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In situ infrared ellipsometry is used systematically to study the thickness-dependent vibrational frequency
shift of the Si-H stretching mode in plasma-deposited hydrogenated-amorphous-silicon thin films. The shift
effect is shown to be dependent on the deposition conditions. After a detailed discussion of the possible
physical origins of the frequency shift it is established that the latter is a result of the increased structural
disorder at the film-substrate interface. A physical picture in terms of film-growth mechanisms is proposed and
the role of hydrogen discussed. An analytical model based on the polarized medium theory enabled us to obtain
the effective dynamical charges of the Si-H bond vibration in different bonding configurations. The values of
the effective charges thus obtained are~0.4160.01!e and~0.2460.03!e ~wheree denotes the elemental charge!
for the SiH and SiH2 group vibrations, respectively. Highly sensitive infrared techniques are shown to be
capable of probing the local structural order of the material, as in the case of Raman scattering spectroscopy.
The results and conclusions presented in the following are expected to be helpful in our better understanding
of the intimate link between vibrational and structural properties ofa-Si:H. @S0163-1829~96!04740-6#

I. INTRODUCTION

The infrared~ir! vibrational spectroscopy studies of hy-
drogenated amorphous silicon~a-Si:H! have always been of
great help to our basic understanding of silicon-hydrogen
bonding in this material, as well as of the key role played by
hydrogen in determininga-Si:H properties. Now it is well
established that owing to its high mobility and reactivity H
passivates the electronic defect states ofa-Si:H and assists
the relaxation of the overcoordinateda-Si network, improv-
ing in this way both the electronic and structural properties
of the material. The pioneering ir-absorption studies have
shown that H ina-Si:H is bonded in the form of three groups
SiHn , with n51, 2, and 3.1 Further investigations showed
that most of the hydrogen in device-quality material exists as
SiH groups homogeneously distributed in the bulk and dis-
playing a dominant feature centered at 2000 cm21 in the ir
spectra. The 2000-cm21 peak is always accompanied by a
smaller one~often in the form of a weak shoulder! at;2100
cm21. The general assignment of this second peak is to SiH2
groups,1,2 but singly bonded H at microvoid surfaces is also
invoked3,4 and even the combination of both at a time has
been suggested.5 In our study we refer to the 2100-cm21

peak as a SiH2 vibration, but this choice does not restrict in
any way the physical considerations and conclusions made.

A subject of special interest is the study of ultrathin
~;10–100 Å! plasma-depositeda-Si:H films because of
their use in large-surface electronics. A number of workers in
the field have carried out sensitivein situ ir measurements in
order to get better insight into the growth mechanisms of
a-Si:H thin films and the role of H played in them.6–9 It is
important to note that in ultrathina-Si:H layers boundary
effects become non-negligible and can modify the vibra-
tional properties of the material. Thus Toyoshimaet al.,9 in
their studies on the growinga-Si:H surface using ir reflec-

tance spectroscopy, noticed a weak feature below 2000 cm21

that was attributed to the existence of a subsurface H-rich
region. Moreover, their spectra reveal a thickness-dependent
position of this low-frequency vibration, which, however,
was not studied. It is interesting to note that Katiyaret al.8

detected the same low-frequency feature under similar ex-
perimental conditions, but obviously did not notice its pres-
ence in their spectra. Studying the Si-H bond in ultrathin
a-Si:H films by ir ellipsometry, Blayo, Blom, and
Drévillon10 evidenced the thickness dependence of the SiH
stretching frequency and assumed it was due to morphologi-
cal changes of the material in the vicinity of the interface.

In this work we systematically study the thickness-
dependent shift in the vibrational frequency of the Si-H
stretching mode in SiH and SiH2 bonding configurations in
a-Si:H. Because of its high sensitivity and possibility of per-
forming in situmeasurements, infrared phase-modulated el-
lipsometry is particularly well adapted to the study of thin-
film materials11 and is the basic technique used in the present
work. In order to explain and model the experimental results
we consider several physical effects and finally relate the
frequency shift phenomenon to a change in the structural
properties of thea-Si:H network. Together with discussing
the physical origins of such structural changes, we propose a
corresponding analytical model that helps to quantify the
qualitative physical picture suggested.

II. EXPERIMENTAL DETAILS

Undopeda-Si:H samples were depositedin situ by a rf
glow discharge~13.56 MHz! decomposition of pure silane
~SiH4! under the following common device-quality
conditions:12 rf power of 50 mW/cm2, 70-mTorr silane pres-
sure, and a flow rate of 12 SCCM~where SCCM denotes
cubic centimeter per minute at STP!. Residual pressure in the
chamber before deposition was typically of the order of 1025
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mbar. Gases used in doping were diborane~B2H6, p doping!,
trimethylboron@~CH3!3B, p doping#, and phosphine~PH3, n
doping!. In both sorts of doping a gas-flow ratio of 2:12
SCCM~with respect to silane! was fixed, the total pressure in
the reactor being maintained constant. All doping gases were
98% hydrogen diluted. Three substrate temperatures were
studied: 110 °C, 180 °C, and 250 °C. The default value was
180 °C unless otherwise stated. Corning 7059 glass, fused
silica, crystalline Si~100!, and chromium~1000 Å of Cr
evaporated on Corning glass! were used as substrates. All
substrates were chemically cleaned, but no special treatment
for removing passivating surface overlayers was performed.
Growth rates were estimated to be;1.1 Å/s ~undoped and
n-dopeda-Si:H! and;1.4 Å/s ~p-dopeda-Si:H! using UV-
visible spectroscopic ellipsometry~UVISEL from ISA Jobin-
Yvon! on thick ~;5000 Å! samples. Film thicknesses ranged
from 100 to 4000 Å. The thickness values are direct conver-
sions of the deposition times using the above growth rates.

The vibrational properties of thea-Si:H films were mea-
suredin situ using a sensitive infrared phase-modulated el-
lipsometer described in detail elsewhere.13 The instrument is
coupled to the reactor, thus enabling thein situ characteriza-
tion of the growing films. The incidence angle is fixed at 70°.
Measurements of the ellipsometric parametersc andD were
recordedin situ between two consecutive depositions in the
spectral range from 1900 to 2200 cm21 with a resolution
estimated to be 5 cm21. The samples were kept at the depo-
sition temperature during the spectra recording. Precision on
the ellipsometric angles is 0.01° onc and 0.005° onD. A
nitrogen-cooled InSb detector was used. Typically, a spec-
trum was recorded in 12 min.

