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Photoinduced structural instability around the Si-H bond in undoped hydrogenated
amorphous silicon

Hidetoshi Oheda
Nanoelectronics Research Institute, National Institute of Advanced Industrial Science and Technology, 1-1-1 Umezono, Tsuk

Ibaraki 305-8568, Japan
~Received 22 January 2003; published 25 August 2003!

When hydrogenated amorphous silicon (a-Si:H) is illuminated at low temperature by a modulated band-gap
light, a photoinduced bleaching band, which is superimposed on a usually observed photoinduced absorption
spectrum, can be observed around 2000 cm21. The observation of such a photomodulated ir-absorption band
shows that a real-time change in the absorption strength of the Si-H stretching vibration takes place in
accordance with the modulated excitation. Since the Si-H stretching vibration is not affected directly by the
band-gap light and is strongly localized ina-Si:H, the observed change in the vibronic absorption should be
caused indirectly by some structural instability of local environment of the Si-H bond. Therefore, the localized
Si-H oscillator can serve as a detector of a dynamic structural change in its vicinity. Preliminary measurements
of the photomodulated vibrational absorption have been performed with undopeda-Si:H prepared at different
substrate temperatures (TS), in which bonded hydrogen takes on two different configurations, namely, mono-
hydride~Si-H! and dihydride (Si-H2). Irrespective ofTS , it is found that the modulated vibrational absorption
band is dominated by the 2000-cm21 component due to the Si-H vibration. This disclosure includes even those
cases where the 2100-cm21 component due to the Si-H2 vibration dominates the usual ir-absorption band of the
Si-H stretching mode. It follows that the structural instability takes place more effectively in the neighborhood
of the Si-H bond than it does in the neighborhood of the Si-H2 bond. It will be argued that such a site-
dependent structural instability is concerned to the nonuniformity of the local strain in the disordereda-Si:H
network.

DOI: 10.1103/PhysRevB.68.085206 PACS number~s!: 78.30.Ly, 63.50.1x, 78.66.Jg
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I. INTRODUCTION

The incorporation of hydrogen in amorphous silic
achieves an effective activation of doping by terminati
dangling bonds, which are inherent in a disordered netw
only of Si atoms. However, in contrast to this generally d
sirable effect, there is a drawback in the case of hydro
nated amorphous silicon (a-Si:H). Namely, the electronic
quality of a-Si:H degrades after it is exposed to strong ligh1

Since an amorphous material is not in thermodynamic e
librium, its photodegradation is a kind of structural instab
ity: such a system can easily change its state among avai
metastable states. After the accumulation of many stud
there is a consensus that the incorporated hydrogen play
important role in photodegradation, which is likely to ta
place around hydrogen during its migration within t
network.2–4 In order to establish more convincing eviden
concerning this effect, it is desirable to detect directly a lo
structural change or instability at a region around hydrog
which should be a precursor to the photodegradation.

It has been observed that ir absorption ina-Si:H due to
the Si-H stretching vibration varies with time following
band-gap illumination of periodically modulated intensity.5,6

This indicates that some properties of the Si-H oscilla
vary with time following the modulated excitation. Howeve
since the Si-H stretching vibration is hardly affected by t
band-gap light, some characteristics of the oscillator sho
be altered indirectly by a change in the structural configu
tion in the neighborhood of the Si-H bond. Furthermore,
Si-H stretching vibration is more strongly localized
0163-1829/2003/68~8!/085206~9!/$20.00 68 0852
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a-Si:H, as inferred from its much longer vibrational lifetim
than that of the corresponding vibration in crystalline Si.7–9

Therefore, its properties will be affected, within a limite
range, by the local surrounding of the Si-H bond. It follow
that the Si-H localized oscillator can be used as a senso
detecting a dynamic structural change in its vicinity. Bas
on this understanding, we investigate here the photoindu
structural instability in the disordered network ofa-Si:H by
observing a real-time change in the ir absorption of the
calized Si-H vibration.

