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When hydrogenated amorphous silicaa $i:H) is illuminated at low temperature by a modulated band-gap
light, a photoinduced bleaching band, which is superimposed on a usually observed photoinduced absorption
spectrum, can be observed around 2000 trithe observation of such a photomodulated ir-absorption band
shows that a real-time change in the absorption strength of the Si-H stretching vibration takes place in
accordance with the modulated excitation. Since the Si-H stretching vibration is not affected directly by the
band-gap light and is strongly localized @ Si:H, the observed change in the vibronic absorption should be
caused indirectly by some structural instability of local environment of the Si-H bond. Therefore, the localized
Si-H oscillator can serve as a detector of a dynamic structural change in its vicinity. Preliminary measurements
of the photomodulated vibrational absorption have been performed with undeféti prepared at different
substrate temperature$d), in which bonded hydrogen takes on two different configurations, namely, mono-
hydride (Si-H) and dihydride (Si-H). Irrespective ofT g, it is found that the modulated vibrational absorption
band is dominated by the 2000-cfcomponent due to the Si-H vibration. This disclosure includes even those
cases where the 2100-¢ihcomponent due to the SiHibration 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 Sikdnd. It will be argued that such a site-
dependent structural instability is concerned to the nonuniformity of the local strain in the disoadSidd
network.
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I. INTRODUCTION a-Si:H, as inferred from its much longer vibrational lifetime,
than that of the corresponding vibration in crystalline’Si.
The incorporation of hydrogen in amorphous silicon Therefore, its properties will be affected, within a limited
achieves an effective activation of doping by terminatingrange, by the local surrounding of the Si-H bond. It follows
dangling bonds, which are inherent in a disordered networkhat the Si-H localized oscillator can be used as a sensor for
only of Si atoms. However, in contrast to this generally de-detecting a dynamic structural change in its vicinity. Based
sirable effect, there is a drawback in the case of hydrogeon this understanding, we investigate here the photoinduced
nated amorphous silicona¢Si:H). Namely, the electronic  structural instability in the disordered network afSi:H by
quality of a-Si:H degrades after it is exposed to strong light. observing a real-time change in the ir absorption of the lo-
Since an amorphous material is not in thermodynamic equicalized Si-H vibration.
librium, its photodegradation is a kind of structural instabil-  Short- and medium-range order, or macroscopic structure,
ity: such a system can easily change its state among availabig the disordered network af-Si:H has been examined with
metastable states. After the accumulation of many studiesarious methods, such as Raman scattelfrextended x-ray
there is a consensus that the incorporated hydrogen plays amsorption fine structurg,small-angle x-ray scattering,or
important role in photodegradation, which is likely to take wide-angle x-ray scatterintf.However, these techniques es-
place around hydrogen during its migration within the sentially survey the macroscopic properties of the network
network®* In order to establish more convincing evidence structure and provide a statistical average, or a distribution,
concerning this effect, it is desirable to detect directly a locabf the quantity under consideration in each method. By way
structural change or instability at a region around hydrogengf contrast, the present method gives more direct, micro-
which should be a precursor to the photodegradation. scopic structural information concerning the neighborhood
It has been observed that ir absorptionair5i:H due to  of the Si-H bond.
the Si-H stretching vibration varies with time following a  In a previous paper, we have tried to see how the photo-
band-gap illumination of periodically modulated intensify. modulated absorption band of the Si-H stretching vibration
This indicates that some properties of the Si-H oscillatorchanges after light soaking or thermal anneafir@oncern-
vary with time following the modulated excitation. However, ing the photodegradation, it was found that the photomodu-
since the Si-H stretching vibration is hardly affected by thelated ir-absorption spectrum did not change its shape after
band-gap light, some characteristics of the oscillator shouldight soaking, although its intensity was reduced. A quantita-
be altered indirectly by a change in the structural configurative analysis of the change in strength of the photomodula-
tion in the neighborhood of the Si-H bond. Furthermore, thetion spectrum was made by regarding the real-time change in
Si-H stretching vibration is more strongly localized in the Si-H stretching vibration simply as a result of modulation
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of a neighboring weak Si-Si bond following a modulated y4RRRA AR AL EEALNPN
excitation. With the assumption that the weak Si-Si bonds
were broken or reformed by light soaking or thermal anneal-
ing, respectively, the density of the weak Si-Si bonds or 6
neighboring Si-H bonds responsible for the observed photo-
modulation was evaluated to be about $50*” cm™2.° Since
the density of the bonded hydrogen in the monohydride con-
figuration was about the order of #@cm™2 in the samples
studied, this result indicates that a very small fraction of the =
bonded hydrogen can participate in the photomodulation. =
In this paper, we reconsider again the precise cause of thes
photomodulation of the Si-H vibration. In order to see how -
the structural instability around the Si-H bond varies from
site to site in thea-Si:H network, detailed measurements of 3
the photomodulated vibrational absorption of the Si-H
stretching mode are performed with undopedi:H films
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Samples of undopeaH Si:H films were prepared by radio-
frequency, glow-discharge decomposition of Sith intrin-
sic crystalline silicon ¢-Si) wafers at substrate temperatures FIG. 1. Photomodulation spectrum of thesample prepared at
(Ts) of 300, 100, and 50 °C. In the following, they are de- Ts=300°C. Data points are denoted by dots, and the interference