III. RESULTS

Before discussing the experimental ellipsometric spectra,
a brief presentation of the parametrization used in our mea-
surements is necessary. The usual ellipsometric parameters
r5tanc exp(iD) are represented in the form of the complex
optical density14 D5ln~r̄/r!, wherer̄ refers to the substrate
before film deposition. Such a parametrization is used be-
cause, in the special case of thin films, ReD ~ImD! is directly
proportional to the imaginary~real! part of the film dielectric
function « ~Re and Im stand for real and imaginary parts,
respectively!. The contribution of a vibration mode to the

film dielectric function can be estimated from the Lorentz
harmonic-oscillator expression

«5«`1
F

v0
22v22 iGv

, ~1!

wherev0 is the vibrational frequency,G is a phenomenologi-
cal damping parameter, andF is the oscillator strength, re-
lated to the high- and low-frequency dielectric constants of
the material «0 and «` , respectively, by the expression
F5v0

2~«02«`!. Thus the presence of a vibration mode of a
chemical bond at a frequencyv0 is revealed by an extremum
in ReD spectrum that can be a maximum or a minimum
depending on the substrate dielectric function. For all sub-
strates used in this study, except for thec-Si one, the ReD
spectrum exhibits a maximum value for a given chemical
bond vibration.

The ellipsometric spectra in the Si-H stretching region of
two a-Si:H films with different thicknesses, 170 and 550 Å,
are presented in Fig. 1. Both films are deposited on Corning
glass substrates. The SiH- and SiH2-group stretching vibra-
tions are clearly identified by the respective peaks in the
ReD spectra. Both SiH and SiH2 vibrations have lower fre-
quencies compared to the reported bulk values~2000 and
2100 cm21, respectively1!. Furthermore, a shift towards
lower frequencies is observed for both vibrations with de-
creasing film thickness.

The SiH and SiH2 peak positions as functions of the film
thickness are shown in Figs. 2 and 3, respectively. The vi-

FIG. 1. Real part of the optical density for twoa-Si:H films
deposited on glass at 180 °C with different thicknesses: 170 and
550 Å.

FIG. 2. SiH-group vibrational frequency as a function of the
film thickness fora-Si:H deposited on glass at 180 °C.

FIG. 3. SiH2-group vibrational frequency as a function of the
film thickness fora-Si:H deposited on glass at 180 °C.
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brational frequencies were determined by fitting of the peaks
to a Lorentzian@see Eq.~1!# with an error of;5 cm21 at
small thicknesses where the signal-to-noise ratio was too
small. Both vibrational frequencies increase with thickness
and asymptotically tend to their bulk values~2000 and 2100
cm21!. Notice that the bulk frequency is achieved more rap-
idly in the SiH2-vibration case.

Figure 4 shows the thickness dependence of the SiH
stretching mode frequency fora-Si:H films deposited on
three different substrates: Corning glass, fused silica, and Cr.
The qualitative behavior of all the curves is similar: a start
from a low initial frequency followed by an asymptotic trend
to the bulk value with growing thickness. The rate of change
of the vibrational frequency with film thickness is, however,
substrate dependent. It is interesting to note that the initial
frequencies~i.e., the frequencies at infinitely small thick-
nesses! are almost identical~to the accuracy of the vibra-
tional frequency determination! for all the substrates used in
this study.

The deposition-temperature dependence of the frequency
shift is illustrated in Fig. 5, where the SiH group frequency
versus thickness is plotted fora-Si:H films deposited on
glass substrates at three temperatures: 110 °C, 180 °C, and
250 °C. A clear trend is evidenced, namely, the higher the
deposition temperature, the steeper the approach to the bulk
frequency.

Doping is known to modify the concentrations of SiHn
~n51, 2, and 3! groups ina-Si:H,15 hence its possible influ-
ence on the vibrational properties of the material cannot bea
priori excluded. However, doping seems to have no detect-
able effect on the frequency shift phenomenon, as can be
seen from Fig. 6, where the frequency-versus-thickness
curves of intrinsic andp-dopeda-Si:H films on glass are
presented. Similar results are obtained forn-doped films.
Obviously, the observed shift effect is not influenced by the
presence of doping~or, more generally, impurity! atoms in
thea-Si:H matrix.

IV. DISCUSSION

In order to understand the physical phenomenon lying in
the origin of the experimentally observed thickness-
dependent Si-H vibrational frequency shifts we shall discuss
in some detail the possible effects leading to frequency
changes.

A. Possible physical interpretations of the frequency shift

1. Optical effect

It is well known from ir transmission and reflection spec-
troscopy studies of thin-film materials on different substrates
that the positions of the vibrational frequencies of the mate-
rial can be thickness dependent. This is the case, for ex-
ample, of amorphous silicon oxide~a-SiOx! ~Ref. 16! and
amorphous silicon nitride~a-SiNx! ~Ref. 17! on c-Si sub-
strates. It has been shown by simulations that the thickness-
dependent line shift is due to Fresnel reflections at the inter-
faces in the film-on-substrate optical system18 and is a pure
second-order optical effect inherent to the specific thin-film
configuration.19 The magnitude of the shift is directly depen-
dent on the absorption line strength. In the limit of infinitely
thin film the observed vibrational frequency corresponds to
the bulk line strength and gradually departs from its value
with growing film thickness.

In Fig. 7 a simulation of ReD in the region of Si-H
stretching vibration as a function of thea-Si:H film thickness
is shown. A harmonic oscillator with the parameters«`59,
v052000 cm21, F543104 cm22, andG580 cm21 was used.
These parameters were obtained by fitting literature data on

FIG. 4. SiH-group vibrational frequency as a function of the
film thickness fora-Si:H deposited on three different substrates:
glass, fused silica, and Cr at 180 °C.

FIG. 5. SiH-group vibrational frequency as a function of the
film thickness fora-Si:H deposited on glass at three different tem-
peratures: 110 °C, 180 °C, and 250 °C.

FIG. 6. SiH-group vibrational frequency as a function of the
film thickness for intrinsic andp-dopeda-Si:H deposited on glass
at 180 °C.
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a-Si:H dielectric function20 to the Lorentzian expression~1!.
An experimentally measured Corning glass sample was used
as a substrate. The results clearly reveal a thickness-
independent vibrational frequency, systematically upshifted
by about 3 cm21 from its ‘‘standard’’ value~2000 cm21!.
Therefore, the above optical effect on thin-film vibrational
frequencies cannot account for our experimentally observed
shifts, in spite of its general nature. It is also important to
note the substantial difference between the optically induced
shift and the one observed in our measurements, namely, the
observed frequency departs from its bulk value with growing
film thickness in the former, while it tends to its bulk value
in the latter.