Short- and medium-range order, or macroscopic struct
in the disordered network ofa-Si:H has been examined wit
various methods, such as Raman scattering,10 extended x-ray
absorption fine structure,11 small-angle x-ray scattering,12 or
wide-angle x-ray scattering.13 However, these techniques e
sentially survey the macroscopic properties of the netw
structure and provide a statistical average, or a distribut
of the quantity under consideration in each method. By w
of contrast, the present method gives more direct, mic
scopic structural information concerning the neighborho
of the Si-H bond.

In a previous paper, we have tried to see how the pho
modulated absorption band of the Si-H stretching vibrat
changes after light soaking or thermal annealing.6 Concern-
ing the photodegradation, it was found that the photomo
lated ir-absorption spectrum did not change its shape a
light soaking, although its intensity was reduced. A quant
tive analysis of the change in strength of the photomodu
tion spectrum was made by regarding the real-time chang
the Si-H stretching vibration simply as a result of modulati
©2003 The American Physical Society06-1
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of a neighboring weak Si-Si bond following a modulat
excitation. With the assumption that the weak Si-Si bon
were broken or reformed by light soaking or thermal anne
ing, respectively, the density of the weak Si-Si bonds
neighboring Si-H bonds responsible for the observed ph
modulation was evaluated to be about 531017 cm23.6 Since
the density of the bonded hydrogen in the monohydride c
figuration was about the order of 1021 cm23 in the samples
studied, this result indicates that a very small fraction of
bonded hydrogen can participate in the photomodulation

In this paper, we reconsider again the precise cause o
photomodulation of the Si-H vibration. In order to see ho
the structural instability around the Si-H bond varies fro
site to site in thea-Si:H network, detailed measurements
the photomodulated vibrational absorption of the Si
stretching mode are performed with undopeda-Si:H films
prepared at different substrate temperatures.

II. EXPERIMENT

Samples of undopeda-Si:H films were prepared by radio
frequency, glow-discharge decomposition of SiH4 on intrin-
sic crystalline silicon (c-Si) wafers at substrate temperatur
(TS) of 300, 100, and 50 °C. In the following, they are d
noted asA, B andC, respectively. Film thickness varied from
4 to 6 mm. From the vibrational spectra, hydrogen-bondi
sites can be identified. The ir-absorption band obser
around 2000 cm21 is due to the stretching vibration of
silicon-hydrogen bond, and can be decomposed into
components peaked at about 2000 and 2100 cm21. Although
the 2000-cm21 component can be attributed to the monoh
dride ~Si-H! configuration,14 there is some controversy con
cerning the assignment of the 2100-cm21 component. It is
associated with the dihydride (Si-H2) configuration, Si-H
bonds on the surface of voids, or platelet like clustered S
bonds.14–16 In the B andC samples, it was confirmed, from
the conventional Fourier-transform infrared~FTIR! measure-
ments, that the 890-cm21 band due to the Si-H2 bending
mode was present in accordance with the 2100-cm21 band,
so that the 2100-cm21 component in those samples could
attributed to the Si-H2 configuration. A ratio between th
hydrogen contents of the monohydride and dihydride c
figurations differs in its dependence onTS . For the good-
quality A sample, the 2000-cm21 component due to the Si-H
vibration dominates the ir-absorption spectrum, while for
B and C samples with lowTS , the magnitude of the
2100-cm21 component due to the Si-H2 vibration is equal to
or stronger than that of the 2000-cm21 component.