noted asA, B andC, respectively. Film thickness varied from finges overriding the spectrum are simulated with a sine curve, as
4 to 6 um. From the vibrational spectra, hydrogen-bondingshown by the solid line.

sites can be identified. The ir-absorption band observed
around 2000 cm! is due to the stretching vibration of a
silicon-hydrogen bond, and can be decomposed into tw
components peaked at about 2000 and 2100*chithough
the 2000-cm* component can be attributed to the monohy-
dride (Si-H) configuration‘* there is some controversy con-
cerning the assignment of the 2100-chtomponent. It is
associated with the dihydride (Si;H configuration, Si-H
bonds on the surface of voids, or platelet like clustered Si-
bonds**~1In the B and C samples, it was confirmed, from
the conventional Fourier-transform infrarédTIR) measure-
ments, that the 890-cht band due to the Si-Hbending
mode was present in accordance with the 2100-chand,

gciently low for performing the measurements with a per-
missible signal-to-noise ratio: 1, 4, and 20 mW crrfor
samplesA, B, andC in the as-deposited state, respectively.
When measuring thB and C samples, after thermal anneal-
ing, the intensity of the pump light was reduced by about a
factor of 5 in each case. An ir-light source was used as the

robe light and was focused with an ellipsoidal mirror onto
he same area of the sample surface that was illuminated by
the pump light. After passing through the sample, and after
being dispersed with a monochrometor, which has a 25-cm
focal length combined with a cutoff filter, the probe light was

~ ) collimated in a liquid-nitrogen-cooled Hg-Cd-Te detector.

so that the 2100-cfit component in those samples could beTransmissioﬁl’ and its modulated changeT were measured

attributed to the Si-kl configuration. A ratio between the . i . . )
hydrogen contents of the monohydride and dihydride Con_separately with a phase-sensitive detection technlque.. The
. 4 . L ratio betweenAT and T was plotted as a photomodulation
figurations differs in its dependence dr. For the good-

quality A sample, the 2000-citt component due to the Si-H (PM) spectrum. In the measurement, the slit width of the

o ) ) . . monochrometor was fixed at 2 mm irrespective of wave-

vibration dominates the ir-absorption spectrum, while for th ~ .
) . ength. At about 2000 ci, the spectral resolution was

B and C samples with lowTg, the magnitude of the

~1
2100-cm * component due to the SiHibration is equal to about 16 cm”.
or stronger than that of the 2000-cincomponent.

