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Hydrogenated silicon suboxides, SiO„:H, for alloy range (0( r & 2) have been deposited by remote
plasma-enhanced chemical vapor deposition (remote PECVD) under conditions in which hydrogen
is incorporated predominantly in monohydride or SiH bonding configurations. We have investigat-
ed both the SiH bond-stretching and bond-bending absorption bands by infrared (ir) absorption
spectroscopy as a function of r, the alloy composition. In this paper, we have focused on the bond-
stretching absorption bands, and have modeled the shape of the bond-stretching band as a function
of the alloy composition. There are four distinct local environments for the SiH group in the sub-
oxides; these can be written as HSi-Si3 „0„,for n =0—3. A sum of Gaussian functions, one for
each environment, is used to synthesize the absorption in the SiH stretching band. The peak posi-
tions of these Gaussians are calculated by an induction model which includes both local and matrix
(or alloy) effects; the amplitude weightings are determined from a random statistical model for the
local bonding environments of the Si—0 groups in the SiO„alloy. We find that the frequency shifts
caused by changes in the matrix, and associated with different values of r, are comparable to the
shifts associated with the different local environments. The combination of these effects serves to
diminish the discreteness of subband features in the absorption spectrum.

I. INTRODUCTION

There have been many studies of the vibrational prop-
erties of SiH bonding groups in amorphous silicon, a-
Si:H, ' amorphous suboxides of silicon, a-SiO, :H,
and amorphous silicon dioxide, a-Si02.H. ' In spite of
these efT'orts, there has been no study to date that has sys-
tematically tracked the vibrational properties of the sil-
icon monohydride (SiH) bonding group over the entire al-
loy range between a-Si and a-SiOz. This derives in part
from problems associated with sample preparation, in the
context of being able to simultaneously change the 0- to
Si-atom ratio, while maintaining a sufficiently low
hydrogen-atom incorporation to promote only SiH bond-
ing groups and not the higher hydride groups such as sil-
icon dihydride and polyhydride groups (SiH2 and
(SiH2)„, respectively). In addition, it is necessary to use a
deposition process that at the same time precludes H-
atom incorporation in SiOH groups. This paper ad-
dresses these questions of sample preparation by using a
single deposition process, remote plasma-enhanced chem-
ical vapor deposition (PECVD), in which we are able to
control simultaneously (1) r, the 0- to Si-atom ratio and,
hence, the degree of suboxide character; (2) the bonded-
hydrogen concentration; and (3) the nature of the local-
bonding groups into which hydrogen atoms are incor-
porated, e.g., SiH, SiHz, SiOH, etc. ' ' In particular,
using the remote PECVD process, we show in this paper
that we are able to produce films in which the hydrogen
incorporation, as determined by ir spectroscopy, can be
restricted predominantly to the SiH bonding
configuration over the entire alloy range, 0 & r & 2.

Extensive ir studies of SiH vibrations in silicon subox-
ides have been performed on suboxides whose [0]/[Si] ra-
tio is less than about 1.0. In these films, the SiH
local-bonding configurations which predominate are the
HSi-Si3 and HSi-Siz0 configurations. Replacing one of
the three nearest-neighbor Si atoms by the 0 atom results
in three hydrogen-related ir absorption bands, one associ-
ated with a stretching mode (at 2100 cm ') and two with
bending modes (at 790 and 640 cm '). The results of
these studies showed that the double degeneracy of the
SiH bending vibration in the HSi-Si3 configuration is re-
moved by the decrease in symmetry promoted by the
presence of oxygen in the HSi-SizO configuration. In the
present paper, we extend the vibrational study of the SiH
group to suboxides with larger 0- to Si-atom ratios, up to
2.0, in which there are, in addition, local-bonding groups
with two and three oxygen nearest neighbors. We focus
on the detailed shape of the monohydride stretching
band, and the changes that occur as the alloy composi-
tion is varied.

The region of the ir spectrum below about 1200 cm
contains both the Si0 absorption bands and the SiH
bond-bending bands. The position of the principal ab-
sorption, i.e., the Si0 bond-stretching band, is sensitive to
the value of the [0]/[Si] ratio, and has been used to deter-
mine the alloy composition. ' The multiplicity of
features in the SiH bending regime of the ir spectrum is
used to confirm that the hydrogen is incorporated mostly
in the monohydride bonding configuration. In addition,
because the SiH bending mode in the HSi—03 is doubly
degenerate due to the local symmetry, only one bending
absorption band is expected. This feature has enabled us
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to further confirm some of the stretching-mode assign-
ments. A more detailed discussion of the bending modes
will be presented in a future publication. '

In this paper, we develop a model which accounts for
the change in shape of the SiH stretching band with alloy
composition. This model includes the effects of the
nearest-neighbor environment or local-bonding environ-
ments, as well as those of the alloy network. A model
that has been shown to be useful for the analysis of the
changes to the stretching band frequency as a function of
the nearest neighbor chemical-bonding environments is
based on a chemical-induction effect. ' The basis for this
model is an empirical scaling relationship, relating the
changes in the SiH stretching frequency to changes in the
electronegativity of the local environment of the SiH
group caused by the replacement of a less electronegative
species, the Si atoms, with the more electronegative 0
atoms. In its simplest form, this model predicts that the
SiH stretching band in a SiO, alloy can be constructed
from four distinct subbands, one for each of the four pos-
sible distinct local environments of the SiH group. These
groups can be written as HSi—Si3 „0„,for n =0 to 3,
and the expected frequencies, based solely on the four
nearest-neighbor environments, are 2000, 2100, 2195, and
2265 cm ', respectively, for n =0, 1, 2, and 3. Exper-
imentally, we show, however, that this local model can-
not account for all of the observed changes in this band
with alloy composition. To this end, we have found it
necessary to extend the induction model to include, in ad-
dition to the effects of the local bonding, the chemical-
induction effects of more distinct neighbors as they reAect
the average alloy composition. '

Section II of this paper discusses sample preparation
by the remote PECVD process. Section III presents the
ir data and Sec. IV includes the analysis of this data. Sec-
tion V is a summary of our results, including a discussion
of the applicability of our experimental and analytical ap-
proaches to SiH vibrations in other related alloy systems
such as a-SiN, :H and a-Si 0 N, :H.

