The IR effective charge is a d
rivative property of the local atomic structure, whereas
partial charge is a static property that is directly related
ionic contributions to the total bond energy. The contributi
of a vibrational mode toes is proportional to the square o
this effective charge and these are the quantities present
Fig. 7. Note that the bond angles of interest are from ab
120°–180° degrees.

Consider first the bond-stretching modes: the square
the IR effective charge for this mode

~i! is a strong function of the Si–O–Si bond angle, in-
creasing by more than a factor of 2 as the bond an
is increased from about 120° to 180° and

~ii ! is reduced by about the same amount for all angles
F addition.

The effective charge of the bond-bending mode show
complementary behavior, decreasing by about 30% as
bond angle is increased. As in the case of the bond-stretc
mode, the addition of F reduces the effective charge for
Si–O–Sibond angles considered; however the decrease
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FIG. 7. Squares of the IR effective charges for~a! bond-stretching,~b! bond-
bending, and~c! bond-rocking modes as a function of the Si–O–Si bond
angle. The diagrams contain comparisons.
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comes much greater as the Si–O–Siangle increases. Finally
the effective charge for the bond-rocking mode shows
qualitatively different behavior

~i! there is a small increase in the effective charge for
fluorinated case, and

~ii ! the variation of the effective charge with Si–O–Si
bond angle is significantly smaller than the for th
bond-bending and bond-stretching modes, particula
for bond angles between about 120° and 180°.

With regard to the relative magnitudes of the effecti
charges, the bond-bending and bond rocking modes are
similar effective charges,;1 e in magnitude, whereas th
effective charge for the bond-stretching mode is significan
greater,;2–2.5e for Si–O–Sibond angles in the vicinity
of 150°. The relative magnitudes of the squares of the ca
lated effective charges for the three vibrational modes
SiO2 are in excellent agreement with the integrated streng
of the respective IR bands.

From the experimental data presented in Refs. 1 and 2
the results in Fig. 1, it is obvious that the reduction in t
Si–O–Sivibrational mode contributions toes from the sub-
stitution of one F atom for one O atom is insufficient
account for the relatively large decreases ines . For example,
in a 12 at. % F alloy which exceeds the concentration d
cussed above, about 10% of the Si–O–Si groups are re-
moved, and the maximum decrease ines from removal of
these groups is about 10% ofde50.1(es2e0)
'0.10(4.1–2.1) or;0.2, whereas the reported decrease
es is approximately 0.8. This zeroth order calculation ac
ally overestimates the effect for the bond-stretching mod
where the modes most effected are those with the sma
bond angles and the smallest IR moments. The reverse is
for the bond-bending modes, and the anticipated fractio
decrease in this mode at;800 cm21 is readily evident in the
IR spectra~see Refs. 1 and 2!. Since the square of the mo
ment of bond-stretching modes of the Si–O–Si groups
bonded to a Si–F are reduced by the addition of that F ne
bor, this adds significantly to the decrease ines . Since for
40% occupancy of the available Si atom bonding sites, e
Si–O–Si groups is in bonding contact with at least one
atom, this mechanism contributes to an additional decre
of about 0.05, that is in part offset by the shift in the centro
of the bond-stretching modes to higher wave number. Co
bined with the decreased contributions from the Si–O–Si
bending modes which contribute to an additional decreas
es of ;0.1, this approach goes far in accounting for t
behavior ofes with increasing F content. However, to b
more quantitative, two additional factors must be taken i
account. One additional factor is the increase in the vib
tional frequency of the Si–O–Si bond-stretching mode@see
Eq. ~2!#. For example, increasing the average frequency
the Si–O–Si bond-stretching vibration from 1060 t
1090 cm21 will decrease the fractional contribution of thes
modes toes by ;6%, or about 0.15. Since these mod
make the largest contribution toes , this change is indeed
significant. Finally, as noted above, the reduction in all
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density,;5% for an alloy with 10–12 at. % F also contrib
utes a factor of;0.2.4 Combining these terms then explain
a total decrease ines of about 0.7, as compared to the e
perimental value of 0.8. Combining these terms then
plains the significant decreases ines . The quantitative agree
ment validates the accuracy of the theory and the use
relatively small molecular clusters to obtain properties
vibrational modes in continuous random networks.