2. Presence of contaminants

The common feature of some of the substrates used in this
study~namely,c-Si and Cr ones! is the presence of a surface
oxide overlayer, since no special surface treatment was per-
formed prior to thea-Si:H deposition.~Note that there is no
such oxide overlayer on the depositeda-Si:H film surface
since all measurements in this study are donein situ.! It is
well established that Cr and Si are covered by;~20–30!-Å-
thick passivating oxide layers,21 which are thermally stable
in the temperature range studied here. Furthermore, the
methyl ~CH3! and hydroxyl~OH! groups are known to be
common contaminants of air-exposed metal surfaces.22 On
the other hand, the glass substrate is known to influence the
vibrational properties of the interface layer during film depo-
sition through a chemical interaction.23 Therefore, in all
cases studied, it is quite possible for an interaction between
substrate overlayers~or substrates themselves! containing na-
tive oxides and/or methyl~hydroxyl, amine! groups and the
growing film to take place. In such manner, a shift in the SiH
~SiH2! vibrational frequencies may occur as a result of the
difference in the local chemical environment with respect to
the bulk in the intermixing layer formed at the film-substrate
interface. This phenomenon, known as the chemical induc-
tion effect, was studied and quantitatively described by
Lucovsky.24 In his model, a linear relationship between the
SiH ~SiH2! stretching frequencies and the electronegativity
of the first neighbors to the SiH~SiH2! groups was estab-
lished. Experimental studies of amorphous-silicon oxides ob-
tained by silane oxidation have given the value of;2100
cm21 of the Si-H stretching vibration frequency,25 in full

agreement with the predicted one~2103 cm21!. More gener-
ally, since all possible contaminants susceptible of changing
the local environment of the Si-H stretching vibration have
atomic electronegativities24,26 ~O, 5.21; C, 3.79; H, 3.55; and
N, 4.49! higher than that of the substituted Si atom~s! ~Si,
2.62!, the chemical induction shift, if observed, is always
positive. Furthermore, secondary-ion-mass spectroscopy
measurements carried out fora-Si:H samples deposited un-
der very similar conditions to ours showed a negligible oxy-
gen content~<1019 cm23! in a-Si:H at the interface, inde-
pendently of the substrate used.27 Using the above content,
one can estimate the upper limit of the chemically induced
upshift to be about 4 cm21. Therefore, the hypothesis of the
presence of substrate contaminants being the cause of the
experimentally observed low-frequency shift should be ruled
out.

An interesting modification of the above idea is interpret-
ing hydrogen ina-Si:H as a ‘‘contaminant’’ changing the
local environment of the Si-H bond. It is a well-established
fact than in plasma-depositeda-Si:H there is a hydrogen
accumulation at a-few-monolayers level at the film-substrate
interface, as well as at the film surface.6,7 This high-H con-
centration results in morphological changes of the Si matrix,
a decrease of the dielectric constant of the material, and a
chemically induced frequency shift of the type already dis-
cussed. Using the chemical induction model, Tsu and
Lucovsky28 have shown that the Si-H stretching vibration
shifts to higher frequencies with hydrogen concentration in
plasma-depositeda-Si:H films and therefore the chemically
induced shift due to the hydrogen excess at the film bound-
aries has once more an opposite direction compared with our
experimental results.

3. Interface-surface defect states

The presence of residual unpaired spins~singly occupied
dangling bonds! in device-qualitya-Si:H ~Ref. 29! was rec-
ognized earlier by electron-spin resonance measurements.
Later, the thickness dependence of the defect concentration
was evidenced using photothermal deflection
spectroscopy.30,31

It is straightforward to show, using the previously dis-
cussed chemical induction model, that the presence of a
dangling-bond defect as a nearest neighbor of a SiH group
will result in a decrease of the Si-H bond stretching fre-
quency. Thus attributing zero electronegativity to the dan-
gling bond ~further denoted byd! and using the semi-
empirical formula given by Lucovsky,24 one obtains the
value of;1930 cm21 for the vibrational frequency of the
SiH~dSi2! structure. Thus some spectral lines in the 1840–
1960 cm21 range observed in H-implantedc-Si using ir-
absorption spectroscopy were tentatively assigned to
dangling-bond defects,26 in the frame of the chemical induc-
tion effect. Following this model, the thickness-dependent
vibrational frequency may be regarded as an average value
resulting from the superposition of two absorption peaks, one
at about 1930 cm21, corresponding to defects situated in a
thin layer at the film surface or interface, and another one at
2000 cm21, standing for the ‘‘normal’’ Si-H bond stretching
frequency in the bulka-Si:H. Under the assumption of inde-
pendence of the Si-H oscillator strength on the presence of
defects, one obtains;0.1 for the ratio of dangling bonds to

FIG. 7. Simulation of ReD of a-Si:H films with different thick-
nesses on a glass substrate in the SiH stretch region.
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silicon atoms. The value of 531022 cm23 for the concentra-
tion of Si atoms ina-Si:H ~Ref. 32! leads to some 531021

cm23 defects in the surface-interface layer. The last value
is by four orders of magnitude higher than the experimen-
tally determined surface defect density~331017 cm23! in
plasma-depositeda-Si:H.31 It is interesting to note that, as
shown by Oguzet al.33 in their studies on ion-bombardment
created defects inc-Si, reversible changes in the Si-H oscil-
lator strengths may take place. However, the changes re-
ported by Oguzet al.can account for not more than an order
of magnitude in the above difference between experimental
and calculated defect concentrations.

Further unfavorable evidence for the dangling-bond
model is the relatively constant initial frequency~see Figs. 4
and 5! independent of the substrate nature and temperature.
However, according to the dangling-bond model, the higher
the substrate temperature, the higher the initial frequency,
while in our case all curves start from the value;1950 cm21

in the limit of very thin films.
The possibility of a practical verification of the dangling-

bond model is suggested by the defect annealing effect. The
reduction of defects under annealing~by up to an order of
magnitude31! due to the enhanced hydrogen diffusion in the
as-deposited material is a well-known behavior ofa-Si:H. In
the frame of the defect model such an annealing-produced
defect reduction would lead to an opposite shift of the Si-H
vibrational frequency back to its ‘‘normal’’ bulk value~2000
cm21!. Following the above idea,in situ annealing
of a plasma-depositeda-Si:H film was performed. A
550-Å-thick film deposited at 110 °C was annealed for 4 h at
250 °C. Vibrational spectra in the SiH bond stretching region
were measured before and after annealing. The results are
shown in Fig. 8. A very small shift to lower frequencies,
instead of an upshift towards the bulk frequency, is observed.
Therefore, the dangling-bond defect model cannot account
for the experimentally observed low-frequency shift.