A sample was maintained at 15 K within a cryostat for the Il RESULTS

measurements of the photomodulated vibrational absorption. '
It was excited with a modulated pump light, and an induced Figure 1 shows the PM spectrum of tAesample, which
transmittance change in the sample was monitored with & dominated mainly by the usual PA due to the excess car-
probe light. The optical setup for the measurement was alriers trapped at the tail and dangling-bond stafeEhe PM
most the same as that used for a conventional photoinducespectrum shows weak interference fringes due to a slight
absorption(PA) measuremeri. The pump light was pro- difference in the refractive index between thesample film
vided by the 647-nm line from a Krlaser, which was modu- and thec-Si substrate. By simulating the interference fringes
lated at 11 Hz with a mechanical chopper. In order to avoidwith a sine curve, as shown in Fig. 1 by the solid line, the
photodegradation of the samples during pump-light illumina-presence of a dip band can be noticed clearly at 2000'cm
tion, the intensity of the pump light was held at a level suf-An enlargement of the spectrum around 2000 tis shown
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stretching vibration in thé\ sample is shown by the solid circles
FIG. 2. An enlargement of the spectrum in Fig. 1 in the neigh-connected with the thin solid line. The thick dashed line represents
borhood of 2000 cm". Solid circles denote data points. Interfer- the absorption-coefficient spectrum of this sample. The thin dashed
ence fringes in the background PA spectrum are simulated with §nes show the decomposition of the absorption-coefficient spec-
sine curve, as shown by the solid line. trum into its 2000- and 2100-ch components.

in Fig. 2. Since the dip band is directed downward in thezng in addition, some localized ir-absorption band, such as
spectrum, it is a photoinduced-bleachifigp) band. The net o sj.H stretching band, exists in the spectral range under
dip band can be separated from the measured PM spectru@nsideration, it takes some care to simulate a background

(solid circleg in Fig. 2 by subtracting the simulated back- pa gpectrum combined with interference fringes. Here we
ground PA spectruntsolid line). Figure 3 shows a compari-

son between the spectra of the separated dip Haatid B B e N o
circles connected with the thin solid lineand the ir-
absorption bandthick dashed ling of the Si-H stretching 3.0
vibration in this sample. Both spectral dependences are prac
tically the same. Since the ir-absorption band ofAheample

is dominated mainly by the monohydride Si-H stretching vi- 25
bration, which peaks at about 2000 ¢hthe dip band can

be considered as resulting from a real-time change in the ir
absorption of the monohydride vibration. Such a change in 2.0
the ir absorption of the Si-H stretching mode under a modu-
lated excitation is referenced here as the modulated ir ab-
sorption.

The PM spectrum measured with ti& sample, in the
as-deposited state, is shown in Fig. 4 by dots. Because this
sample contained numerous dangling bonds, the signal inten 1.0
sity of AT is reduced regardless of the enhancement of the
pump-light intensity. The amplitude of the interference
fringes is enlarged by the rather significant difference be-
tween the refractive indices of th&-sample film and the
c-Si substrate. Again, after simulating the interference s T T T T
fringes in the background PA spectrum with a sine curve, as 1500 2000 2500 3000 3500 4000 4500
shown in Fig. 4 by the solid line, we can notice the presence -1
of the dip band around 2000 ¢th When the film is not Wave number  (cm’)
thick enough, simulation of the interference fringes must be FIG. 4. Photomodulation spectrum of tesample prepared at
made in a spectral range as wide as possible in order to fims=50°C. Data points are denoted by dots. The interference
the correct periodicity of the interference fringés. fringes in the background PA spectrum are simulated with a sine

When the amplitude of the interference fringes is largecurve, as shown by the solid line.

undoped a-Si:H
T 50 °C, As dep.
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adopted a practical procedure for that purpose, as explainec 1101117711 T T T T T
below. i