II. SAMPLE PREPARATION

All of the thin films produced in this study were depos-
ited in a combined deposition-analysis system that has
been described in detail in previous publications. ' '
Figure 1 shows a schematic of a "section" of the chamber
containing the plasma tube and the first gas-dispersal
ring. The chamber is made of 2-in. -o.d. stainless-steel
(SS) tubing, and contains five analyzing stations and two
gas-dispersal rings. Each analyzing station consists of
three ports: one port for mass spectrometry (MS) and
two for optical studies, primarily optical-emission spec-
troscopy (OES). The first two stations and the first gas-
dispersal ring are shown in Fig. 1. The silane mixture (10
vol% SiH4, 90 vol % Ar) is introduced into the chamber
through the gas-dispersal ring at a Aow rate of 10 stan-
dard cm /min (sccm). The Oz-He mixture, delivered at a
Aow rate of 100 sccm, Aows through the plasma tube,
past the plasma bias plates, and then into the chamber re-
gion. The relative concentration of 02 in He was varied
between 0 and 1.0% by varying the relative Aow rates of

Station No. I

Gas Dispersal
Ring No. I

Station No. 2

Plasma Tube

0 0 0 0 0 0

Sam p)e
Heater

rf coil Plasma Bias
Plates

I
I

End Grid

FIG. 1. Remote PECVD deposition-analysis chamber.
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FIG. 2. ir absorbance spectrum of film 40. This film was de-
posited under conditions which promote the incorporation of
SiH~ bonding groups.

a 1.0% Oz —in —He source gas, and a pure-He source gas.
The plasma tube consists of 32-mm-o. d. vitreous silica
tubing approximately 10 in. long, and the rf power for
this study was set at 29+1 %'. The substrate-sample
heater block assembly is movable, and can be positioned
anywhere along the length of the chamber. For this
work, it was positioned at station 2, which is 7 in. down-
stream from the end of the plasma tube. With the excep-
tion of film 40, whose ir spectrum is shown in Fig. 2, all
of the other films in this study were deposited at a
sample-block temperature (Tii) of 225 C. In addition,
the sample block was biased —125 V with respect to
ground. Under this substrate temperature and bias con-
dition, the dihydride component in the resulting a-Si:H
(Ref. 12) and suboxide films is minimized. Film 40 was
deposited under conditions which promote dihydride in-
corporation, i.e., low substrate temperature (Tii = 125'C)
and no applied electrical bias to the sample probe; in oth-
er words, the sample probe was electrically Aoating. Fi-
nally, the pressure is measured with a Baratron and
maintained at 300 mTorr using a downstream throttle
controller. The process gases are pumped by a rotary
vain pump with a pumping speed of 55 ft /min (CFM).

The plasma bias plates consist of four rectangular Al
plates arranged in a boxlike configuration coaxial with
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the chamber, and a circular no. 10 mesh SS screen grid
capping the end of this box. The plates and the grid are
supported by TeAon and can be biased independently. In
this study, only one condition was varied: the relative Oz
concentration in He, between 0 and 1.0%, and not the
plasma bias. We showed in a recent publication' that
the bias state of the end grid, either electricahly Poating or
grounded, was critical in being able to deposite suboxides.
The four Al plates were electrically Qoating during the
entire study. When the end grid is grounded, the plasma
afterglow, as can be observed from the view port of sta-
tion 1, extends downstream from the grid. On the other
hand, when the grid is allowed to gloat, the plasma glow
is observed to stop at the grid and the afterglow does not
extend downstream into the chamber region. Under the
grounded condition, silicon suboxides can be deposited,
while under the Aoating condition silicon dioxide (Si02)
is deposited for all 02 concentrations investigated, be-
tween 0.1 and 1.0% in He. Only the Si02 deposition rate
changed in the latter case. To deposit the suboxides for
this study, the end grid was therefore always used in the
grounded state.

III. THE ir DATA

The thin films produced in the apparatus described
above were deposited onto crystalline Si substrates
(10—100 Qcm) and examined with an infrared (ir) spec-
trophotometer, Perkin-Elmer model PE983. Figure 2
shows the ir absorbance spectrum of film 40. The 02 con-
centration in He used to produce this film is 0.5%. As
discussed in the preceding section, this film was deposited
under temperature and sample bias conditions which pro-
mote the incorporation of silicon dihydride groups. This
spectrum is included in order to provide a basis for
evaluating the extent to which polyhydride groups have
bee~ eliminated in other samples. Evidence for these po-
lyhydride groups is found in both the SiH bond-
stretching and bond-bending regions of the ir spectrum.