4. Phonon coupling

It is interesting to note that fitting the SiH peak before and
after annealing to a Lorentzian expression in order to esti-
mate more accurately the vibrational frequencies gives, for
the temperature slope of the small downshift, 0.036 cm21/K
~see Fig. 8!. This value is in excellent agreement with the

one ~0.035 cm21/K! determined by Grimalet al.34 in their
recent studies on the weak phonon coupling to the Si-H
stretching modes ina-Si:H. They showed that the coupling
between ana-Si:H-lattice phonon and the Si-H stretching
mode resulted in a temperature-dependent reversible shift of
the vibrational frequency of the latter. In order to evidence
any thickness dependence of ana-Si:H phonon mode sus-
ceptible of coupling to the Si-H stretching frequencies and
thereby, of shifting them, we performedex situRaman scat-
tering measurements on threea-Si:H films deposited at
250 °C on Corning glass with three different thicknesses:
500, 1000, and 2000 Å. Argon-laser excitation at 514.5 nm
was used. The spectra measured in the lattice phonon range
from 50 to 600 cm21 are shown in Fig. 9. All phonon modes
@TA, 150 cm21; LA, 310 cm21; LO, 380 cm21, and TO, 480
cm21 ~Ref. 35!# identified as peaks or shoulders in the spec-
tra apparently exhibit no thickness-dependent intensities, at
least in the thickness range studied. Furthermore, as already
noted, experimental frequency shifts due to coupling with the
above lattice phonon have opposite signs to our thickness-
dependent shift. It is clearly unrealistic to imagine the
;50-cm21 shift from the Si-H stretching bulk frequency as
due to a thickness-dependent phonon coupling to an ir vibra-
tion mode.

5. Intrinsic stress

It is a well-established experimental fact that stress in the
material can influence the vibrational frequencies of the dif-
ferent chemical bonds present through the introduction of
bond strain. Thus, in proton-implanted crystalline silicon the
Si-H stretching line presumably due to a H-saturated
monovacancy-type defect in thec-Si matrix shifts from 2062
to 2070 cm21 with the application of a uniaxial mechanical
stress of 600 MPa.36 The explanation of this effect lies in the
modification of the force constants with the change of bond
lengths under the applied mechanical constraints. However,
such bond strain can result not only from external mechani-
cal forces, but also from the intrinsic stress inherent to the
material or its special geometry. In their studies on
H-saturated Si~100! surface, Chabal and Raghavachari37

showed, using high-resolution ir reflectance spectroscopy,
that the Si-H stretching frequency is upshifted by;7 cm21

FIG. 8. Real part of the optical density in the SiH stretching
region for a 550-Å-thicka-Si:H film deposited on glass at 110 °C
before and after 4 h of annealing at 250 °C.

FIG. 9. Raman scattering spectra of threea-Si:H films deposited
on glass at 250 °C with different thicknesses: 500, 1000, and 2000
Å.
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because of the decrease in the Si-H atomic distances at the
crystal surface.

The intrinsic stress in amorphous materials, in the same
manner as in crystalline materials, may cause shifts in the
vibrational frequencies. However, these stress-induced shifts
cannot be theoretically estimated and, consequently, are be-
ing experimentally determined. Thus it has been shown for
plasma-deposited silicon nitride~a-SiNx :H! films that the
frequency of the Si-H stretch increases by;10 cm21 with an
increase in compressive film stress up to 300 MPa.38 On the
other hand, Si-H stretching frequency in plasma-deposited
silicon carbide~a-SiC:H! films exhibited no stress depen-
dence in the large range from21000 MPa~compressive! to
1800 MPa~tensile! stress.39

Plasma-depositeda-Si:H films are known to grow under
high compressive stress.40 Values as high as 1200 MPa for
doped films have been reported.41 The stress ina-Si:H is a
consequence of the overcoordinated amorphous Si
network,42 which does not relax significantly after growth, as
well as of the presence of hydrogen.43,44 However, to the
authors’ knowledge, there is no reported evidence on stress-
induced vibrational frequency shifts ina-Si:H. Several work-
ers have shown that the compressive stress in plasma-
depositeda-Si:H films is dependent on the substrate nature
and temperature.45,46Using the published data,45 it is easy to
determine that the stress grows from 100 MPa at 110 °C to
500 MPa at 250 °C, i.e., five times. However, the same ar-
gument as for the dangling-bond model holds in this case
too, namely, the initial frequencies in our experimental
curves are temperature and substrate independent.

Similarly, low-temperature~300 °C! annealing of plasma-
depositeda-Si:H films was shown to reduce the compressive
film stress more than three times~from 640 to 200 MPa!.43 In
our annealing experiment, however, thea-Si:H film exhib-
ited no stress-induced frequency shift~see Fig. 8 and the
related discussion!.

The above considerations lead to the conclusion that the
intrinsic film stress have no direct effect on the Si-H stretch-
ing frequency ina-Si:H. Nevertheless, as we shall see, the
strained amorphous-Si network can influence indirectly the
Si-H vibrational frequency.

6. Variation of the dielectric constant

The vibrational properties ofa-Si:H can be adequately
described in terms of the so-called polarized medium
model.1,47–49In this model the material is considered to con-
sist of Si-H bonds uniformly embedded in a homogeneous
a-Si matrix. The Si-H dipole, supposed to reside in a micro-
scopic cavity, polarizes the surrounding medium, which, in
its turn, reacts on it by its depolarization~or reaction! field.
This represents the well-known Onsager local field model,
initially applied to calculating the polarizabilities of polar
liquid solutions.50 Later, the reaction field has the effect of
lowering the vibrational frequency of the immersed dipole.
This phenomenon, usually called the solid-state effect, al-
lows one to obtain the vibrational frequency of a dipole em-
bedded in a solid, knowing the frequency of the free dipole.
It was applied with success by Cardona49 to the calculation
of the Si-H stretch frequencies ina-Si:H using their values in
gaseous silanes. The frequency shift is given by the formula
~in cgs units!

