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Real-time modulation of Si-H vibration in hydrogenated amorphous silicon
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~Received 20 April 1998; revised manuscript received 27 May 1999!

Photomodulation of Si-H stretching vibration can be observed in hydrogenated amorphous silicon (a-S:H)
as a photoinduced bleaching~PB! band around 2000 cm21 which is embedded in a photoinduced absorption
spectrum coming from excess carriers trapped at tail states. Since this vibronic modulation is a real-time
change following a modulated excitation, it is different from a well known metastability ina-Si:H as induced
by strong light soaking. It is suggested from the theoretical work reported by Yonezawaet al. @J. Non-Cryst.
Solids137&138, 135 ~1991!# that the modulation of a Si-H vibration reflects a change in length of a neigh-
boring weak Si-Si bond following a modulated excitation. Based on this picture, we have tried to see how the
spectrum of the PB band changes when the weak Si-Si bonds are broken or reformed by light soaking or
thermal annealing, respectively. Change in the spectrum after the treatments could be observed over almost a
whole range of the PB band and this vibronic modulation seems to be related selectively with the monohydride
configuration of Si-H bond. By evaluating quantitatively the spectral change in the PB band combined with
simultaneous change in dangling-bond density, density of the weak Si-Si bonds or neighboring Si-H bonds
responsible for the vibronic PB band can be estimated to be about 531017 cm23. This value is much smaller
than the amount of the monohydride Si-H bonds contained in specimens used here by about four orders of
magnitude, indicating that only a very small part of the existing Si-H bonds participates in the structural
flexibility in a-Si:H. @S0163-1829~99!05647-7#
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I. INTRODUCTION

Since amorphous materials take disordered structural
figuration, they are energetically not in thermal equilibriu
in contrast with crystalline materials. It causes a characte
tic feature of structural flexibility or metastability in amo
phous materials such as photostructural changes observ
chalcogenide glasses or light-induced defect-creation in
drogenated amorphous silicon (a-Si-H).1 The latter phe-
nomenon is known as the Steabler-Wronski effect~SW ef-
fect! and leads to degradation of quality of various kinds
properties ina-Si:H, including light-induced changes of in
frared~IR! absorption spectrum related to Si-H vibrations.2–4

The SW effect has attracted great interest and many mo
have been proposed, since the effect is just related to fu
mental characteristics of the metastability in the amorph
materials. One plausible model given earlier is that recom
nation between photogenerated electrons and holes prom
breaking of weak Si-Si bonds with an aid of local H motio
to stabilize induced dangling bonds.5,6 But a recent electron
spin-resonance~ESR! hyperfine study7 has presented an ev
dence which does not reconcile with this model: the lig
induced dangling bonds did not exhibit spatial correlat
with H atoms. In order to overcome this discrepancy with
experimental result, Branz has proposed recently an alte
tive possibility as the hydrogen collision model,8 in which he
has devised to involve long-range diffusion of mobile H.
his model, creation of the light-induced dangling bonds
assumed to be initiated by producing a mobile H after bre
ing a Si-H bond. So it is considered that excess ener
released by the recombination between excited carriers
dissipated by breaking Si-H bonds instead of weak S
bonds. Anyway, in the SW effect, a photodegraded stat
stable as far as the material is held at room temperature
PRB 600163-1829/99/60~24!/16531~12!/$15.00
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In contrast with such a light-induced metastable chan
Vardeny et al.9 found another kind of light-induced struc
tural change, i.e., real-time modulation of a local structu
unit. They observed a dip around 2000 cm21 in a photoin-
duced absorption~PA! spectrum ofa-Si:H when the PA
spectrum was measured at an IR region down to around
eV. It is well known that the PA spectrum at such a near
region is related mainly with excess carriers trapped at
states;9,10 optical absorption between tail states and a nea
extended state is enhanced under illumination. Whereas
dip signal has an opposite sign with respect to the ba
ground PA signal, since it appears as the dip band in
spectrum, optical absorption related with the dip band is
duced under illumination.9 It can be said that the dip is
photoinduced bleaching~PB! band. Vardenyet al.9 specu-
lated that the PB band came from modulation of Si
stretching vibration following a modulated excitation, sin
the peak position and width of the PB band coincided w
with those of IR absorption of the Si-H stretching vibratio
at 2000 cm21. It means that some nature of a Si-H oscillat
should vary with time following the modulated excitation.
should be noticed that the vibronic modulation is observa
against a band gap excitation whose intensity is low eno
not to induce the SW effect.