The SiH bond-stretching band, between 2300 and 2000
cm, shows four features, including the three distinct
peaks at 2240, 2190, and 2145 cm ', as well as a shoulder
at about 2110 cm '. As will be discussed in the following
section, these features are a result of a change in the SiH
stretching frequency due to changes in the atomic com-
position of the local environment of the SiH group, i.e.,
the distribution of the Si and 0 atoms on the three back-
bonds of the Si atom of the SiH group. Because each sub-
band represents a particular local environment, they can
in principle be used to identify the precise environment.
We will show, however, that the effective electronegativi-
ty of the Si atom of the Si-H group, and thus the vibra-
tional frequency, can be affected not only by changes in
the relative number of 0 and Si atoms occupying the
three nearest-neighbor sites of the SiH group, but also by
changes in the [0]/[Si] ratio of the suboxide matrix itself;
i.e., by the average properties of more distant neigh-
bors. ' In addition, the same mechanisms apply to the
frequencies of the SiH2 group as well. These effects then
combine, with the result being a multiplicity of possible
frequencies, with absorption features from the SiH group

overlapping with the features from the SiH2 group. This
makes the identification of the four features in sample 40
ambiguous.

However, the issue of dihydride incorporation can be
resolved with the help of the SiH bond-bending region of
the ir spectrum. The principal absorption feature at 1045
cm is due to the SiO bond-stretching vibration. The
distinct and sharp features in the spectrum below about
1000 crn are associated with SiH bond-bending-type
modes. The SiO bond-bending absorption band at about
810 cm ' may be buried under the SiH bands and the ab-
sorption band at roughly 450 cm ' is due to SiO rocking
vibrations. The richness of the spectrum in this region
rejects changes in the symmetry of the bending mode as
the relative number of 0- and Si-atom nearest-neighbor
changes. Specifically, when the SiH group has either
three Si-atom or three 0-atom nearest neighbors, the
bending mode is doubly degenerate; any combination of
Si and 0 atoms lifts the degeneracy resulting in two
different bands for each of the two mixed second-
neighbor configurations, i.e., for HSi-Si3 „O„with n =1
or 2. We point out, however, the existence of two spec-
tral features, one a shoulder at 976 cm ' on the low-
frequency side of the SiO stretching band, and the other a
distinct peak at 935 cm, which we propose are associ-
ated with SiH bending modes of a H2Si-02 group. Evi-
dence for this association derives from two sources.
First, a deuteration experiment, where SiH4 is replaced
with Si04 in the deposition process, ' ' has shown that
these features are removed from the ir spectrum and are
thus shown to be hydrogen related. Second, the
difference in frequency of about 40 cm ' between these
two features is about the same as the difference in fre-
quency between the 890-cm ' scissors bending mode and
the 845-cm wagging mode of polymerized dihydride in
a-Si:H. The induction mechanism which increases the
SiH bond-stretching frequency from 2000 cm in a-Si:H
to about 2265 cm in a-Si02 also leads to an increase in
frequency of these bond-bending modes.

As we have stated above, it is the intention of this work
to investigate the monohydride group in the suboxides.
We have shown in the above discussion that, although
both the bond-stretching and bond-bending regimes of
the ir spectrum can be used as spectroscopic tools for the
investigation of dihydride bonding groups, only in the
bending regime can the spectrum be unambiguously in-
terpreted; we believe that the (976-, 935-) cm ' "doublet"
indicates the presence of dihydride bonding groups. It is
therefore expected that the (976-, 935-) cm ' features,
apparent in the spectrum of film 40, should not appear in
the bond-bending regime of films deposited under the
conditions which minimize the incorporation of dihy-
dride groups. The ir absorbance spectra of the SiH
bond-stretching regime and the bond-bending regime for
suboxide films deposited under these conditions are
shown in Figs. 3 and 4, respectively. The (976-, 935-)
cm ' features associated with dihydride bonding groups
are in fact not observed in any of the spectra in Fig. 4. A
summary of the Q2-flow conditions and various film prop-
erties for these 12 films is given in Table I, and this then
allows us to analyze the bond-stretching features shown
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2265 cm ' and shows a slight frequency dependence on
the 02- Bow rate, varying between about 2270 and 2260
cm ', and a relatively broad band, whose peak position
shows a large frequency dependence, varying between
about 2200 and 2000 cm '. In general, the higher-
frequency peaks are associated with the higher 02 Bow
rates. The higher 02 Aow rates in turn result in films
with higher concentrations of bonded oxygen, i.e., in
films whose [0]/[Si] ratio approaches 2.0. This aspect of
the data and the data analysis is discussed below.

The spectrum of film 57 in the range between 1300 and
300 cm shown in Fig. 4 shows the three principal Si-0
absorption bands of SiO2 and one hydrogen-related band:
the SiO bands at 1062, 813, and 447 cm ' are the stretch-
ing, bending, and the rocking bands, respectively. ' The
additional hydrogen-related feature is at about 876 cm
The local environment of the Si atoms in this film is ex-
pected to be nearly identical with the Si atoms in Si02,
with the exception of those atoms to which hydrogen is
bonded, i.e., each Si atom has either four 0-atom neigh-
bors or one H atom and three 0-atom neighbors. We
then associate the 876-cm ' band with the hydrogen
bending motion in the HSi-O3 configuration. This assign-
ment is in agreement with those reported previously. '