A sample was maintained at 15 K within a cryostat for t
measurements of the photomodulated vibrational absorp
It was excited with a modulated pump light, and an induc
transmittance change in the sample was monitored wit
probe light. The optical setup for the measurement was
most the same as that used for a conventional photoindu
absorption~PA! measurement.17 The pump light was pro-
vided by the 647-nm line from a Kr1 laser, which was modu
lated at 11 Hz with a mechanical chopper. In order to av
photodegradation of the samples during pump-light illumin
tion, the intensity of the pump light was held at a level s
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ficiently low for performing the measurements with a pe
missible signal-to-noise ratio: 1, 4, and 20 mW cm22 for
samplesA, B, andC in the as-deposited state, respective
When measuring theB andC samples, after thermal annea
ing, the intensity of the pump light was reduced by abou
factor of 5 in each case. An ir-light source was used as
probe light and was focused with an ellipsoidal mirror on
the same area of the sample surface that was illuminate
the pump light. After passing through the sample, and a
being dispersed with a monochrometor, which has a 25
focal length combined with a cutoff filter, the probe light wa
collimated in a liquid-nitrogen-cooled Hg-Cd-Te detecto
TransmissionT and its modulated changeDT were measured
separately with a phase-sensitive detection technique.
ratio betweenDT and T was plotted as a photomodulatio
~PM! spectrum. In the measurement, the slit width of t
monochrometor was fixed at 2 mm irrespective of wav
length. At about 2000 cm21, the spectral resolution wa
about 16 cm21.

III. RESULTS

Figure 1 shows the PM spectrum of theA sample, which
is dominated mainly by the usual PA due to the excess
riers trapped at the tail and dangling-bond states.17 The PM
spectrum shows weak interference fringes due to a sl
difference in the refractive index between theA-sample film
and thec-Si substrate. By simulating the interference fring
with a sine curve, as shown in Fig. 1 by the solid line, t
presence of a dip band can be noticed clearly at 2000 cm21.
An enlargement of the spectrum around 2000 cm21 is shown

FIG. 1. Photomodulation spectrum of theA sample prepared a
TS5300 °C. Data points are denoted by dots, and the interfere
fringes overriding the spectrum are simulated with a sine curve
shown by the solid line.
6-2
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in Fig. 2. Since the dip band is directed downward in t
spectrum, it is a photoinduced-bleaching~PB! band. The net
dip band can be separated from the measured PM spec
~solid circles! in Fig. 2 by subtracting the simulated bac
ground PA spectrum~solid line!. Figure 3 shows a compari
son between the spectra of the separated dip band~solid
circles connected with the thin solid line! and the ir-
absorption band~thick dashed line! of the Si-H stretching
vibration in this sample. Both spectral dependences are p
tically the same. Since the ir-absorption band of theA sample
is dominated mainly by the monohydride Si-H stretching
bration, which peaks at about 2000 cm21, the dip band can
be considered as resulting from a real-time change in th
absorption of the monohydride vibration. Such a change
the ir absorption of the Si-H stretching mode under a mo
lated excitation is referenced here as the modulated ir
sorption.

The PM spectrum measured with theC sample, in the
as-deposited state, is shown in Fig. 4 by dots. Because
sample contained numerous dangling bonds, the signal in
sity of DT is reduced regardless of the enhancement of
pump-light intensity. The amplitude of the interferen
fringes is enlarged by the rather significant difference
tween the refractive indices of theC-sample film and the
c-Si substrate. Again, after simulating the interferen
fringes in the background PA spectrum with a sine curve
shown in Fig. 4 by the solid line, we can notice the prese
of the dip band around 2000 cm21. When the film is not
thick enough, simulation of the interference fringes must
made in a spectral range as wide as possible in order to
the correct periodicity of the interference fringes.18

When the amplitude of the interference fringes is lar

FIG. 2. An enlargement of the spectrum in Fig. 1 in the neig
borhood of 2000 cm21. Solid circles denote data points. Interfe
ence fringes in the background PA spectrum are simulated wi
sine curve, as shown by the solid line.
08520
um

c-

-

ir
in
-
b-

is
n-
e

-

e
s
e

e
nd

e

and, in addition, some localized ir-absorption band, such
the Si-H stretching band, exists in the spectral range un
consideration, it takes some care to simulate a backgro
PA spectrum combined with interference fringes. Here

-

a

FIG. 3. The modulated ir-absorption spectrum of the Si
stretching vibration in theA sample is shown by the solid circle
connected with the thin solid line. The thick dashed line represe
the absorption-coefficient spectrum of this sample. The thin das
lines show the decomposition of the absorption-coefficient sp
trum into its 2000- and 2100-cm21 components.