The PM signal, which is defined as the ratio between the
modulated and steady-state transmittance signals, can be e>

pressed as 1.05F 7

AT/T~f,Aad, (1) [ A ]

whered is the film thickness. The factaka represents the I /\ |
genuine spectrum of the photoinduced change in the absorp s 4 oo

tion coefficients. This quantity is the PM spectrum after 1 X \,

washing out the interference fringes. Thefactor is defined s 1

as i 1

I 1

fo=(UT)(1/)(dT/ o). (2 0.95 4

When there are internal reflections within a film that has s .
been deposited on a substrate, the analytical expressidn for - 1

is expressed &s - .
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T=(1+«%/n?)(1—Rp)(1—Ry)exp — ad)
X[1—2(Rp1Ro1) Y2 exp( — ad)cog 2kd+ ¢, +
! (RoiRz1) " Jeos Port d20) FIG. 5. The calculated, spectrum of theC sample(solid line).
+RoiRy exp(—2ad)] 1, (3)  For comparison, the broken line shows a simple sine curve with the

. . . iodici the trum.
wherek=2sn/\ is the magnitude of the wave vectoy is same periodicity as the, spectrum

the wavelength in vacuumThe quantitiesRy; andRy; are  sample and with the values,=3.42 for c-Si andny=1.
the reflectivity of the vacuum-film and film-substrate inter- Here only the dispersion of the imaginary parfiofi.e., the
faces, respectively, absorption coefficient, is taken into account. This is because
n
sl A, RSl g e soanen
with i referring either to vacuurt0) or the substraté2). The  rather weak as in th€ sample. In Fig. 5, a simple sine curve
phase shiftshy; and ¢, are due to the absorption coefficient With constant amplitudéi.e., «=0) is represented by the

of the film and are expressed as broken line for comparison. It is clear from this figure that
the amplitude of thef , spectrum is reduced around 2000
¢ =arctaf2n;x/(n*+ k% — niz)], (5) cm 1 by the presence of the ir-absorption band. Although the

results are not shown here, when the refractive index differ-

where x=a)/4m. An analytical expression for the numeri- oo penyeen the film sample and twSi substrate is sig-
cal calculation Qﬁ“ can be obtgmed from Eqf2) and(3). nificantly large, the dispersion of the real partfomust be
When there is no ir-absorption band in the spectral range,

d ideratiofi - dn— ¢ ; | aken into account, since the periodicity of the interference
under consi .eratlo(l.(.a., =0 andn=const),f, varies 3 fringes will be too severely distorted to be ignored.
most sinusoidally with wave number aroundl, while

> litud d | o Using thef , spectrum of Fig. 5, we now proceed to simu-
mglntammg constant amplitude and regular periodiCity. |5 e background PA spectrum, including the interference
this casef, can be expressed as

fringes of Fig. 4. In view of Eq(1), it may be thought that
fo=—(1+Af) such a simulation is done simply by evaluating the product
“ ’ of f,Aa at each wave number, while also assuming a
where Af represents the oscillating part 6f, that varies smoothed background PA spectrum as the genslimespec-
with wave number. Then, according to Eg), the expres- trum. However, contrary to expectation, this approach does
sion AfAad corresponds to the interference fringes of thenot work well, because the absolute magnitude of the ratio
PM spectrum. This indicates that the amplitude of the interbetween the observed amplitude of the interference fringes,
ference fringes is expected to be proportionalAte On the  which is expected theoretically to l¥ef A ad, andA« is not
other hand, when some ir-absorption band is present, theonstant, but actually is a function of wave number. Al-
constancy ofA f’'s amplitude, as well as the regularity of its though an exact explanation of this discrepancy is not pres-
periodicity, is no longer valid. This is becausgdepends on ently known, a practical procedure is adopted here for avoid-
both « and n through T as indicated in Eq(2). In other ing this difficulty. For this purpose, Eq1) is modified to
words, since an ir-absorption band is inherently accompanieread as
by the dispersion of a complex refractive indgx, Af
should be affected by the dispersion. AT/T=—(1+bAf)(Aad+cC)+c, ©®)
The f, spectrum for theC sample, in the as-deposited whereb andc are introduced as adjustable parameters. The
state, is shown in Fig. 5 by the solid line. It is calculated withbest combination of values férandc can be determined by
the absorption coefficients of the Si-H stretching band in thiditting the interference fringes of both spectral branches in
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W b 1 FIG. 7. Modulated ir-absorption spectra of the Si-H stretching
ave number (cm") vibration in theC sample. Spectra in the as-deposited state and in