Dv52
e* 2

mv0R
3

«21

2«11
, ~2!

whereR is the radius of the cavity containing the dipole,e*
is the effective dynamical charge of the dipole,v0 andm are
its vibrational frequency~in s21! and reduced mass, respec-
tively, and« is the ir dielectric constant of the host matrix,
assumed to be nonabsorbing~i.e., Im«50!. This relation-
ship, known as the Kirkwood-Bauer-Magat formula, is
widely used in ir spectroscopy of liquid solutions.51We shall
discuss in some detail each of the quantities entering the
above expression, since this will be of importance in the
following.

The effective dynamical chargee* arises from changes in
charge distributions as the atoms vibrate and should not be
confused with the static charge, which is a result of the dif-
ferent electronegativities of the atoms in the dipole. The dy-
namical charge is the one participating in the ir activity of
a-Si:H and its value depends on the Si-H bond configuration
~SiH, SiH2, or SiH3 group!, as well as on the vibrational
mode~stretching, bending, wagging, etc.!.

The vibrational frequency of the free Si-H dipole in the
case of the SiH group is in fact the stretching frequency of
the virtual structure SiH~Si3!. Using a valence force field
model, Cardona calculated the value 2099 cm21 for the Si-H
stretch of SiH~Si3!. By ab initio Bethe lattice calculations
Jing, Whitten, and Lucovsky52 obtained 2132 cm21. We used
the value 2100 cm21 in our study. For the SiH2 group, the
value 2128 cm21 as given by Cardona’s valence force field
model was taken. It is noteworthy that all the frequencies
reported differ by less than 4% and their exact values are not
of decisive importance to the accuracy of the model used.
Following Cardona,49 the reduced massm was taken to be
equal to the H atomic mass, while for the ir dielectric con-
stant« of the host medium thec-Si value of 12 was used.

Maybe the less-well-defined quantity entering Eq.~2! is
the cavity radiusR. Although the existence of small atomic
vacancies with strong electrostatic screening containing H
atoms has been theoretically53 and experimentally~by small-
angle x-ray-scattering measurements54! suggested, no experi-
mental attempts to estimate the cavity dimensions have been
made so far, mainly because of the insufficient instrumental
resolution on the scale of angstroms. Cardona obtained ex-
cellent agreement with experiment by settingR equal to the
covalent radius of the Si atom~rSi51.17 Å!. By definition,
rSi equals one-half of the Si-Si bond length inc-Si or one-
half of the average Si-Si bond length ina-Si:H too.33 Exten-
sive experimental studies on vibrational frequency shifts of
molecules in liquid solutions showed thatR is related to the
molecular volume of the solvent rather than to the solute
volume whether the solvent molecules are larger or smaller
than the solute molecules.55,56 In this way,R appears to be a
characteristic parameter of the embedding matrix rather than
of the immersed dipole. This experimental evidence may
constitute a justification for using the value of 1.17 Å in our
model calculations.

Let us suppose now that for some physical reason the
dielectric constant of thea-Si matrix lowers its value at the
film interface or surface. For example, it is well known that
the increase of H concentration at the growing film surface or
interface results in a lower refractive index of the material.57
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It is also possible that under certain deposition conditions,
incomplete island coalescence, particulates incorporation, or
some other inhomogeneities at the film-substrate interface
during the growth take place, resulting in microvoids
formation58 and thereby lowering the material dielectric con-
stant. Thus the imperfect coalescence during the initial co-
lumnar growth of plasma-depositeda-Si:H films on different
~metal andc-Si! substrates have been evidenced by uv-
visible kinetic ellipsometry.59–62 In the special case of
a-Si:H growth on a glass substrate nucleation does not take
place, yet a film-substrate interaction leading to a lower in-
terface refractive index has been clearly revealed using ir
~Ref. 10! and uv-visible61 ellipsometry techniques.

The effect of the decrease of the dielectric constant on the
Si-H vibrational frequencies can be easily modeled by using
Eq. ~2! and by taking the above values for the parameters in
it. Thus, varying« from 12 down to 7 in Eq.~2! results in the
curve in Fig. 10. It is clearly seen that the SiH group vibra-
tional frequency increases by about 9 cm21 with decreasing
«. However, this behavior is opposite the experimentally ob-
served one in our spectra. Therefore, the assumption of a
decreased dielectric constant of the material at its surface or
interface should be discarded.

B. Interface structural disorder

The structural disorder ina-Si:H has been the subject of a
great number of studies. It is well established now that bond
length and especially bond-angle distortions are responsible
for the Raman and ir activity ofa-Si.63 Moreover, hydrogen
incorporation ina-Si:H was shown to reduce the bond-length
fluctuations64 and, consequently, is susceptible of modulating
the degree of network disorder by its spatial distribution.65

Therefore, Raman scattering measurements ona-Si:H are
supposed to reflect any change in the structural order of the
material. For example, TO Raman peak position and width
are shown to depend on bond-angle distortions in thea-Si:H
network.66,67 Thus a thickness-dependent increased disorder
in the a-Si:H interface ina-Si:H/a-SiNx superlattices has
been evidenced.68 A similar behavior of the interface disor-
der ina-Si:H deposited on different substrates~glass, silicon,
and steel! was detected by Hishikawaet al.,27 who evidenced
the existence of an;0.1-mm-thick interface layer with struc-
tural properties different from the bulk ones.

In order to characterize the structural disorder in our
samples we performedex situRaman scattering measure-
ments ona-Si:H films obtained under different deposition
conditions. Figure 11 shows the TO-like peak widthDTO for
a-Si:H films deposited at 250 °C on Corning glass substrates
as a function of the film thickness. The measurements were
performed using a 514.5-nm Ar laser excitation. As noted,
DTO is a direct measure of short-range structural order, being
approximately proportional to the bond-angle distribution
width Du.67 The curve clearly reveals an increasing disorder
with decreasing the film thickness. This behavior indicates
that bond-angle distortions are most significant at the film
interface or surface.

A similar trend is evidenced in Fig. 12, where the disorder
profiles of two series of films deposited at 180 °C on Corning
glass and Cr substrates are compared. A 632.8-nm HeNe
laser excitation was used. It is easily seen in the figure that
the bond-angle fluctuations are more important in thea-Si:H
film deposited on Cr substrate in comparison to the glass
substrate. Moreover, a careful inspection of Figs. 11 and 12
shows that disorder is larger in the 500-Å-thicka-Si:H on
glass deposited at 180 °C compared to the 250 °C one, hav-
ing in mind the penetration depths of both laser lights used:
700 Å for Ar ~green! and 5000 Å for HeNe~red!.