FIG. 4. Photomodulation spectrum of theC sample prepared a
TS550 °C. Data points are denoted by dots. The interfere
fringes in the background PA spectrum are simulated with a s
curve, as shown by the solid line.
6-3
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adopted a practical procedure for that purpose, as expla
below.

The PM signal, which is defined as the ratio between
modulated and steady-state transmittance signals, can b
pressed as

DT/T' f aDad, ~1!

whered is the film thickness. The factorDa represents the
genuine spectrum of the photoinduced change in the abs
tion coefficients. This quantity is the PM spectrum af
washing out the interference fringes. Thef a factor is defined
as

f a5~1/T!~1/d!~]T/]a!. ~2!

When there are internal reflections within a film that h
been deposited on a substrate, the analytical expressionT
is expressed as6

T5~11k2/n2!~12R01!~12R21!exp~2ad!

3@122~R01R21!
1/2exp~2ad!cos~2kd1f011f21!

1R01R21exp~22ad!#21, ~3!

wherek52pn/l is the magnitude of the wave vector~l is
the wavelength in vacuum!. The quantitiesR01 and R21 are
the reflectivity of the vacuum-film and film-substrate inte
faces, respectively,

Ri15@~ni2n!21k2#/@~ni1n!21k2#, ~4!

with i referring either to vacuum~0! or the substrate~2!. The
phase shiftsf01 andf21 are due to the absorption coefficie
of the film and are expressed as

f i15arctan@2nik/~n21k22ni
2!#, ~5!

wherek5al/4p. An analytical expression for the numer
cal calculation off a can be obtained from Eqs.~2! and ~3!.

When there is no ir-absorption band in the spectral ra
under consideration~i.e., a50 andn5const), f a varies al-
most sinusoidally with wave number around21, while
maintaining constant amplitude and regular periodicity.6 In
this case,f a can be expressed as

f a52~11D f !,

where D f represents the oscillating part off a that varies
with wave number. Then, according to Eq.~1!, the expres-
sion D f Dad corresponds to the interference fringes of t
PM spectrum. This indicates that the amplitude of the in
ference fringes is expected to be proportional toDa. On the
other hand, when some ir-absorption band is present,
constancy ofD f ’s amplitude, as well as the regularity of it
periodicity, is no longer valid. This is becausef a depends on
both a and n through T as indicated in Eq.~2!. In other
words, since an ir-absorption band is inherently accompan
by the dispersion of a complex refractive index,ñ, D f
should be affected by the dispersion.

The f a spectrum for theC sample, in the as-deposite
state, is shown in Fig. 5 by the solid line. It is calculated w
the absorption coefficients of the Si-H stretching band in t
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sample and with the valuesn253.42 for c-Si and n051.
Here, only the dispersion of the imaginary part ofñ, i.e., the
absorption coefficient, is taken into account. This is beca
the dispersion of the real part ofñ does not have a significan
effect on the present results when the interference fringes
rather weak as in theC sample. In Fig. 5, a simple sine curv
with constant amplitude~i.e., a50) is represented by the
broken line for comparison. It is clear from this figure th
the amplitude of thef a spectrum is reduced around 200
cm21 by the presence of the ir-absorption band. Although
results are not shown here, when the refractive index dif
ence between the film sample and thec-Si substrate is sig-
nificantly large, the dispersion of the real part ofñ must be
taken into account, since the periodicity of the interferen
fringes will be too severely distorted to be ignored.