_ . the state after thermal annealing are shown by the solid circles
FIG. 6. An enlargement around 2000 chof the spectrum in ) . 1eaing v
connected with the thin solid line and the open circles connected

Fig. 4. The solid circles show data points. The dotted line represents. . . :
. . with the broken line, respectively. The maximum values of both
the averaged background PA spectruxa, Only the dispersion of o . )
) . T . spectra are made to coincide. The thick dashed line represents the
the imaginary part of the complex refractive ind@e., absorption . g . -
absorption-coefficient spectrum of this sample. The decomposition

coefflc!ents of the .SI'H stretchlng V|brat|bru)f_the C sample is qof the absorption-coefficient spectrum into its 2000- and 2100%m
taken into account in the calculation of the simulated backgroun . .
components are shown by the thin dashed lines.

PA spectrum(solid line).

the neighborhood of the 2000-cthband (in the measured was used in a previous stuflyrhat sample was vacuum-
PM spectrum in Fig. #with a spectrum calculated from annealed at several temperatures below 230 IC3fd at
Eq. (6) with «=0 andn=const. Then, we can insert the each step. After this treatment, the sample’s defect density
Af (=—f,—1) spectrum of Fig. 5 into E(6) for an exact was evaluated with the electron-spin-resonance spectroscopy
simulation of the background PA spectrum that accompanieand found to be reduced by about two orders of magnifude.
the interference fringes. It is shown in Ref. 6 that the intensity of the modulated
The measured and simulated PA spedfraspecially ir-absorption band as well as that of the background PA was
around 2000 cm!, are shown in Fig. 6 by the solid circles enhanced after the annealing. In the present work, it was
and the solid line, respectively. The dotted line in this figureconfirmed that the absorption-coefficient spectrum itself does
represents the averaged background PA spectrum, i.e., tl@t show any change during the annealing treatrifent.
genuineAa spectrum. Simulation of the PM spectrum over  The PM spectrum after the thermal annealing is shown in
the whole spectral range, except for the region around 200Big. 8 by the solid circles. Comparing this spectrum with that
cm 1, is not very successful, because of the scattering of thin Fig. 6, we find that the peak positions of the interference
data points in the as-deposited state, and/or because of tfignges are shifted and their relative amplitudes are weak-
neglect of the dispersion of the real parffof The separated ened. This indicates that the thermal annealing changed the
dip-band spectrum and the corresponding absorptionkefractive index. The spectrum simulation, taking into ac-
coefficient spectrum of the Si-H stretching vibration in e count only the ir-absorption band of the Si-H stretching
sample, in the as-deposited state, are shown in Fig. 7 by th@ode, is represented by the solid line in Fig. 8. The averaged
solid circles connected with the thin solid line and the thickbackground PA spectrum is shown by the dotted line in the
dashed line, respectively. The thin dashed lines show theame figure. The modulated ir-absorption spectrum in the
results of decomposition of the absorption-coefficient specannealed state can be separated from these results, and the
trum into the 2000- and 2100-cth components. Although outcome is shown in Fig. 7 by the open circles connected
the magnitude of the latter is much larger than that of thewith the broken line. In this figure, the maximum values of
former in the absorption-coefficient spectrum, the relativeboth spectra before and after the thermal annealing are made
intensity between the two components is reversed in th&o coincide with each other. At first glance, it seems as if a
modulated ir-absorption spectrum. difference exists between two modulated ir-absorption spec-
For further insight into the structural instability, the effect tra in the lower-wave-number region. However, by consider-
of thermal annealing on the modulated ir absorption, or théng the incompleteness of the simulation of the background
dip-band spectrum, was examined witiCdype sample that PA spectrum in the as-deposited stéd#. 6), it can be stated
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vibration in theB sample. Spectra in the as-deposited state and in
FIG. 8. Photomodulation spectrum of tBesample prepared at the state after thermal annealing are shown by the solid circles
T<=100°C. Solid circles denote data points. The dotted line is theconnected with the thin solid line and the open circles connected