The calculation presented above identifies the answe
the apparent paradox between increases in the Si pa
charge and decreases in the contribution of vibratio
modes toes . We had shown in Figs. 5~a! and 5~b! that the
contribution of vibrational modes toes decreased with in-
creasingpartial chargeon the Si atom. It must be noted th
this partial charge is merely an empirical way of charact
izing chemical bonding effects associated with electrone
tivity changes induced by near-neighbor atoms. The valid
of this approach is borne out by the scaling of vibration
frequencies of Si–H~Ref. 5! and P5O ~Ref. 10! vibrations,
and deep level core shifts as monitored by x-ray photoe
tron spectroscopy.10 On the other hand, this partial charge
not necessarily equal to, or even proportional to the IR
fective charge. The large IR effective charges,;2.5e for
bond angles of about 150°, are significantly larger thaneSi .
From theab initio calculations, it is evident that the large I
charge for the asymmetric bond-stretching vibration is due
a dynamic effect rather than static charge transfer. On
other hand, the smaller IR effective charge for the bo
rocking mode is due mostly to static charge transfer. Theab
initio calculations also provide direct evidence for the ba
donation of electrons from the F atom to the Si atom, c
firming the empirical chemistry arguments for app–dp
component of the Si–F bonding. This is the effect whi
serves to reduce the dynamic effective charge of the
O–Si groups when F nearest neighbors are present.

VII. REACTION PATHWAYS TO FLUORINE ATOM
INCORPORATION

There are two possible reaction pathways to F atom
corporation in the SiO2 materials:

~i! development of an SiO2 network structure with sub
sequent attack by F, or

~ii ! the development of the Si–O–Fnetwork directly.

The major effects of the added F atoms on the SiO2 network
as exemplified by the IR is the shift of the Si–O–Si bond-
stretching frequency to higher wave numbers and the acc
panying reduction of the spectral width of that feature. Sin
the spectral peak absorbance of the bond-stretching mod
the fluorinated films is higher than the absorbance at
same wave number in the film without any F~see Fig. 1 and
IR data in Ref. 1!, this means that the second mechani
applies; that is the IR absorption in the fluorinated film is n
simply related to removing some of the oscillators that c
tribute to that band. The situation is different in SiO2 films
that have been attacked by water vapor.8 In particular, the
first mechanism applies to the attack by water of low te
JVST A - Vacuum, Surfaces, and Films
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perature, low density SiO2 films prepared by plasma
deposition.6 This post deposition process is characterized
its reversible character as well.

VIII. DISCUSSION
The main points of this article are

~i! for relatively small additions of F to SiO2, up to 12
at. %, there are relatively large changes ines ,

~ii ! alloy compositions with small additions of F can b
described in terms of a pseudobinary notatio
(SiO2)x(Si2O3F2)12x , from which alloy atom and
bonding configurations can be computed;

~iii ! the primary factor contributing to decreases ines in
these alloys is a decrease in the contributions from
vibrational modes;

~iv! the replacement of O with F has two effects on the
effective charges which determine the absorpt
strengths:

~a! Si–F vibrations have lowere* ’s for the dominant
bond-stretching modes than Si–O vibrations, an

~b! the increased partial charge on the Si reduces
e* ’s of the both the bond-stretching and bon
bending vibrations Si–O vibrations;

~i! the hydroscopic nature of the Si–O–F alloys is re-
lated to Si–F bonding, predominantly near-neighb
Si–F groups; and

~ii ! there are no other inorganic dielectrics based on a
formation with SiO2 that can yield lower values o
es , so that the alloy approach to the so-called lowk
dielectrics is limited to reductions ofes to values be-
tween 3.2 and 3.4.
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