Using thef a spectrum of Fig. 5, we now proceed to sim
late the background PA spectrum, including the interfere
fringes of Fig. 4. In view of Eq.~1!, it may be thought that
such a simulation is done simply by evaluating the prod
of f aDa at each wave number, while also assuming
smoothed background PA spectrum as the genuineDa spec-
trum. However, contrary to expectation, this approach d
not work well, because the absolute magnitude of the ra
between the observed amplitude of the interference fring
which is expected theoretically to beD f Dad, andDa is not
constant, but actually is a function of wave number. A
though an exact explanation of this discrepancy is not p
ently known, a practical procedure is adopted here for avo
ing this difficulty. For this purpose, Eq.~1! is modified to
read as

DT/T52~11bD f !~Dad1c!1c, ~6!

whereb andc are introduced as adjustable parameters. T
best combination of values forb andc can be determined by
fitting the interference fringes of both spectral branches

FIG. 5. The calculatedf a spectrum of theC sample~solid line!.
For comparison, the broken line shows a simple sine curve with
same periodicity as thef a spectrum.
6-4
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the neighborhood of the 2000-cm21 band ~in the measured
PM spectrum in Fig. 4! with a spectrum calculated from
Eq. ~6! with a50 and n5const. Then, we can insert th
D f (52 f a21) spectrum of Fig. 5 into Eq.~6! for an exact
simulation of the background PA spectrum that accompa
the interference fringes.

The measured and simulated PA spectra,18 especially
around 2000 cm21, are shown in Fig. 6 by the solid circle
and the solid line, respectively. The dotted line in this figu
represents the averaged background PA spectrum, i.e.
genuineDa spectrum. Simulation of the PM spectrum ov
the whole spectral range, except for the region around 2
cm21, is not very successful, because of the scattering of
data points in the as-deposited state, and/or because o
neglect of the dispersion of the real part ofñ. The separated
dip-band spectrum and the corresponding absorpt
coefficient spectrum of the Si-H stretching vibration in theC
sample, in the as-deposited state, are shown in Fig. 7 by
solid circles connected with the thin solid line and the th
dashed line, respectively. The thin dashed lines show
results of decomposition of the absorption-coefficient sp
trum into the 2000- and 2100-cm21 components. Although
the magnitude of the latter is much larger than that of
former in the absorption-coefficient spectrum, the relat
intensity between the two components is reversed in
modulated ir-absorption spectrum.

For further insight into the structural instability, the effe
of thermal annealing on the modulated ir absorption, or
dip-band spectrum, was examined with aC-type sample that

FIG. 6. An enlargement around 2000 cm21 of the spectrum in
Fig. 4. The solid circles show data points. The dotted line repres
the averaged background PA spectrum,Da. Only the dispersion of
the imaginary part of the complex refractive index~i.e., absorption
coefficients of the Si-H stretching vibration! of the C sample is
taken into account in the calculation of the simulated backgro
PA spectrum~solid line!.
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was used in a previous study.6 That sample was vacuum
annealed at several temperatures below 230 °C for 3 h at
each step. After this treatment, the sample’s defect den
was evaluated with the electron-spin-resonance spectros
and found to be reduced by about two orders of magnitud6

It is shown in Ref. 6 that the intensity of the modulate
ir-absorption band as well as that of the background PA w
enhanced after the annealing. In the present work, it w
confirmed that the absorption-coefficient spectrum itself d
not show any change during the annealing treatment.18

The PM spectrum after the thermal annealing is shown
Fig. 8 by the solid circles. Comparing this spectrum with th
in Fig. 6, we find that the peak positions of the interferen
fringes are shifted and their relative amplitudes are we
ened. This indicates that the thermal annealing changed
refractive index. The spectrum simulation, taking into a
count only the ir-absorption band of the Si-H stretchi
mode, is represented by the solid line in Fig. 8. The avera
background PA spectrum is shown by the dotted line in
same figure. The modulated ir-absorption spectrum in
annealed state can be separated from these results, an
outcome is shown in Fig. 7 by the open circles connec
with the broken line. In this figure, the maximum values
both spectra before and after the thermal annealing are m
to coincide with each other. At first glance, it seems as i
difference exists between two modulated ir-absorption sp
tra in the lower-wave-number region. However, by consid
ing the incompleteness of the simulation of the backgrou
PA spectrum in the as-deposited state~Fig. 6!, it can be stated

ts

d

FIG. 7. Modulated ir-absorption spectra of the Si-H stretch
vibration in theC sample. Spectra in the as-deposited state an
the state after thermal annealing are shown by the solid cir
connected with the thin solid line and the open circles connec
with the broken line, respectively. The maximum values of bo
spectra are made to coincide. The thick dashed line represent
absorption-coefficient spectrum of this sample. The decomposi
of the absorption-coefficient spectrum into its 2000- and 2100-cm21

components are shown by the thin dashed lines.
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approximately that the spectral shape of the modulate
absorption is almost invariant against the thermal annea
up to 230 °C. The 2000-cm21 component still dominates th
modulated ir-absorption spectrum even after the thermal
nealing.