averaged background PA spectrufy. Only the dispersion of the ~ With the broken line, respectively. The maximum values of both
imaginary part of the complex refractive indéxe., absorption co-  Spectra are made to coincide. The thick dashed line represents the

efficients of the Si-H stretching vibratipiof the B sample is taken ~absorption-coefficient spectrum of this sample. The thin dashed

into account in the calculation of the simulated background PAlines show the decomposition of the absorption-coefficient spec-
spectrum(solid line). trum into its 2000- and 2100-crt components.

approximately that the spectral shape of the modulated i. . . :
absorption is almost invariant against the thermal annealingOnal absorption following the modulated band-gap excita-
up to 230 °C. The 2000-cnt component still dominates the ton- The most probable cause for this change would be the
modulated ir-absorption spectrum even after the thermal arthange in the effective charge of the Si-H oscillator under
nealing. the band-gap excitation. However, the nature of the Si-H

The same measurements and the simulation of the backscillator is not affected directly by the band-gap illumina-
ground PA spectrum were made using tBaype 5amp|e3 tion, so the change in question must be induced indirectly. In
with Ts=100°C, as in the case of tl@sample. The 2000- the absence of illumination, charge fluctuations, which are
and 2100-cm! components contribute almost equally to theinherent in a disordered network, produce net atomic charges
absorption-coefficient spectrum of the Si-H stretching vibra-on the silicon® in addition to positive charge accumulation
tion in the B-type samples, as shown in Fig. 9 by the thinon the silicon due to the inductive effect of neighboring
dashed lines. The modulated ir-absorption bands, in the asydroger?® The atoms in crystalline silicon have no charge
deposited state and in the state after the thermal annealing @p their equilibrium positions owing to their symmetrical
to 250 °C, are compared in Fig. 9. These cases are repreonfiguration, but, in amorphous silicon, they carry charges
sented by the solid circles connected with the thin solid linedye to the geometric distortions: bond-angle or bond-length
and the open circles connected with the broken line, respegistortion in a disordered network will result in nonzero
tively. As in theC-sample case, these results show that theytomic net charges. It is usually thought that most of the
spectral dependence of the modulated ir absorption, as wlcq) strain in such a distorted network is concentrated in the
as the usual ir-absorption spectrum of the Si-H stretching,,n4 pending interaction, since the force constant of bond
vibration, does not suffer any change through thermal angyetching is much larger than for bending in the Keating
_nealmg, although the intensity of the mo_dulat_ed |r_absorpt|or} rmulation®?? Several experimental and theoretical
is enhanced. From the res_ults summarized in Figs. 7 and orks®=26 have dealt with the charge fluctuations in the
;O()rog_]ce rr#?vg;rr?lp?)irgr?tleiirr:torgagorgaacn?r:ﬁlliggdmf)hdal}lattre]?ja-S.i:H network. Quantum-chemical calculations by Kugl_er,
- . han the 2100-drcomponent. irre- Surjan, and Naray—Szaf?ohave dem(.)nstrgted.that atomic
Ir abs_orptlon spectrum than P ’ net charges have a close linear relationship with bond-angle
spective ofTs. distortions that involves first and second neighbors: the
charge fluctuation in amorphous silicon is a three-atom effect
and can be traced to bond-angle distortions.