Since it is hard to consider that a band gap light affe
the vibronic mode directly, the modulation of the Si-H vibr
tion will be induced by some structural change around
Si-H bond. Hirabayashiet al.11 pointed out a possibility tha
the Si-Si bond next to the Si-H bond is weak owing to
difference in electronegativities between Si and H atom
Subsequently, Yonezawaet al.12 have demonstrated b
simulation that length of the weak Si-Si bond neighbori
the Si-H bond enlarges under illumination: the length
the weak Si-Si bond is expected to vary with time as
16 531 ©1999 The American Physical Society
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TABLE I. Characteristics of specimens.TS , d, andND are the substrate temperature during depositi
the film thickness, and the defect density, respectively.ND for specimenA is the value after annealing a
200 °C and those for specimensB, andC are the values in the as-deposited state. The last three colu
summarize hydrogen contents of 2000 and 2100 cm21 modes as well as the total contents.

Specimen
TS

~°C!
d

~mm!
ND

~cm23!
2000 cm21 mode

~cm23!
2100 cm21 mode

~cm23!
Total H
~cm23!

A 300 6.3 4.031015 4.631021 1.331021 5.931021

~10.6 at. %!

B 50 3.7 2.831018 3.331021 1.331022 1.631022

~24.1 at. %!

C 100 5.0 1.531018 3.631021 8.531021 1.231022

~19.5 at. %!
n.
n
ea
ed
i-
s

a
cit
es
ea
d
an
ie

nd

te

o
fo
fo

ta
po
tio

e

s

l a

in
u
to
r-

I
ho
on

-
ional

in-
obe
a
m
fo-

the
ss-
nto
ed

ed

t, a
a

in-
os-

n-
men
n-
line
r

ll as
he
e

m-
fter
r the
K.

em-

ade
at

ch
first
rum
the
breathing following the periodically modulated excitatio
As suggested by those works, it is probable that the vibro
PB band reflects a real-time change in the length of the w
Si-Si bond next to the Si-H bond following the modulat
excitation. The local structural change around the weak S
bond will take place without breaking any bond in contra
with the situations as assumed in the models5,6,8 for the SW
effect.

If such a syncronized change in the length of the we
Si-Si bonds actually takes place under the modulated ex
tion, the photomodulation of the Si-H vibration, which giv
rise to the PB band, will cease when the neighboring w
Si-Si bond is broken, and a close correlation is expecte
exist between changes in the vibronic PB spectrum
dangling-bond density. Base on this idea, we have stud
how the PB spectrum is affected when the weak Si-Si bo
are broken or reformed intentionally.

Before presenting experimental results, influence of in
ference effects in thin films on transmittance change in
modulation spectroscopy will be discussed in Sec. III.

II. EXPERIMENT

In order to modify density of the weak Si-Si bonds, tw
kinds of treatments were made: strong light soaking
breaking the weak Si-Si bonds and thermal annealing
reforming the broken bonds. Threea-Si:H films were used in
the present work. They were deposited on intrinsic crys
line silicon wafers by rf plasma-assisted chemical va
deposition. The substrate temperature during the deposi
the film thickness, and the defect density for each specim
are summarized in Table I. The specimenA, which was used
for the light-soaking study, had a good quality in the a
deposited state. The specimensB andC were very defective
in the as-deposited state and were used for the therma
nealing study. Hydrogens included ina-Si:H network take
two different bonding configurations of Si-H and Si-H2. The
amounts of hydrogens contributing to respective bond
configurations were evaluated from IR absorption spectr
of the Si-H stretching vibrations by deconvoluting it in
2000 and 2100 cm21 components and by using the conve
sion factors derived by Langfordet al.13 Results are also
listed in Table I.