The same measurements and the simulation of the b
ground PA spectrum were made using twoB-type samples
with TS5100 °C, as in the case of theC sample. The 2000-
and 2100-cm21 components contribute almost equally to t
absorption-coefficient spectrum of the Si-H stretching vib
tion in the B-type samples, as shown in Fig. 9 by the th
dashed lines. The modulated ir-absorption bands, in the
deposited state and in the state after the thermal annealin
to 250 °C, are compared in Fig. 9. These cases are re
sented by the solid circles connected with the thin solid l
and the open circles connected with the broken line, resp
tively. As in theC-sample case, these results show that
spectral dependence of the modulated ir absorption, as
as the usual ir-absorption spectrum of the Si-H stretch
vibration, does not suffer any change through thermal
nealing, although the intensity of the modulated ir absorpt
is enhanced. From the results summarized in Figs. 7 an
for the low-TS samples, it can be concluded that t
2000-cm21 component is more dominant in the modulat
ir-absorption spectrum than the 2100-cm21 component, irre-
spective ofTS .

IV. DISCUSSION

The modulated ir absorption under consideration is
real-time change in magnitude of the Si-H stretching vib

FIG. 8. Photomodulation spectrum of theB sample prepared a
TS5100 °C. Solid circles denote data points. The dotted line is
averaged background PA spectrum,Da. Only the dispersion of the
imaginary part of the complex refractive index~i.e., absorption co-
efficients of the Si-H stretching vibration! of the B sample is taken
into account in the calculation of the simulated background
spectrum~solid line!.
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tional absorption following the modulated band-gap exci
tion. The most probable cause for this change would be
change in the effective charge of the Si-H oscillator und
the band-gap excitation. However, the nature of the S
oscillator is not affected directly by the band-gap illumin
tion, so the change in question must be induced indirectly
the absence of illumination, charge fluctuations, which
inherent in a disordered network, produce net atomic cha
on the silicon,19 in addition to positive charge accumulatio
on the silicon due to the inductive effect of neighborin
hydrogen.20 The atoms in crystalline silicon have no char
at their equilibrium positions owing to their symmetric
configuration, but, in amorphous silicon, they carry charg
due to the geometric distortions: bond-angle or bond-len
distortion in a disordered network will result in nonze
atomic net charges. It is usually thought that most of
local strain in such a distorted network is concentrated in
bond-bending interaction, since the force constant of bo
stretching is much larger than for bending in the Keati
formulation.21,22 Several experimental and theoretic
works23–26 have dealt with the charge fluctuations in th
a-Si:H network. Quantum-chemical calculations by Kugle
Surjan, and Naray-Szabo26 have demonstrated that atom
net charges have a close linear relationship with bond-an
distortions that involves first and second neighbors:
charge fluctuation in amorphous silicon is a three-atom ef
and can be traced to bond-angle distortions.

When such a distorted network is excited by the band-
light, the charge distribution undergoes a change, which

e

A

FIG. 9. Modulated ir-absorption spectra of the Si-H stretch
vibration in theB sample. Spectra in the as-deposited state an
the state after thermal annealing are shown by the solid cir
connected with the thin solid line and the open circles connec
with the broken line, respectively. The maximum values of bo
spectra are made to coincide. The thick dashed line represent
absorption-coefficient spectrum of this sample. The thin das
lines show the decomposition of the absorption-coefficient sp
trum into its 2000- and 2100-cm21 components.
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accompanied by a change in the bonding configura
around the strained region in order to establish a new fo
balance. Since the absorption strength of the Si-H stretch
vibration is reduced under the band-gap excitation, as
served in the present study, the effective charge of the S
oscillator should be reduced under illumination. The mag
tude of the induced change in the atomic charges depend
how deeply the structural distortion is modified under illum
nation. A simulation study for real-time local structur
changes in such a situation has been given by Yoneza
Sakamoto, and Hori.27 It was found, after band-gap excita
tion, that the length of a weak Si-Si bond in the vicinity
the Si-H bond varies with time as if in a breathing mode