The modulated ir absorption under consideration is the When such a distorted network is excited by the band-gap
real-time change in magnitude of the Si-H stretching vibradight, the charge distribution undergoes a change, which is

IV. DISCUSSION
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accompanied by a change in the bonding configurationhat the highest-qualitg-Si:H film also exhibits the largest
around the strained region in order to establish a new forcghotoinduced volume change or compressive stress. Further-
balance. Since the absorption strength of the Si-H stretchinghore, Hishikaw?? has reported interesting correlations be-
vibration is reduced under the band-gap excitation, as obtween the mechanical stress and the hydrogen content of the
served in the present study, the effective charge of the Si-tlvo hydrogen bonding configurations in undopaeSi:H,
oscillator should be reduced under illumination. The magninamely, the compressive stress enhar(cesuce$ with hy-

tude of the induced change in the atomic charges depends @nogen atoms in the monohydriddinydride configuration.

how deeply the structural distortion is modified under illumi- All these experimental results suggest strongly that a much
nation. A simulation study for real-time local structural stronger internal stress will be induced into the disordered
changes in such a situation has been given by Yonezawattice, as more and more bonded hydrogen takes on the
Sakamoto, and Hoff It was found, after band-gap excita- monohydride configuration with the accompanying exclusion
tion, that the length of a weak Si-Si bond in the vicinity of of inhomogeneity and an enhancement of the network rigid-
the Si-H bond varies with time as if in a breathing mode. ity. In conjunction with these published results, the present

In view of the above considerations, we understand thafvork suggests that a much stronger local strain will reside
the modulated ir absorption reflects a change in the atomigreferentially around the Si-H bond as compared to that
charges under the modulated band-gap excitation througéround the Si-bl bond. The local strain will be relaxed to
modification of the bond-angle and bond-length distortionsome degree under the band-gap illumination, thereby lead-
which is expected to take place in the neighborhood of théng to the observed modulated ir absorption. Here, it must be
Si-H oscillator. Therefore, observation of the modulated irnoted that, when plateletlike clustered Si-H bonds happen to
absorption provides a means for detecting directly a photoexist in the network, the modulated ir-absorption band may
induced real-time change in a structural configuration at aave an effective contribution from the 2100-chcompo-
specific site, especially that around the silicon-hydrogement, since the H pushes the Si network apart and, as a result,
bond. Modulated ir-absorption measurements reveal how thg large strain field will be introduced thefe.
structural instability around the silicon-hydrogen bond in un- By following the above arguments, it was thought that the
dopeda-Si:H and related alloys differs in accordance with structural instability observed under the band-gap illumina-
the local environment. In this regard, we have focused herg@on, or the structural distortion in the dark, would be af-
on the difference in the structural instability related to thefected by the annealing treatment. The effect of thermal an-
surroundings of the Si-H and Si,Hbonds in undoped nealing was expected to be site dependent, in accordance
a-Si:H. The main conclusion of the present study is that thewith the difference in degree of the structural instability be-
2000-cm ! component due to the monohydride configurationtween the surroundings of the Si-H and Si#bnds. It turns
is dominant in the modulated ir-absorption spectrum. Thisout that we could observe almost no change in the spectral
result is evident even for the cases in which the 2100°cm shape of the modulated ir absorption after the thermal an-
component due to the dihydride configuration dominates th@ealing up to 230°C and 250 °C for ti@ sample andB
usual ir-absorption spectrum. The photoinduced structural insample, respectively, thereby showing that the thermal an-
stability seems to occur more effectively around the Si-Hnealing has no influence on the local structure around the
bond. silicon-hydrogen bonds.