In order to detect spectral change of the modulated
absorption of the Si-H vibrations after the treatments, a p
tomodulation~PM! spectrum was measured at the IR regi
ic
k
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especially around 2000 cm21. An optical setup for the mea
surement was almost the same as that used for convent
PA measurement.10 A specimen which was held within a
cryostat was excited with a modulated pump light and
duced transmittance change was monitored with a pr
light. As the pump light, the 1.83 eV or 1.92 eV line from
Kr1 laser was used with modulating at 30 Hz. A light fro
an IR light source was used as the probe light and was
cused with an ellipsoidal mirror onto the same area of
specimen where the pump light was illuminated. After pa
ing through the specimen, the probe light was collimated i
a liquid-nitrogen cooled HgCdTe detector after dispers
with a monochrometor with a 25 cm focal length combin
with a filter. TransmittanceT and its modulated changeDT
were measured separately. After that, a ratio betweenDT
andT was plotted as a PM spectrum. In the measuremen
slit width of the monochrometor was fixed at 2 mm:
spectral resolution was 16 cm21 at around 2000 cm21.
Dangling-bond density was evaluated with an electron-sp
resonance~ESR! spectrometer; this measurement was p
sible only at room temperature.

In the study on a light-soaking effect, the specimenA was
annealed at 200 °C in vacuum for 5 h before performing
every light soaking. The dangling-bond density in the a
nealed state was evaluated before installing the speci
within the cryostat. After that, the PM spectrum in the a
nealed state was measured at 13 K. Since the 1.92 eV
had the strongest power among available lines from the K1

laser, it was used as a source for the light soaking as we
the pump light in the PM measurement. An intensity of t
1.92 eV line was 2.1 mW cm22 when it was used as th
pump light, whereas it was enhanced up to 2 W cm22 during
the light soaking. The light soaking was made at room te
perature by holding the specimen within the cryostat a
completing the measurements in the annealed state. Afte
light soaking, the PM spectrum was measured first at 13
Then ESR spin density was evaluated again at room t
perature.

The other study on a thermal-annealing effect was m
with the specimensB andC. Thermal annealing was made
several temperatures between 100 and 230 °C for 3 h in
vacuum with taking the specimen out of the cryostat. At ea
thermal annealing step, ESR spin density was evaluated
at room temperature and, subsequently, the PM spect
was measured at 13 K. In this study, the 1.83 eV line of
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PRB 60 16 533REAL-TIME MODULATION OF Si-H VIBRATION IN . . .
Kr1 laser with an intensity of 17 mW cm22 was used as the
pump light in the PM measurement.

III. INFLUENCE OF INTERFERENCE ON DT/T

When a thin film of solid is illuminated with a modulate
excitation, a spectrum ofDT exhibits interference fringes
SinceDT depends on a change in complex dielectric co
stant,DT/T itself does not give any physical meaning. In th
section, we examine by simulation how each of the chan
in absorption coefficient and refractive index~Da and Dn,
respectively! contribute toDT/T at the IR region focused
here.

We will consider that a system consists of a thina-Si:H
absorbing layer~medium 1! on a semi-infinite crystalline
substrate~medium 2!. An expression for the transmittance
the thin film is obtained by taking into account the multip
reflections of coherent light inside the film. In the case
normal incidence, it is given by the following equations:14

T5~11k2/n2!~12R01!~12R21!

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

3cos~2kd1f011f21!1R01R21exp~22ad!#21.