In view of the above considerations, we understand t
the modulated ir absorption reflects a change in the ato
charges under the modulated band-gap excitation thro
modification of the bond-angle and bond-length distort
which is expected to take place in the neighborhood of
Si-H oscillator. Therefore, observation of the modulated
absorption provides a means for detecting directly a pho
induced real-time change in a structural configuration a
specific site, especially that around the silicon-hydrog
bond. Modulated ir-absorption measurements reveal how
structural instability around the silicon-hydrogen bond in u
dopeda-Si:H and related alloys differs in accordance w
the local environment. In this regard, we have focused h
on the difference in the structural instability related to t
surroundings of the Si-H and Si-H2 bonds in undoped
a-Si:H. The main conclusion of the present study is that
2000-cm21 component due to the monohydride configurati
is dominant in the modulated ir-absorption spectrum. T
result is evident even for the cases in which the 2100-cm21

component due to the dihydride configuration dominates
usual ir-absorption spectrum. The photoinduced structura
stability seems to occur more effectively around the S
bond.

Spatial locations of the two configurations of the silico
hydrogen bond are different in the network ofa-Si:H. It has
been confirmed experimentally that the Si-H bonds are
persed in the network, whereas the Si-H2 bonds are likely to
be clustered as forming a void.28 It is thought that the overal
strain in a rigid disordered network of Si atoms can be
leased by incorporating hydrogen. The Si-H2 bonds are more
efficient at releasing the local strain, because of the lo
effective coordination of such Si atoms. With reference to
local strain residing at some distorted bonding configurati
several authors have performed experiments on the inte
stress ina-Si:H, a property which manifests the macroscop
nature ofa-Si:H. Spanakis, Stratakis, and Tzanetakis29 have
studied the elastic properties of several kinds of undo
a-Si:H films, with different hydrogen contents, and have
dicated that high-qualitya-Si:H, characterized by a nearl
continuous, random-network structure and contain
bonded hydrogen mainly in the monohydride configurati
can support the highest internal stress; in the as-depo
state, by impeding the stress relaxation which is accumula
during deposition. Related studies have been conducte
the dilatation of the disordereda-Si:H network, which is
induced after strong light soaking.30,31 Such studies show
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that the highest-qualitya-Si:H film also exhibits the larges
photoinduced volume change or compressive stress. Fur
more, Hishikawa32 has reported interesting correlations b
tween the mechanical stress and the hydrogen content o
two hydrogen bonding configurations in undopeda-Si:H,
namely, the compressive stress enhances~reduces! with hy-
drogen atoms in the monohydride~dihydride! configuration.
All these experimental results suggest strongly that a m
stronger internal stress will be induced into the disorde
lattice, as more and more bonded hydrogen takes on
monohydride configuration with the accompanying exclus
of inhomogeneity and an enhancement of the network rig
ity. In conjunction with these published results, the pres
work suggests that a much stronger local strain will res
preferentially around the Si-H bond as compared to t
around the Si-H2 bond. The local strain will be relaxed t
some degree under the band-gap illumination, thereby le
ing to the observed modulated ir absorption. Here, it mus
noted that, when plateletlike clustered Si-H bonds happe
exist in the network, the modulated ir-absorption band m
have an effective contribution from the 2100-cm21 compo-
nent, since the H pushes the Si network apart and, as a re
a large strain field will be introduced there.16

By following the above arguments, it was thought that t
structural instability observed under the band-gap illumin
tion, or the structural distortion in the dark, would be a
fected by the annealing treatment. The effect of thermal
nealing was expected to be site dependent, in accorda
with the difference in degree of the structural instability b
tween the surroundings of the Si-H and Si-H2 bonds. It turns
out that we could observe almost no change in the spec
shape of the modulated ir absorption after the thermal
nealing up to 230 °C and 250 °C for theC sample andB
sample, respectively, thereby showing that the thermal
nealing has no influence on the local structure around
silicon-hydrogen bonds.