Spatial locations of the two configurations of the silicon-  However, since the dangling-bond density was actually
hydrogen bond are different in the networkafSi:H. It has  reduced by the thermal annealifigstructural relaxation
been confirmed experimentally that the Si-H bonds are dissurely took place somewhere in the network. On the other
persed in the network, whereas the Sitbbnds are likely to  hand, in spite of the absence of a spectral change, the inten-
be clustered as forming a vofflit is thought that the overall ~sity of the modulated ir absorption was enhanced after the
strain in a rigid disordered network of Si atoms can be rethermal annealing. This probably means that the modulated
leased by incorporating hydrogen. The Siftbnds are more ir absorption is a phenomenon related to excess carriers, as
efficient at releasing the local strain, because of the lowecommonly observed in other quantities, such as photocon-
effective coordination of such Si atoms. With reference to theductivity or photoluminescenc&.With the same excitation
local strain residing at some distorted bonding configurationintensity, quality or signal intensity of these phenomena is
several authors have performed experiments on the internahproved with an increase in excess carriers through the re-
stress ima-Si:H, a property which manifests the macroscopicduction of the dangling-bond density by the annealing treat-
nature ofa-Si:H. Spanakis, Stratakis, and Tzanetdkisave  ment. If the modulated ir absorption is a phenomenon initi-
studied the elastic properties of several kinds of undopedted by the excess carriers as in these other cases, the
a-Si:H films, with different hydrogen contents, and have in-recovery of its intensity after the thermal annealing can be
dicated that high-quality-Si:H, characterized by a nearly understood in the same way. Furthermore, it is speculated
continuous, random-network structure and containinghat the structural relaxation induced by the thermal anneal-
bonded hydrogen mainly in the monohydride configuration,ing will take place in a region far from the silicon-hydrogen
can support the highest internal stress; in the as-depositdzbnds, where bonded hydrogen in scarce.
state, by impeding the stress relaxation which is accumulated This work has focused on the structural instability that is
during deposition. Related studies have been conducted aelated especially to the Si-H stretching vibration. This limi-
the dilatation of the disordered-Si:H network, which is tation is due to the characteristics of the optical components
induced after strong light soakirf§3! Such studies show used in the experimental setup. It is of interest to extend the
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spectral range of the measurement to a different wavelengtq-Si:H films prepared at different substrate temperatures for
range where other vibrational modes connected with bondegxamining the site-dependent, structural-instability differ-
hydrogen, such as the wagging and bending modes, or somgce between the surroundings of the Si-H and Sbéhds.
impurity-related vibrational modes, or, even a vibrational|rrespective ofTg, the modulated ir-absorption spectrum is
modes resulting from paired hydrogens are observable. Reound to be dominated by the 2000-chncomponent due to
cently, an interesting possibility involving paired hydrogenthe Si-H configuration, even when the 2100-¢ntompo-
atoms in photodegradation has been pointed out from aRent due to the Si-Hconfiguration dominates the usual ir-
NMR study?>® The present method is the only known practi- ahsorption spectrum. It can be said that the structural insta-
cal technique for confirming the presence of such a micropility occurs more effectively in the neighborhood of the
scopic structure. However, if it is the case that modulated imonohydride Si-H bond. In conjunction with reported
absorption is a phenomenon closely related to excess caritudie$® 3 concerning the compressive stress in undoped
ers, then coexistence of the electronic PA band with largey-si:H with different network structures, it is inferred that
intensity and severe interference fringes is inherent. In thigshe |ocal strain resides preferentially in the surroundings of
case, an effective suppression of the background PA banghe Si-H bond. Alternatively, it may be said that inclusion of

would have to be achieved by a rather smart device. the silicon-hydrogen bond itself in the disordered network of
a-Si:H produces a distorted bonding configuration around it,
V. CONCLUSION which is modified with ease under the band-gap excitation.

From the fact that the Si-H stretching vibration is stronglyth Thermal annealing was introduced with the expectation

. . . . at it would affect the structural instability in a site-
localized ina-Si:H, and from the fact that the band-gap light . )
does not affect directly the vibrational properties of the Si_Hdependent way, but no change could be observed in the spec

. . . tral shape of the modulated ir absorption after the thermal
stretching mode, the modulated ir absorption can be consi nnealing up to around 250 °C. However, the modulated ir
ered as resulting from an induced change in the atomi% j ’

2 . ) rption can nsidered a henomenon cl ly re-
charges on the silicon atom of the Si-H oscillator under thq bsorption can be considered as a phenomenon closely re

. T iy . lated with excess carriers, because its intensity is recoverable
band-gap illumination through modification of the bonding y

configuration adjacent to the Si-H bond. Therefore, theafter thermal annealing.

modulated ir absorption of the Si-H stretching vibration can

be gtilize_d as a t_ool for _detecting a refal-time structur:_:ll_ fluc- ACKNOWLEDGMENT
tuation in the immediate surroundings of the silicon-
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