~1!

k5al/4p is the extinction coefficient andk52pn/l the
wave vector~l is the vacuum wavelength!, wherea and n
are the absorption coefficient and refractive index of the fi
~medium 1!, respectively. Here,n and k are the real and
imaginary parts of the complex dielectric constant, resp
tively. R01 and R21 are the reflectivities of the vacuum-film
and film-substrate interface, respectively,

Ri15@~ni2n!21k2#/@~ni1n!21k2#, ~2!

with i referring either to vacuum~0! or the substrate~2!. f01
andf21 are phase shifts due to the absorption coefficien
the film and are expressed as

f i15arctan@2nik/~n21k22ni
2!#. ~3!

According to Eqs.~1!–~3!, we can calculate spectral de
pendences ofT, ]T/]k, and]T/]n. In the calculation, it is
assumed thatn53.6 ~a typical value fora-Si:H!, n051, n2
53.42 ~the value for crystalline Si!, and d56.3mm. The
simulation is made at the IR region below 5000 cm21 where
k!1. Thenk can be neglected inR01 andR21, andf01 and
f21 can be also set to zero, although]f01/]k and]f21/]k
are not negligible. Figure 1 shows the calculated spectrum
T. Because of the small difference in the refractive inde
between the film and substrate, interference fringes ap
very weakly.

By expanding the right-hand side of Eq.~1! in terms ofk
andn to the first order, the following relation is obtained:

DT5~]T/]k!Dk1~]T/]n!Dn. ~4!

This relation can be expressed alternatively by changing
variable fromk to a:

DT5~]T/]a!Da1~]T/]n!Dn. ~48!
-
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Then the quantity ofDT/T, which will be discussed in the
following, can be written formally as

DT/T5 f aDad1 f nDn, ~5!

where the coefficientsf a and f n are expressed respective
as

f a5~1/T!~1/d!~]T/]a!5~1/T!~l/4pd!~]T/]k! ~6!

and

f n5~1/T!~]T/]n!. ~7!

The analytical expressions forf a and f n can be derived
from Eqs.~1!–~3!, based on which spectral dependences
f a and f n are calculated by using the same values forn, n0,
n2, andd as in Fig. 1. Figures 2~a! and 2~b! are the calculated
spectra off a and f n , respectively, at wave numbers belo
5000 cm21. As one can see from the figures, both quantit
are affected by the interference effect. However, there
some qualitative difference betweenf a and f n . The interfer-
ence fringes in thef a spectrum do not change their sign an
oscillate around21. The oscillating amplitude is small a
compared to the mean value of21 and keeps an almos
constant value of 0.03 above 1000 cm21. In contrast tof a ,
the oscillating amplitude off n increases gradually with wav
number and its sign changes preriodically. These qualita
differences help to distinguish whether induced absorption
induced refractive index changes make the dominant con
bution toDT/T: presence or absence of sign changes in
DT/T spectrum can be used to judge when it exists.15

A typical PM spectrum for the specimenA with the thick-
ness of 6.3mm after annealing at 200 °C is shown with do
in Fig. 3, in which a simulated spectrum fitted to the me
sured spectrum is shown with a thin solid line. The oscill
ing part of the measured spectrum can be fitted well wit
sine wave having an amplitude which holds a constant r
with respect to a mean value ofDT/T at any wave number
If the second term in Eq.~5! is not negligible, the oscillating
amplitude should grow with wave number more enhanced
since not onlyf n but also the mean value ofDT/T increase
with the wave number. But the oscillating part of the spe
trum in Fig. 3 can be fitted by the sine wave having a co

FIG. 1. Simulated transmittance spectrum, which is calcula
according to Eq.~1! for n53.6, n051, n253.42, andd56.3mm.
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16 534 PRB 60HIDETOSHI OHEDA
stant relative amplitude and, furthermore, any evidence
the sign change cannot be seen in the spectrum. So th
contribution toDT/T from the change in the refractive inde
is negligible for the present case at the IR region stud
here. As a result,DT/T can be regarded as

DT/T' f adDa~l!, ~8!

whereDa(l) represents the absorption coefficient when
generally depends onl.