However, since the dangling-bond density was actua
reduced by the thermal annealing,6 structural relaxation
surely took place somewhere in the network. On the ot
hand, in spite of the absence of a spectral change, the in
sity of the modulated ir absorption was enhanced after
thermal annealing. This probably means that the modula
ir absorption is a phenomenon related to excess carriers
commonly observed in other quantities, such as photoc
ductivity or photoluminescence.28 With the same excitation
intensity, quality or signal intensity of these phenomena
improved with an increase in excess carriers through the
duction of the dangling-bond density by the annealing tre
ment. If the modulated ir absorption is a phenomenon in
ated by the excess carriers as in these other cases
recovery of its intensity after the thermal annealing can
understood in the same way. Furthermore, it is specula
that the structural relaxation induced by the thermal ann
ing will take place in a region far from the silicon-hydroge
bonds, where bonded hydrogen in scarce.

This work has focused on the structural instability that
related especially to the Si-H stretching vibration. This lim
tation is due to the characteristics of the optical compone
used in the experimental setup. It is of interest to extend
6-7
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spectral range of the measurement to a different wavele
range where other vibrational modes connected with bon
hydrogen, such as the wagging and bending modes, or s
impurity-related vibrational modes, or, even a vibration
modes resulting from paired hydrogens are observable.
cently, an interesting possibility involving paired hydrog
atoms in photodegradation has been pointed out from
NMR study.33 The present method is the only known prac
cal technique for confirming the presence of such a mic
scopic structure. However, if it is the case that modulate
absorption is a phenomenon closely related to excess c
ers, then coexistence of the electronic PA band with la
intensity and severe interference fringes is inherent. In
case, an effective suppression of the background PA b
would have to be achieved by a rather smart device.

V. CONCLUSION

From the fact that the Si-H stretching vibration is strong
localized ina-Si:H, and from the fact that the band-gap lig
does not affect directly the vibrational properties of the S
stretching mode, the modulated ir absorption can be con
ered as resulting from an induced change in the ato
charges on the silicon atom of the Si-H oscillator under
band-gap illumination through modification of the bondi
configuration adjacent to the Si-H bond. Therefore,
modulated ir absorption of the Si-H stretching vibration c
be utilized as a tool for detecting a real-time structural flu
tuation in the immediate surroundings of the silico
hydrogen bond.

Preliminary measurements are performed for undo
C

r

.

.

ys
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a-Si:H films prepared at different substrate temperatures
examining the site-dependent, structural-instability diff
ence between the surroundings of the Si-H and Si-H2 bonds.
Irrespective ofTS , the modulated ir-absorption spectrum
found to be dominated by the 2000-cm21 component due to
the Si-H configuration, even when the 2100-cm21 compo-
nent due to the Si-H2 configuration dominates the usual i
absorption spectrum. It can be said that the structural in
bility occurs more effectively in the neighborhood of th
monohydride Si-H bond. In conjunction with reporte
studies29–32 concerning the compressive stress in undop
a-Si:H with different network structures, it is inferred tha
the local strain resides preferentially in the surroundings
the Si-H bond. Alternatively, it may be said that inclusion
the silicon-hydrogen bond itself in the disordered network
a-Si:H produces a distorted bonding configuration around
which is modified with ease under the band-gap excitatio

Thermal annealing was introduced with the expectat
that it would affect the structural instability in a site
dependent way, but no change could be observed in the s
tral shape of the modulated ir absorption after the therm
annealing up to around 250 °C. However, the modulate
absorption can be considered as a phenomenon closel
lated with excess carriers, because its intensity is recover
after thermal annealing.
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