As the 02 concentration decreases, the character of the
three Si—0 bands is changed. In particular, there are
three modifications to the Si—0 bond-stretching band
that are consistent with the expected changes resulting
from a decrease in the [0]/[Si] ratio r from 2.0 to 0: '' '
(i) the position of the spectral peak decreases, (ii) the
characteristic shoulder on the high-frequency side of the
band disappears, and (iii) the full width at half maximum
(FWHM) absorbance increases. Pai et al. measured r
for suboxides with the electron microprobe technique and
found that it scaled in an approximately linear fashion
with the peak frequency of the Si—0 bond-stretching ab-
sorption band. We use this secondary calibration tech-
nique to determine r for the suboxides deposited in this
study. The expression

v=965+50r cm

is used to find r from the experimentally determined posi-
tion of the peak frequency v. The value 965 cm ' in Eq.
(1) is approximately the SiO stretching frequency of an O
atom in an a-Si:H network and the slope of 50 cm ' en-
sures that the frequency is 1065 cm ' for the Si02 end
point. This frequency can vary between about 1080 cm
for thermally grown Si02 (Ref. 20) to about 1055 cm
for SiOz deposited by the low-temperature PECVD tech-
niques. The frequency at the a-Si:H endpoint can also
vary, between about 940 and 980 cm ', depending on the
bonded hydrogen concentration. The ambiguity of the
end points is a principal source of error in the determina-
tion of r by this technique, but the error is less than about
20%. Determining the value of r to within this error,
however, is sufhcient for this study. The Si—0 stretching
frequency for each spectrum shown in Fig. 4 is listed in
Table I along with the value of r derived from Eq. (1).
We conclude that the bonded oxygen concentration can
be directly controlled by varying the O2 concentration in
He.

The changes that occur in the SiH stretching band
shown in Fig. 3 are then correlated with a decrease in the
bonded-oxygen concentration and the corresponding
changes to the SiH bending band are shown in Fig. 4.
The bottom-most spectrum in Fig. 4, film 53, shows two
absorption bands related to the SiH bending vibration:
these are at 635 and 790 cm '. Lucovsky et al. have
shown that these bands occur when the SiH group has
one 0-atom nearest neighbor, i.e., for the HSi-OSiz
configuration. In particular, it was shown that the 790
cm band is related to the a SiH bending vibration in
which the motion is in the plane defined by the H-Si-0-Si
unit and which couples to the SiO bending vibration for
the cis orientation of this unit. In the cis orientation, the
H and 0 atoms are on the same side of a line drawn
through the two Si atoms. The 635-cm ' band is associ-
ated with SiH bending modes in the trans orientation and
to hydrogen motions perpendicular to the plane defined
by the three H-Si-0 atoms. In addition, the 635-cm
band also occurs for each bending vibration of the HSi-
Si3 configuration. '

Figure 4 shows that as the oxygen concentration in-
creases in the film, both the 635- and 790-cm ' bands
disappear and are replaced by the 876-cm ' band, which
itself disappears as r approaches 2.0. In the following
section, we show that these changes, and the correspond-
ing changes in the SiH stretching band as shown in Fig.
3, are a direct result of an increase in the probability that
more than one of the three nearest-neighbor sites of the
SiH group are occupied by an oxygen atom. For [0]/[Si]
ratios greater than about 1.9, the probability that three 0
atoms occupy these sites approaches unity, and the 876-
cm ' band is associated with the hydrogen bending vi-
bration of this configuration; this is discussed in more de-
tail in the next section.

IV. DATA REDUCTION AND ANALYSIS

A. The 2265- and 876-cm ' bands

A comparison of Figs. 3 and 4 with Table I reveals that
when the relative 02 concentration in He is between
1.0% and about 0.6%, there are two distinct absorption
bands in addition to the three SiO bands, one at about
2265 cm ' and the other at 876 cm '. These are as-
signed to the bond-stretching and bond-bending vibra-
tions of the SiH group, respectively, in the three-O, i.e.,
the HSi-03, configuration. The experimental evidence
for this conclusion is based on a comparison of the peak
positions of these absorption bands in films deposited us-
ing both hydrogenated and deuterated silane (SiH4 and
SiD4), and on a direct comparison of the absorption am-
plitudes of the 2265- and 876-cm ' absorption bands. In
addition, we present two arguments which further sup-
port the assignment to the HSi-03 configuration: the first
is based on symmetry considerations alone, and the
second is based on the observation that these features are
seen only in the spectra of films having an [0]/[Si] ratio
greater than about 1.9.

We have shown in a previous publication' a compar-
ison of the ir spectra of suboxides deposited from both
SiH4 and Si04 source gases. In the hydrogenated sample,
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FIG. 5. Comparison of the absorption constants at 875 and
2265 cm '. These bands are due to the SiH bond-bending and
stretching vibrations, respectively.

the ir spectrum contained both the 2265- and 876-crn
bands that we have assigned to the SiH stretching and
bending modes, respectively, in the HSi-03 configuration.
In the deuterated sample, these bands were absent but
were replaced by two other absorption bands at 1638 and
620 cm ', which we associate with the SiD stretching
and bending modes, respectively, in the DSi-03
configuration. The ratio of the bond-stretching frequen-
cies between the two bond-stretching vibrations SiH and
SiD of about 1.38 is in accord with a simple calculation
based on an isotopic mass substitution of D for H. The
ratio of the bending-mode frequencies (about 1.40) is
higher than what would be expected (less than about 1.2)
for similar modeling. This discrepancy will be discussed
in a future publication, ' where we show that this
enhanced ratio is a result of mode-coupling effects involv-
ing a Si—0 vibration, which shift the SiH bending mode
to a higher frequency, but which do not effect the fre-
quency of the SiD bending mode.