The thickness dependence of disorder ina-Si:H films re-
vealed by Raman scattering measurements readily compares
with the thickness-dependent vibrational frequency shift in ir
ellipsometry measurements on these films. Moreover, both

FIG. 10. SiH stretch vibrational frequency as a function of the
dielectric constant of the medium.

FIG. 11. Thickness dependence of the TO-like peak width for
a-Si:H films deposited on glass at 250 °C.

FIG. 12. Thickness dependence of the TO-like peak width for
a-Si:H films deposited on glass and Cr at 180 °C.
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disorder and vibrational frequency profiles exhibit a similar
temperature and substrate dependence. Furthermore, Raman
spectroscopy measurements have revealed that the structural
randomness of thea-Si network in the initial stages of the
film deposition is independent on the deposition conditions.68

A similar case is that of our ir ellipsometry measurements in
which the initial vibrational frequencies do not depend on the
substrate nature or temperature, nor on film doping. Conse-
quently, according to the Raman measurements, the initial
vibrational frequencies in our spectra~;1950 and;2050
cm21! are to be attributed to the most disordereda-Si:H at
the interface.

These observations suggest that a correlation between the
ir frequency shift and the structural disorder ina-Si:H thin
films may be established. It is important to note that there
have been several experimental studies relating the ir vibra-
tional properties of Si to disorder. Thus Stein and Peercy69

observed the Si-H stretch mode at 1985 cm21 in highly dis-
ordered H-implantedc-Si. Chabal, Higashi, and Christman,70

in their studies of hydrogen chemisorption on Si~111!, attrib-
uted an unidentified mode at 1970 cm21 to Si-H bonds aris-
ing from H diffusion and random bonding in the subsurface
layer. In another study on the same subject, Chabal71 attrib-
uted the downshift of the Si-H surface vibration mode at
2073 cm21 to its screening by the silicon environment.
Moreover, these studies suggest that dielectric screening ad-
equately models the influence of the structural disorder in the
material on its vibrational properties. A concise review of the
previously discussed possible physical causes for the vibra-
tional frequency shifts, together with their approximate mag-
nitudes and shift directions, is presented in Table I.

1. Modeling of the frequency shifts

Here we shall argue that the structural disorder in thea-Si
network at the film-substrate interface can indirectly influ-
ence the ir vibrational properties of the material and, in par-
ticular, is mostly ~if not entirely! responsible for the
thickness-dependent downshift of the Si-H stretching mode
frequency. In order to show this, we need to discuss a slight
generalization of the polarized medium model already pre-
sented. Instead of considering a spherical cavity containing
the Si-H dipole, one may take a cavity of some other form,
say, an ellipsoidal one. A new parameter describing the de-
polarization effect, the geometrical factorA varying within 0
and 1, is introduced. In the extreme cases of a rod and a slab
A equals 0 and 1, respectively; for a sphereA51

3. In the
frame of the ellipsoid model,72 Eq. ~2! takes the form

Dv52
e* 2

mv0

3

2abc

A~12A!~«21!

«1~12«!A
, ~3!

wherea andb5c are the semiaxes of the rotational ellipsoid
cavity. If one assumes a small departure from the spherical
form, Eq. ~3! may be reduced to

Dv52
e* 2

3mv0R
3

«21

«1~12«!A
, ~4!

where an ‘‘effective’’ cavity radiusR defined by the mean-
geometric relationshipR35abc has been introduced.

From a microscopic viewpoint, the introduction of a form
different from the spherical one for the cavity in the polar-
ized medium model reflects the structural disorder present in
the a-Si network at the interface under the form of bond-
angle~or -length! distortion. Since the Si-H bonds are isotro-
pically distributed in the Si matrix, the factorA in ~4! is an
effective quantity obtained by spatially averaging the factors
Ae of a distribution of randomly oriented ellipsoids. By av-
eraging the polarizabilities of the ellipsoids,72 the expression
for A can be obtained

A5
2«23~«21!Ae~12Ae!

5«1123~«21!Ae
. ~5!

Thus, having determined experimentally the value ofA
one can, in principle, obtain the departure from the spherical
form expressed by the difference betweenAe and

1
3.
73 One

should not forget, however, that the polarized medium model
is an idealized one and hence any direct physical interpreta-
tions should be made with caution. It is expected to describe
adequately the vibrational properties of the disordered mate-
rial but not its microstructure, although based on a straight-
forward physical picture.

It is relatively easy to see that with the factorA increasing
from 1

3 up to 1 the absolute value of the frequency shiftDv
given by Eq.~4! increases. Moreover, it can be shown that
the factorA calculated with the help of~5! is always larger
than 1

3 whatever the values ofAe ~0,Ae,1! and« ~for a real
«!. Therefore, our model always predicts a downshift of the
vibrational frequency in the case of a distorted network.

In order to model our experimental data we have to ana-
lytically describe the dependence of the disorder on the film
thickness. If we assume that the amplitude of thea-Si matrix
distortions decays exponentially from the interface, the fac-
tor A at a distancez can be written as

TABLE I. Possible physical causes of a vibrational frequency shift ina-Si:H with their approximate
magnitudes and shift directions.@The symbol~?! stands for a theoretical estimate.#

Frequency shift cause
Approximate magnitude

~cm21!
Shift direction

~to higher or lower frequencies!

optical effect 3 higher
substrate contamination 4 higher
interface-surface defect states 0.05~?! lower
phonon coupling 5 higher
intrinsic stress 10~?! higher or lower
variation of the dielectric constant 5 higher
structural disorder 30 lower
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A5DA expS 2
z

d0
D1

1

3
, ~6!

whereDA represents the introduced distortion at the inter-
face with respect to13, the ideal bulk value, andd0 is a char-
acteristic disorder length. Such a disorder profile has been
successfully used in modeling Raman scattering data.74 Fur-
ther, by substituting forA the its spatial averageĀ with
respect to the film thickness into Eq.~4! one obtains an ana-
lytical model for the thickness-dependent frequency shift ob-
served experimentally. Fitting the ir measurements to Eq.~4!
having assignedDA, d0, ande* as fit parameters results in
the typical curves presented in Figs. 13 and 14 for the SiH
and SiH2 vibrations, respectively. For the rest of the param-
eters entering Eq.~4! the values mentioned in Sec. IV A
were taken. The excellent agreement with the experimental
data for both SiH and SiH2 groups is to be noted.

2. Determination of the effective dynamical charges

By fitting the experimentally determined frequency shifts
to Eq. ~4! it is possible to obtain an estimate of the effective
dynamical charge of the vibrating dipole. Averaging the fit
results one* for all substrates and temperatures studied
gives the values 0.4160.01 and 0.2460.03 ~in elemental
charge units! for SiH and SiH2 groups, respectively. These
results are in very good agreement with those determined by
other workers using different experimental methods~see
Table II!.