DT/T in Fig. 3 took a negative value within the measur
energy range, indicating that optical absorption of the sp
men was enhanced under illumination of the pump light
usually observed.9,10 Embedded in this overwhelming back
ground PA spectrum, a dip can be noticed around 2000 c21

in spite of the presence of interference fringes.

IV. RESULTS

Dots in the lower figure of Fig. 4 shows an expanded P
spectrum around 2000 cm21 for the specimenA. A structure
observed around 2300–2400 cm21 in the spectrum might be
induced by unexpected fluctuations of absorption of CO2 in
air during the alternate measurements ofDT andT. For the
sake of separating a pure PB band from a measured
spectrum, we have simulated a background PA spectrum

FIG. 2. Coefficients in Eq.~5! as a function of wave number;~a!
for f a and~b! for f n . They are calculated by using the same valu
as in Fig. 1.
f
t a

d

t

i-
s

M
x-

cept a dip band. Following the arguement in the previo
section, simulation of the background PA spectrum can m
based on Eq.~8!. The right-hand side of this equation is
product betweenf a anddDa(l). When relating them to an

s

FIG. 3. A typical photomodulation spectrum for the specim
A. A simulated spectrum fitted to the measured spectrum is sh
with a thin solid line. Observed interference fringes can be fit
well with a sine wave having an amplitude which holds a const
ratio with respect to a mean value of the spectrum at any w
number. In spite of the presence of interference fringes, a di
noticeable around 2000 cm21.

FIG. 4. The lower figure shows a photomodulation spectrum
the specimen A after annealing at 200 °C for 5 h: dots repres
raw data and a solid line is the simulated background PA spectr
The pure PB spectrum can be separated from the measured
spectrum by subtracting the simulated PA spectrum, and is sh
above in the figure. The separated pure PB spectrum can be
with a single Gaussian line~a broken line!.
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observed PA spectrum,dDa(l) corresponds to an average
PA spectrum and a contribution of the interference fringe
included in f a . Since f a keeps an almost constant valu
above 1000 cm21 as demonstrated in Fig. 2~a!, f a is ex-
pressed approximately by211m sin(D/l1f), whereD is a
constant, which depends ond, f is a term related with opti-
cal phase shifts, andm is a modulation depth. Combinin
with a simulation of the averaged PA spectrum using
adequate polynomial, the oscillating part of the spectr
could be simulated successfully by adjusting the independ
variables ofD, f, andm in the approximate expression fo
f a . When a film was thick enough as the specimenA, the
fitting could be made with good accuracy. Even when a fi
became slightly thinner as the specimenB or C with more
elongated periodicity of the interference fringes, its wa
background spectrum could be simulated well as shown l
in Fig. 10.

Thus simulated background PA spectrum for the spe
menA is shown with a solid line in the lower figure in Fig. 4
By subtracting the simulated PA spectrum from the m
sured PM spectrum, the pure PB spectrum can be obtai
The upper figure in Fig. 4 shows thus obtained pure
spectrum in the annealed state, which can be fitted wit
Gaussian line~a broken line! which is centered at 2025 cm21

and has the full width at half maximum~FWHM! of about
150 cm21. As pointed out in the Introduction, those valu
correspond well to the characteristics of the IR-absorpt
spectrum of the Si-H stretching mode in the specimenA.
Roughly speaking, magnitude of the PB band is smaller t
that of the PA signal around 2000 cm21 by about an order.
Since the background PA spectrum itself is likely to be
tered through the light soaking or thermal annealing, sim
lation of the background PA spectrum was made for e
case when necessary.