A plot of the absorption constant at 2265 cm ' versus
the absorption at 876 cm ', corrected for the underlying
shoulder of the Si—0 bending band, displays a linear re-
lationship demonstrating that these two absorption bands
are due to vibrations of the same local-bonding arrange-
ment. The result of this comparison is shown in Fig. 5.
Only those films in which the 2265-cm ' "subband"
clearly dominated the SiH stretching band were used in
this comparison, ensuring that only effects due to the
three-Q environment (and not the two-0 environment)
were considered. The line is a linear least-squares fit of
the data; the value of the fit parameter (r =0.90)
confirms the association between the two bands. The ab-
sorption constant of this bond-bending mode is about 4
times larger than that of the associated bond-stretching
mode. 'This is approximately the same factor that is ob-
served for the corresponding band strengths in a-Si:H. '

This means that the same effective charge mechanisms
for the two modes most likely prevail in the oxides, and
that these mechanisms are not modified by the induction
efFects which promote significant shifts in the respective
frequencies.

We have shown above that the 2265- and 876-cm
bands are associated with bonded hydrogen in the same

bonding configuration. The band multiplicity, i.e., one
stretching- and one bending-type vibration, is in accord
with the C3„symmetry of the HSi-03 configuration. This
is the same local symmetry for a SiH vibration in a-Si:H,
where the bonding configuration can be written as HS-
Si3. Additional evidence for this assignment is based on
the fact that the three Si—0 vibrations, at approximately
1062, 813, and 447 cm ', which are associated with
stoichiometric SiOz, are also observed in these same films.
These three characteristic Si—0 absorption bands can
occur only in films where the Si atoms are surrounded
predominantly by four 0 atoms. ' We show in the fol-
lowing section that the probability the HSi-03
configuration occurs approaches unity as the [0]/[Si] ra-
tio exceeds about 1.9. For these concentrations, and for
monohydride hydrogen incorporation, those Si atoms to
which the H atoms are bonded must then have three oxy-
gen neighbors.

B. SiH stretching-band-shape dependence
on the [0]/[Si] ratio

In the previous section, we showed that when the SiH
(or D) group has three oxygen nearest neighbors, the
shapes of both the stretching and bending bands are rela-
tively simple, i.e., the stretching and bending bands can
approximately be represented as Gaussian functions
whose peak positions are at about 2265 cm ' (1638 cm
for SiD) and 875 cm ' (620 cm ' for SiD), respectively.
The same could be said of films at the other end in the al-
loy composition, i.e., in a-Si:H films, where the SiH group
has three silicon neighbors. In this case the (approxi-
mately) Cxaussian functions representing the SiH stretch-
ing and bending absorption bands have peak positions of
about 1985 and 635 cm ', ' '" respectively. As Fig. 3
shows, films with [0]/[Si] ratios between a-SiO& 9.H and
a-Si:H, have absorption bands that cannot be represented
by a single Gaussian function, i.e., the spectra show more
than one feature. We now proceed to develop a quantita-
tive model which can account for this increase in struc-
ture in the shape of the SiH stretching band.

There are two main assumptions in our model: (i) the
nearest-neighbor environment of the SiH group is deter-
mined by the statistics of Si—O bonding arrangements in
a random covalent-network-bonding model; ' and (ii) the
SiH stretching frequency is determined by an induction
model involving an empirical scaling relationship which
is based on changes in the local electronegativity. ' The
first part of the model gives the probability that a SiH
group will have a certain number of oxygen and silicon
nearest neighbors as the [0]/[Si] ratio r varies between 0
and 2 for SiO„. For this we use the same representation
of suboxides first put forward by Philipp. ' In this repre-
sentation, the suboxide is composed of Si-centered
tetrahedra of the form Si-Si4 0, for m =0 to 4; sim-
ple statistics determines the weighting factors for each
value of m. In this paper, we extend Philipp's model to
include the effects of hydrogen bonded in SiH groups.
We show below that in the second part of the model the
SiH frequency depends on the local electronegativity, and
this in turn depends most strongly on the relative number
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of oxygen and silicon nearest-neighbor atoms, but, in ad-
dition, is modified by the effects of more distant neigh-
bors, the so-called remote induction effect. ' The four
distinct environments, written as HSi-Si3 „0„,for n =0
to 3, result in four distinct SiH stretching subbands.

These two features of the model provide a quantitative
means for obtaining amplitudes and positions of the indi-
vidual SiH absorption subbands for each alloy composi-
tion. This then provides a basis from which the SiH ab-
sorption band can be synthesized for each r, or [0]/[Si]
ratio. Because there is no theory for the shapes of the in-
dividual subbands, we simply assume that the noncrystal-
line nature of the material promotes subbands which cz.n
be approximated by Gaussian functions. We use the
spectra shown in Fig. 3 as a guide to choosing the ap-
propriate widths to use for these Gaussian subbands.

We begin with the Philipp model, which applies to sil-
icon suboxides containing no hydrogen. In this model,
the probability that one or more of the four nearest-
neighbor sites of a silicon atom is occupied by 0 atoms
and/or Si atoms is determined. If u is the probability
that one of the four available sites is occupied by an 0
atom, and U is the probability that it is occupied by a Si
atom, the probability of finding the four sites occupied by
either 0 or Si atoms is given by

dition can be obtained by expressing m in terms of u and

w =a(u+v),

For small hydrogen concentrations, i.e., small a, Eq. (8)
can be expanded to give

v =1—u —a + —,'a

Thus when [H] is small, i.e., below about 10 at. %%uo, the
hydrogen makes a small perturbation of the statistical
distribution of Si and 0 atoms. It is therefore valid to use
Eq. (3) and the cubic term in Eq. (6) to obtain the relative
statistical distribution of the three nearest neighbors of
the SiH group in suboxides, P(SiH):

P(SiH)=(u +v)

=u +3u (1 —u)+3u(1 —u) +(1—u)

=P3(u)+P2(u)+P, (u)+Po(u)

=g P„(u), (10)

where a is the percent hydrogen in the film. Equations
(6) and (7), with the P = 1 condition, give

v =(I+4a) '~ —u .