At this point, a brief discussion about the methods of
determination of the effective charge and its nature seems to
be necessary. The values ofe* given in Table II, except for
ours and Cardona’s, were determined by calibrating the ir
absorption strengths of the Si-H stretching modes with the
absolute H content in the samples measured by nuclear tech-
niques. The unusually large value ofe* ~SiH! reported by
Shanks, Jeffrey, and Lowry5 was obtained under the assump-
tion of independent H concentrations in the 2000- and
2100-cm21 modes, which, in general, does not hold. Cardona
used the polarized medium model in order to explain the
Si-H vibrational frequencies ina-Si:H and found that the
effective charge reported in Table II agrees well with experi-
ment. The method in the present study is based on the expla-
nation of the thickness-dependent frequency shifts of the
Si-H modes in terms of the polarized medium model and is,
consequently, a modification of Cardona’s method. Both
groups of methods, the calibrated H-bond absorption and the
polarized medium, give, except for the last reported SiH2
value, consistent results on the SiH and SiH2 effective
charges. In a recent study, Daey Ouwens, Schropp, and van
der Weg75 assumed somewhat arbitrarily the equality of both
SiH- and SiH2-mode effective charges and obtained them to
be equal to thea-Si dynamical charge, hence the above dis-
crepancy. However, there is no theoretical evidence for con-
sidering both these charges as having identical values, more-
over, a different value should be attributed to each Si-H
vibrational mode.5,32,76 It should be noted that the value of
the effective charge for 2100-cm21 vibration is often inter-
preted as a weighted average of the respective values for
polyhydrides ~SiH2! and clustered monohydrides~SiH in
microvoids!.32 The proximity between the effective charge
values independently determined by calibrated H-absorption
method, on one hand, and by the polarized medium methods,
on the other, clearly indicates the consistency of the latter.

3. Physical considerations

Although describing well the experimentally determined
behavior of the Si-H vibrational frequency shift, the polar-
ized medium model does not reveal the physical reasons for
the thickness-dependent disorder ina-Si:H. Here we shall
briefly discuss the possible physical phenomena leading to
an increased interface disorder.

One possible picture is the deposition of microparticulates
at the substrate surface at the very first stage of film deposi-

FIG. 13. Fit of the SiH-group vibrational frequency as a func-
tion of the film thickness fora-Si:H deposited on glass at 250 °C.

FIG. 14. Fit of the SiH2-group vibrational frequency as a func-
tion of the film thickness fora-Si:H deposited on glass at 180 °C.

TABLE II. Effective dynamical charges~in elemental charge
units! of the Si-H bond stretching vibration mode in SiH and SiH2
groups ina-Si:H obtained from various references.

Reference e* ~SiH! e* ~SiH2!

5 0.80 0.24
84 0.39
49 0.40 0.29
85 0.38
76 0.44 0.26
32 0.39 0.26
75 0.44 0.44
This study 0.41 0.24
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tion, as mentioned before. These inhomogeneities consist of
clusters of several Si and H atoms that may be formed in the
plasma discharge.77 The temperature assisted diffusion of the
depositing species, mainly the SiH3 radical,

58 will not be able
to entirely fill the gaps between the clusters and an interface
layer morphologically different from the bulk material will
be formed. However, it is established that the formation of
clusters is typical of high-power decomposition of silane62,78

and therefore the presence of buried microparticulates in our
low-power deposited films is quite unlikely. Moreover, these
clusters are known to exhibit mostly a~SiH!n-type
structure,77 which would leave unexplained the SiH2 fre-
quency behavior.

Increased interface disorder may also result from the in-
complete coalescence of nuclei at the substrate surface dur-
ing the growth, as already discussed. However, it is well
known that nucleation does not occur on glass substrate,
while interface disorder is obviously present on all substrates
studied.

Energetic ion and neutral bombardment from the dis-
charge may have a strong effect on the structure of the film
surface. Bombardment-sputtered and redeposited radicals
can cause poor film surface structure58 and thereby increase
the degree of disorder. The occurrence of significant
bombardment-related effects is, however, very improbable
under our deposition conditions, since the rf power used in
the deposition process~50 mW/cm2! is too low. Thus Anto-
ine et al.,79 using an electrostatic analyzer technique, mea-
sured a very low ion flux~;2%! characterizing the ion bom-
bardment undera-Si:H deposition conditions similar to ours.

A clue to the interface disorder may be searched in the
reaction mechanisms at the growing film surface. In the very
beginning of the deposition process the growth precursors
~mainly the SiH3 radical! arriving at the substrate surface
start migrating in search of energetically favorable sites.
However, in the initial stage of the surface growth the diffu-
sion of the deposited species with high chemical reactivity is
hindered because of the great number of dangling bonds and
other surface defects. As a consequence, the interfacial struc-
tural randomness of the material achieves its maximum
value. In extensive computer simulations ofa-Si:H plasma
deposition, Gleasonet al.80 revealed the presence of islands
and lower lattice connectivity regions under the assumption
of no species diffusion on the growing surface. In this way,
the hindered migration of radicals results in the creation of a
highly disordered and straineda-Si network. Furthermore,
the above workers showed that the H concentration decreases
as the diffusion radius is increased. Therefore, the smallest
diffusion rate and, consequently, the highest degree of disor-
der should be observed at the film interface or surface, in
agreement with the H accumulation at the film boundaries6,7

already mentioned. Later in the growth process, the bulk
network achieves its highest possible degree of structural or-
der and, as a consequence, the H concentration decreases.
From spectroscopic point of view at this stage the Si-H bond
vibrations achieve their ‘‘normal’’ bulk frequencies as can be
seen, for example, in Figs. 2 and 3.