A. Effect of light soaking

Figure 5~a! shows the PM spectra for the specimenA in
the annealed and subsequent light-soaked states whe
light soaking was made at room temperature. We have m
sured only a limited part of the PM spectrum around 20
cm21 with great care. Magnitude of the PM spectrum w
reduced succesively with increasing light-soaking tim
However, 24 h of light soaking was almost sufficient to rea
saturation at room temperature. Reproducibility of the P
spectra in Fig. 5~a! was confirmed by repeating several tim
the measurements between the annnealed and 24 h
soaked states. Such a change of the PM spectrum thro
photodegradation was observed more enhancedly when
light soaking was made at 13 K as shown in Fig. 5~b!. The
amount of change in the PM signal induced by the 20 h li
soaking at 13 K was larger than that induced by the 2
light soaking at room temperature by a factor of 1.34.
seems that there exists a difference in nature of the lig
soaked state depending on at which temperature the
soaking is made. When the light soaking was made at ro
temperature, the light-soaked state was stable as far as
ing the specimen there, whereas partial recovery of the
spectrum could be observed when the specimen was war
up to room temperature after the light soaking at 13 K.
Fig. 5~b!, the spectrum labeled ‘‘Recovered’’ is the one me
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sured after holding the specimen at room temperature fo
days after the light soaking at 13 K. The partially recover
spectrum took almost the same magnitude as the spectru
the state light soaked at room temperature for 24 h. T
recovery of the PM spectrum as shown in Fig. 5~b! indicates
that some part of the light-induced change is stable only
low temperature. This phenomenon is not discussed
more since later analysis will be concerned mainly with t
results in Fig. 5~a!.

The background PA spectra for the state light soaked
297 K for 24 h as well as that for the annealed state
simulated as demonstrated with solid lines in Fig. 5~a!. A
comparison between the separated pure PB spectra b
and after the light soaking is made in the lower figure of F
6. Difference spectrum is shown in the upper figure. It can

FIG. 5. Photomodulation spectra for the specimen A in the
nealed and subsequent light-soaked states;~a! and ~b! summarize
results for the light soaking at 297 K for 24 and 96 h and 13 K
20 h, respectively. Dots represent raw data and solid lines in~a! are
the simulated background PA spectra. The spectrum labeled ‘
covered’’ in ~b! is measured after holding the specimen at roo
temperature for 2 days after the light soaking at 13 K.
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16 536 PRB 60HIDETOSHI OHEDA
fitted with a single Gaussian line~a broken line! which is
centered at 2030 cm21 and has the FWHM of about 15
cm21, indicating that the spectral change took place alm
uniformly over the whole range of the PB band. An ad
tional structure observed around 1700 cm21 in the difference
spectrum may be an artifact due to incompleteness in fit
the PA spectrum. Although a result is not shown he
change in the PB spectrum was induced more enhanced
about a factor of 2 when the light soaking was made at 13

B. Effect of thermal annealing

We have made a complementary study with the sp
mens B and C about how the PB spectrum is modifie
through structural relaxation induced by the thermal ann
ing. In the as-deposited state, the PM signals were not
tectable for the specimenB or were very noisy for the speci
menC at the IR region focused here. So the states anne
at 100 °C for 1 h and at 120 °C for 3 h were chosen here
the starting state for specimensB and C, respectively. Sub-
sequent thermal annealings were made at several tem
tures up to 230 °C. With increasing annealing temperat
the magnitude of the PM signal was recovered gradually
the ESR spin density was reduced on the contrary. Sinc
way of changing those quantities during the thermal ann
ing was almost the same in both specimens, results and
analysis were detailed below mainly for the specimenB.

Summarized results for the specimenB are shown in Figs.
7 and 8 forDT/T at 2000 cm21 and the ESR spin density
respectively. The values of both quantities were almost s
rated after annealing at 230 °C. Figure 9 shows the PM sp
tra at some representative annealing temperatures. Altho
a more intense probe light was used in this study as c

FIG. 6. The lower figure shows a comparison between PB sp
trum for the specimen A in the annealed state and that for the s
light soaked at 297 K for 24 h. Difference spectrum is shown in
upper figure. It can be fitted with a Gaussian line as shown wit
broken line.
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pared with the light-soaking study in the previous sectio
the absolute magnitude ofDT/T for the specimenB even
after annealing at 230 °C was much smaller than that for
specimenA after the 24 h light soaking at room temperatu