P(u, v)=(u +v) (2)

which, by definition, must equal 1, because

v —1 u (3)

Expansion of Eq. (2) yields

P(u, v)=u +4u v+6u v +4uv +v (4)

The first term is the probability that the Si atom has four
oxygen nearest neighbors, the second term is the proba-
bility that the four neighbors consist of three 0 atoms
and one Si atom, etc. When u = 1, the four neighbors are
all oxygen atoms, and when U =1, they are all silicon
atoms. The resulting structural building blocks for these
alloy end points are those found in Si0z and a-Si, respec-
tively. It is therefore possible to express Eq. (2) in terms
of the [0]j[Si] ratio r found in the Sio„suboxide expres-
sion if we write

where P„(u) is the relative probability the SiH group has
n oxygen nearest neighbors. With the use of Eq. (5), each
term in Eq. (10) is plotted in Fig. 6 as a function of the al-
loy composition.

The second part of the model concerns the shifts in fre-
quency of the SiH stretching vibration as the local envi-
ronment of the SiH group changes with alloy composi-
tion. In previous work, " we confirmed that the increase
in the SiH stretching frequency in remote PECVD a-Si:H
films as the hydrogen concentration increases could be
accounted for by an empirical scaling relationship involv-

ing changes in the local electronegativity of the surround-
ing medium of the SiH group. ' These changes are

1.0

0.8

We now consider how the probability function is
affected when hydrogen is allowed to be one (but not
more than one) of the four nearest neighbors. If w is the
probability that one of the four sites is occupied by a hy-
drogen atom, then

0.6

~ ~
0.4

0.2

P(u, v, w)=(u+v) +4w(u+v) (6)

which must also equal 1. The interpretation of the quar-
tic term is the same as in Eq. (2), but because of the hy-
drogen, Eq. (3) does not strictly hold for Eq. (6). Expan-
sion of the cubic term gives the probability that one of
the four nearest neighbors is hydrogen and the other
three are silicon and/or oxygen atoms. A relationship
between u, v, and w which satisfies the P (u, v, w) = 1 con-

0.4 0.8 1.2 1.6 2.0

r [0]/[Si]

FICi. 6. The relative probability P, (r) that the SiH group has

joxygen nearest neighbors vs the [0]/[Si] ratio r
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caused by the incorporation of a more electronegative
atomic species (other hydrogen atoms) in the silicon net-
work and has the net effect of transferring charge away
from the Si atoms of the SiH bonds. The end result is an
increase in frequency of the SiH stretching vibration; this
model is known as the chemical-induction model, ' and
includes the so-called remote induction effects that have
been shown to apply in both molecules' and in amor-
phous materials. '

We found that the hydrogen in a-Si:H films produced
by the remote PECVD technique is bonded predominant-
ly in the monohydride (SiH) configuration for substrate
temperatures above about 100'C (Refs. 11 and 12) and,
thus, changes in the SiH frequency could be studied
without the complicating effects involving the growth of
a dihydride (SiHz) band. For films containing the small-
est amount of hydrogen, just above the ir detection limit
of about 1 at. %, the SiH frequency is 1985 cm '. As the
hydrogen concentration increased, the local electronega-
tivity increased and the frequency increased linearly to
2010 cm ' at a concentration of 18 at. %. These sys-
tematic changes in the SiH bond-stretching frequency
could be explained in the context of the remote neighbor
induction mechanism. ' ' The same formalism is used in
the present work to account for changes in the SiH
stretching frequency with changes in the SiO„alloy com-
position; the greater electronegativity of oxygen as com-
pared to silicon (or to hydrogen) draws charge away from
the Si atom of the SiH bond, leading to increases in the
stretching frequency.

The induction model' assumes that the SiH vibration-
al frequency is directly proportional to the average elec-
tronegativity of the near-neighbor environment, i.e.,

Xs N =[xsxN]'"=3.56 . (14)

The SRX for the efFective medium of a-Si is the same as
for atomic Si, i.e., X, sj Xsj Xg is calculated by Eq.
(12) and multiplied by 3 (to obtain g X„) for each ma-
terial and is plotted in Fig. 7 with respect to the SiH
stretching frequencies in those materials. The line
represents a linear least-squares fit of the data, which
therefore supplies the constants in Eq. (11). Equation
(11)becomes

v=1630+46+X~+12 cm (15)

The constants vo and b derived here for the solid materi-
als are slightly different from the values (1740.7 and 34.7)
found by Lucovsky' for the molecular compounds.
Differences in the mode mass for the SiH group in the
solids and in the gaseous molecules may account for these
difFerences. To calculate the SRX of the effective medi-
um in the suboxides, we carry out the same geometric
averaging procedure, i.e.,

X„, = [X,,X",]'"'+"' (16)

X„(a)= [XoXs;o ]'/ (17)

and in case (b), a silicon nearest neighbor yields

X, (b) =[X„(X„)']'". (18)

where r varies between 0 and 2. The nearest neighbors
are taken to be either Si or 0 atoms and the next-nearest
neighbors the effective medium. X~ therefore depends
on whether Si or 0 is the nearest neighbor. In case (a),
where oxygen is the nearest neighbor, Xz becomes

where the constants vo and b are determined empirically,
Xz is the stability-ratio electronegativity (SRX), and
the sum is over the three neighbors of the SiH group.
The constants are determined by calculating Xz for the
S1H gIoup 1I1 Q-Si, Si3N4, 3Ild S102 aIld us1Ilg the exper1-
Inentally determined SiH frequencies in these materials,
198», 2180, and 2260 cm ', respectively. In calculating
Xz, we perform a geometric average' of the SRX's of
both the nearest neighbor, X„„, and the next-nearest
neighbor, X„„„,i.e.,