Note that the above species diffusion picture is supported
by the temperature dependence of the characteristic disorder
lengths, namely, their decrease with increasing temperature,
as shown in Table III. This behavior is readily explained by

the increased diffusion radius with temperature. On the other
hand, the dependence of the disorder lengths on the substrate
nature~see Table III! can be qualitatively accounted for by
the substrate-dependent sticking coefficients ofa-Si:H film
precursors leading to different surface mobilities, as sug-
gested by Schmidtet al.62 Raman measurements ona-Si:H
films also yield substrate-dependent disorder profiles with
similar disorder lengths.27 Finally, the insensitivity to doping
~see Fig. 6! of the frequency shift effect is also easily ex-
plained in the frame of the disorder model, since it has been
established using Raman scattering that the introduction of
doping atoms into thea-Si:H network only weakly affects
the short-range structural order~i.e., the order at the Si-
tetrahedrons level!.81

Although explaining well the substrate and temperature
dependence of the frequency shifts, the above migration-
diffusion picture is unable to account for the large character-
istic disorder lengths for the SiH group; see Table III. In-
deed, it is known that migration processes begin to stabilize
after about several hundred angstroms at the most, while the
disorder lengths observed suggest changes in the
intermediate-range order~;103 Å!. The explanation for
these results has to be sought in the structural role played by
hydrogen in thea-Si:H network. Namely, the presence of H
in high concentrations results in changes in the structural
topology of a-Si:H given the univalent nature of H. This
induces modifications of intermediate-range order and topol-
ogy of the existing network through the alterations of the
bond-length and bond-angle distributions of neighboring Si
atoms.65 Quantitatively, this phenomenon is described by the
quasi-interstitial hydrogen model. This model, as proposed
by Hishikawaet al.,46 suggests that one of the roles of the H
atom bonded in monohydride configuration~SiH! is to act as
an interstitial impurity in the silicon network, yielding repul-
sive forces between itself and the neighboring Si atoms and
thus introducing structural distortions. It is important to note
that Raman scattering46,82 and stress measurements46 sup-
porting this model give disorder profiles similar to those de-
termined by ir ellipsometry.

The above physical considerations clearly reveal the
double role played by H in thea-Si:H structure, namely, by
influencing the short-range order through favoring surface
migration and diffusion, as well as the intermediate-range
one by the H atom acting as an interstitial impurity leading to
a distorted network.

It is essential to note the presence of two disorder length
scales ina-Si:H as revealed by the ellipsometry measure-
ments of the SiH and SiH2 group vibrations~see Figs. 2 and
3!. The first one, of the order of 10 Å, characterizes the

TABLE III. Characteristic disorder lengthsd0 for a-Si:H films
deposited on Corning glass, Cr, and fused silica substrates at differ-
ent deposition temperatures.

Substrate Temperature~°C! d0 ~Å!

Corning glass 110 1880
Corning glass 180 1242
Corning glass 250 548
Cr 180 1425
fused silica 180 ;600
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relaxation of the structural distortions in the ultrathin layer
adjacent to the interface and is given by the SiH2-group fre-
quency behavior, since it is well known that a SiH2 rich layer
is formed at the film interface and surface duringa-Si:H
plasma deposition, as already noted. In the frame of the
physical picture discussed above the structural relaxation at
the interface is assisted by H bonded in dihydride configura-
tion known to introduce structural flexibility in the Si net-
work and reduce the stress in the films.46 The second disor-
der length scale~;102–103 Å! reflects the transition from
surface to bulk material properties and is revealed by the SiH
frequency behavior, since the SiH groups are homoge-
neously distributed in the bulka-Si:H. At the atomic level, it
evidences the role of monohydride-bonded H as a distortion-
generating interstitial impurity in the amorphous network. As
a conclusion, the bond-angle~and probably the bond-length!
distortions responsible for the disorder in thea-Si network
do not decay uniformly from the interface to the bulk, but
rather exhibit an abrupt fall at the interface, followed by a
gradual decrease into the bulk. It is essential to note that the
particular disorder profile in plasma-depositeda-Si:H layers
strongly depends on the deposition conditions used27 as well
as on such ‘‘parameters’’ as reactor geometry or plasma-
ignition procedure and may be even absent, as shown by
recent studies.83

However, ellipsometric measurements alone cannot give
any information about the exact location of the disordered
layer. That is, since in ellipsometry the light beam probes the
whole layer~provided it is weakly absorbing!, as mentioned
before, in general no distinction can be made between sur-
face and interface contributions. Similarly, the results of
most of the experimental Raman spectroscopy studies can be
interpreted in terms of interface or, equivalently, surface dis-
order. Under certain experimental conditions, however, a
clear identification becomes possible. For example, using a
surface laser excitation, Raman scattering measurements re-
vealed the presence of surface disorder in thicka-Si:H
films.82 In our case, the monotonic decay of the disorder
profile in Fig. 11 obtained by a surface~Ar! excitation
clearly indicates that bond-angle distortions are present at the
interface. Thus structural disorder appears to be a character-
istic feature of the film-substrate interface rather than of the
film surface. This statement is supported by the above reac-
tion model, as well as by the good agreement between the
disorder characteristic lengths determined in our study and
those found by Raman measurements on thina-Si:H films27

as well as on a-Si:H/a-SiNx superlattices68 where an
interface-disorder effect has been unambiguously revealed.
Moreover, the substrate dependence of the characteristic
lengths ~see Fig. 4! corroborates this picture too. A small

contribution of the surface cannot be entirely excluded, how-
ever. This may probably be the case of the SiH2-group
stretching vibration.

V. SUMMARY AND CONCLUSION

We have systematically studied the thickness dependence
the low-frequency shift of the Si-H stretching vibration of
SiH and SiH2 groups ina-Si:H thin films using ir ellipsom-
etry. This effect was shown to depend on the substrate nature
and the deposition temperature of the plasma-deposited
a-Si:H. A review of possible physical explanations of the
shift phenomenon accompanied by detailed discussions
~such as the presence of substrate contaminants and the de-
fect state profile! has been made. Finally, the bond-angle
disorder of thea-Si:H network at the film-substrate interface
was shown to be responsible for the vibrational frequency
shifts. A physical picture of the film-growth mechanisms
leading to an increased interface disorder and the role of
hydrogen played in it was discussed. Analytical modeling the
experimental results using the polarized medium model al-
lowed us to obtain the effective charge of the Si-H bond in
different configurations~SiH and SiH2!. The values of the
effective charges thus obtained are~0.4160.01!e and ~0.24
60.03!e ~wheree denotes the elemental charge! for the SiH
and SiH2 group vibrations, respectively. The above results
are in very good agreement with those of ir absorption and
Raman scattering studies. More generally, the influence of
the structural properties~e.g., bond-angle disorder! on the
vibrational properties is evidenced, physically explained, and
analytically modeled. Thus ir spectroscopy techniques~ir el-
lipsometry, in particular! are shown to be able to indirectly
monitor network-disorder effects through the influence of the
latter on the vibrational properties of thin-film materials, in a
similar way as Raman scattering spectroscopy, which is gen-
erally considered to give direct results on changes in local
structural order.
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