There are thus four possible forms of g X~, depending
on the number n of oxygen nearest neighbors:

g X„(n)=nx„(a)+ (3 n)x~ (b), — (19)

where n =0, 1, 2, or 3. A schematic representation of the
two-0 (n =2) environment is shown in Fig. 8. Equations
(15) and (19) are now used to determine the SiH stretch-
ing frequency for each of the four possible outcomes as a
function of the [0]/[Si] ratio r. The results are plotted in
Fig. 9. This figure shows that for any particular value of

(x )k) 1/(I+0) (12) 2300

where k is the number of next-nearest-neighbor (nnn)
sites (one for 0 atoms and two for N atoms). For the ni-
tride and oxide, N and 0 atoms, respectively, are taken
to be the nearest neighbors (nn) and the next-nearest
neighbors (nnn) the effective media of Si3N& and Si02.
The SRX's for the atomic species are the following:
Xs =2 6» XH =3»» Xo =»-21, and Xx =4-49
SRX's of the effective Inedia are determined by geometri-
cally averaging the SRX's of the atomic constitu-

15, 16,23
1

2200

2100

~ 2000

f900 I--

6 8 't 4

Xs;o = [Xs;Xo ]'/ =4. 14 (13)

FIG. 7. SiH stretching frequency vs g X„.
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(SiO r)

Si
(S)O,) ~!

(SiO~)

~ (SiO r)0

XA(b)

FIG. 8. Schematic representation of the HSi-02Si
configuration.

r four distinct bands, separated by about 50 cm ', are ex-
pected. Moreover, the position of each band depends on
the [0]/[Si] ratio of the host network. We found that
changes in the e8'ective electronegativity in a-Si:H with
the introduction of hydrogen" lead to an increase in the
SiH stretching frequency by as much as 25 cm '. This
increase in frequency can be more than a factor of 10
greater in films containing oxygen because of the greater
electronegativity of oxygen.

To synthesize the expected shape of the entire SiH
stretching band, a sum over the subbands expected from
each local environment is performed:

3

F(v, r) = g P/(r)G(vj(r), HJ. ),
j=0

(20)

where the sum is over the different local environments, v
is the vibrational frequency, r the [0]/[Si] ratio, P (r) the
statistical amplitudes, and the normalized Gaussian func-
tion 6 is given by

G( v(jr), H )

determined from Figs. 6 and 9, respectively. To obtain
the Gaussian widths, we must turn to the experimental
spectra shown in Fig. 3. Unfortunately, as this figure in-
dicates, it is possible to determine the width of only one
of the subbands; the 2265-cm ' subband for the HSi-03
configuration near the a-SiO2 end point has a full width
of roughly 50 cm '. On the other hand, ir studies of the
opposite (a-Si:H) endpoint" have shown that the FWHM
of the stretching band varies between about 65 cm ' for
low hydrogen concentrations ( ( 1 at. %) and about 110
cm ' for high concentrations () 18 at. %). Because the
widths of the subbands are expected to fall within these
values, we choose a width of 80 cm ' for the three
Gaussians representing the j =0, 1, and 2 subbands and a
width of 50 cm ' for the j =3 subband. Except for the
experimentally determined value of 50 cm ', the choice
of 80 cm ' is more or less arbitrary. It can be shown,
however, that as long as a value greater than about 60
cm ' is used, no qualitative difFerences in the synthesized
spectra occur. Values below 60 cm ' would result in
easily identifiable subbands, which, as Fig. 3 shows, do
not occur.

The results of the Gaussian synthesis, Eq. (20), for a
range of suboxide alloys is shown in Fig. 10. In this
figure, r decreases from 1.80 for the top spectrum to 0.20
for the bottom spectrum in increments of 0.20. To em-
phasize the effect that the variable frequencies, i.e., vj(r),
have on the band shape, we perform the same Gaussian
synthesis for fixed frequencies, i.e., v =2000, 2100, 2195,
and 2265 cm ' for j =0 to 3, respectively, and are in-
dependent of r. These frequencies have been reported in
earlier reports and were associated with the four
difterent environments involving, respectively, three Si
atoms, two Si atoms, and one 0 atom, etc. The results,

2 ln4
exp

mH J

—2ln4[v —v (r)]
HJ

(21)

I 1 I $ I 1 ~
1

y

which is written in terms of H. , the full width at half
maximum (FWHM) absorption. For a particular value of
r, the amplitudes P (r) and the fr.equencies v (r) are

2300

2
~ W

a' 2200

bQ

2100

2000

I l t l 1

0.4 0.8 1.2 1.6 2.0

r [O]&[si]

FIG. 9. SiH stretching frequency v~ ( r) for the four different
local configurations vs the [O]/[Si] ratio r.

s I t 1 s

2400 2300 2200 2100 2000 1900

Wave number (cm-')

FIG. 10. Synthesis of the SiH stretching absorption band
shape: the frequencies of the four subbands, v, (r), are deter-
mined from Fig. 9; the amplitude weighting factors P~(r) from
Fig. 6; and the full width for each subband is Ho =F1& =H2 =80
cm ', and H, =50 cm '. The [0]/[Si] ratio for the top spec-
trum is 1.80 and decreases, in 0.20 increments, to 0.20 for the
bottom spectrum.
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FIG. 11. Synthesis of the SiH stretching absorption band
shape using fixed frequencies for each subband: vo=2000 cm
v, =2100 cm ', v2=2195 cm ', and v3=2265 cm '. P~(r) and

H, and the range in the [0]/[Si] ratio are the same as in Fig. 10.

for the same range in r as in Fig. 10, are shown in Fig. 11.
The synthesized bands shown in this figure have the same
subband widths H and amplitudes P (v) as those in Fig.
10. Notice that each subband is clearly identifiable in the
synthesized absorption bands of Fig. 11.

V. DISCUSSIQN

The vibrational frequency for any coupled system can
be varied in two ways: (i) by varying the force constant,
or (ii) by varying the effective mode mass of the system.
We have used the induction mechanism to predict how
changes in the electronegativity of the neighborhood of
the SiH group affect the vibrational frequency of the SiH
stretching mode. Changes in the electronegativity are ac-
complished by replacing Si atoms with 0 atoms. The in-
duction model addresses only changes in the force con-
stant. In our analysis of the monohydride vibrations, we
have neglected any changes in the mode mass because re-
placing the mode mass of three Si atoms by three 0
atoms results in a frequency shift of less than 10 cm ' for
the SiH stretching mode.

In synthesizing the shape of the SiH stretching band as
a function of the [0]/[Si] ratio, we have used a simple
statistical model of silicon suboxides to determine the rel-
ative probability that Si and/or 0 atoms occupy the three
nearest-neighbor sites of the monohydride group. The
amplitudes of the Gaussian functions representing each
subband are then found from the probability functions.
It is important for this analysis that the suboxide is a
homogeneous alloy of silicon and oxygen and that the
concentration of dihydride groups is small in comparison
with the concentration of monohydride groups.

We have shown that for a fixed [0]/[Si] ratio the in-
duction model predicts four distinct frequencies, one for
each of the four possible HSi-Si3 „O„environments.

The induction model also predicts that for a particular
local environment, i.e., for a particular value of n, the
sum of the electronegativities, and therefore the vibra-
tional frequencies, can depend on the [0]/[Si] ratio of the
SiO„network itself. We have considered two limiting
cases: (1) the sum of the electronegativities depends only
on the nearest neighbors, and (2) the sum depends also on
the average electronegativity of the host SiO„network
which we have taken as the next-nearest neighbor. The
synthesized SiH stretching-band shapes for cases (1) and
(2) are shown in Figs. 11 and 10, respectively. These
figures should be compared with the experimental data
shown in Fig. 3. There are three features which the ex-
perimental spectra have in common with the synthesized
spectra of case (2): (i) only two distinct bands are ob-
served, (ii) the peak position of the narrow high-
frequency band shows a small frequency dependence with
r, between about 2270 and 2260 cm ', and (iii) the peak
position of the wide low-frequency band shows a large
frequency dependence, between about 2200 and 2000
cm '. The reason for the experimental loss of identity of
the subbands is that, for any particular value of r, the
predicted difference in frequency between any two neigh-
boring subbands is only 50 cm '. This is less than the
FWHM of the subbands themselves. We find that by in-
cluding the effect of the host SiO, network into the next-
nearest-neighbor environment, a more accurate descrip-
tion of the SiH vibrations in silicon suboxides is obtained.

Finally, we say a few things about SiH groups in silicon
nitrides and subnitrides, i.e., in SiN, :H, where the
[N]/[Si] ratio r is between 0 and 4/3. A similar type of
analysis described in this paper for the suboxides can be
carried out on the subnitrides. The SiH stretching fre-
quency in SiN, :H will depend on the relative number of
N and Si nearest-neighbor atoms and on the value of r.
Curves similar to those found in Fig. 9 can be calculated,
assuming that the hydrogen is incorporated predominant-
ly in the SiH groups (rather than in NH groups). The re-
sult of such a calculation is that for any particular value
of r the difference in frequency between any two neigh-
boring subbands is only half the difference in the oxides,
i.e., about 24 cm '. The smaller difference is expected
because nitrogen is less electronegative than oxygen.
Bands separated by this amount cannot be resolved in
amorphous materials because the bandwidths are typical-
ly greater than about 50 cm '. We predict that if homo-
geneous subnitrides can be deposited in which the hydro-
gen bonds only to silicon, the peak of the SiH stretching
band will shift smoothly between the frequencies of the
a-Si:H and a-Si3N4. H end points, about 2000 and 2180
cm, respectively, with no distinct subbands developing
for the [N]/[Si] ratios between 0 and 4/3. A similar be-
havior is expected with oxynitrides (a-Si„O N, :H) con-
taining hydrogen in the from of SiH groups if the materi-
al is a homogeneous alloy. In this case, we expect the
difference in frequency between any two neighboring sub-
bands to be between the differences found in SiO, and
SiN„, i.e., somewhere between 50 and 24 cm '. Again,
this leads to only one spectral band whose peak position
depends on the alloy composition. If, on the other hand,
the oxynitride is a diphasic mixture of Si02 and SiN4/3 at
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least two spectral bands can be expected.
In conclusion, we have synthesized the absorption

band of the SiH stretching vibration. We have used an
extended induction model which considers both the local
and the remote induction effects to predict the SiH
stretching frequencies in each of the HSi-Si3 „O„(n=0
to 3) bonding configurations and find that four bands,
separated by 50 cm ', are predicted. We have used a
modified Philipp model of the silicon suboxide to arrive
at the amplitude weighting factors. The excellent agree-
ment between the experimental and synthesized spectra

supports the assumption that was made that the SiO„al-
loys are homogeneous as opposed to being diphasic mix-
tures of Si and Si02, in other words, of being composed of
silicon tetrahedra of the form Si-Si4 and Si-04.
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