The PM spectrum after annealing at 230 °C is shown
the lower figure of Fig. 10~a!, in which a solid line represent
the simulated background PA spectrum. The separated
PB spectrum is shown in the upper figure and can be fi
well with two Gaussian lines~broken lines! peaked at 2050
and 2230 cm21 with the common FWHM of 200 cm21. In-
terestingly, the component nearby 2000 cm21 is stronger
than the other, although the IR absorption of the Si
stretching vibration for the specimenB is dominated mainly
by the 2100 cm21 mode. In the following analysis, the PB
spectrum measured after annealing at 230 °C is regarde
the one in the well annealed state.

c-
te

e
a

FIG. 7. Recovery of photomodulation signal at 2000 cm21 for
the specimen B with increasing annealing temperature.

FIG. 8. Decrease in ESR spin density for the specimen B w
increasing annealing temperature.
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The PM spectrum after annealing at 120 °C is shown
the lower figure of Fig. 10~b!, in which a solid line represent
the simulated background PA spectrum, too. In this case,
separated pure PB spectrum shown in the upper figure of
10~b! can be also fitted with two Gaussian lines~broken
lines! peaked at the same wave numbers as in the 23
annealed state. A comparison between the pure PB sp
after annealing at 120 and 230 °C is made in the lower fig
of Fig. 11. The difference spectrum is shown above in F
11. It can be fitted with two Gaussian lines~broken lines!
peaked at 2040 and 2220 cm21 with the common FWHM of
200 cm21. Although the difference spectrum ranges re
tively wide in the wave number, it is dominated mainly b
the component nearby 2000 cm21.

V. DISCUSSION

A. Density of weak Si-Si bonds responsible
for the structural flexibility

As expected before starting this work, the vibronic P
band was actually affected by the light soaking or therm
annealing. From the experimental results, we can eval
the density of weak Si-Si bonds having a potential to c
tribute to the vibronic PB band. In each of the light-soaki
and thermal annealing studies, the spectral area of the
PB spectrum in the state with lower defect density is deno
as S0 , and that of the induced change in the PB spectr
after the treatments asDS. On the other hand, the density o
the weak Si-Si bonds in the well annealed state with low
defect density is denoted asN0 , and the density of the wea
Si-Si bonds which are actually broken or reformed throu
the treatments asDN/2, whereDN is the induced change in
the dangling-bond density and a factor 2 comes from the
that two dangling bonds are formed after breaking a w
Si-Si bond.16 Since it is supposed that both changes in the
spectrum and ESR spin density have the same origin, a
betweenDN/2 andN0 should be equal to a ratio betweenDS
andS0 . ThenN0 can be expressed as

FIG. 9. Evolution of photomodulation spectra for the specim
B with increasing annealing temperature.
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N05~DN/2!S0 /DS. ~9!

In the light-soaking study,S0 andDS are evaluated from
the spectral area of the simulated Gaussian curves in Fig
and 6, respectively. In the same way,S0 andDS in the ther-
mal annealing study are evaluated from the spectral are
the simulated curves~each of them consists of two Gaussia
curves! in Fig. 10~a! and Fig. 11, respectively. The ratio o

n

FIG. 10. Dots in the lower figure represent photomodulat
spectrum for the specimen B after annealing~a! at 230 °C and~b! at
120 °C. A solid line in the lower figure shows the simulated bac
ground PA spectrum. The upper figure shows separated pure
spectrum, which can be fitted with two Gaussian lines as sho
with a broken line~the sum of them is represented with a thin so
line!.
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DS/S0 as well as the simultaneous change in the dangli
bond densityDN for each specimen are summarized in Ta
II.

According to the relation~9!, N0 can be evaluated an
the results are listed in Table II asN0

A : the value of
5.031017cm23 is obtained from the light-soaking study an
6.131017 and 5.531017cm23 for the specimensB and C,
respectively, from the thermal annealing study.

B. A relationship between magnitude of the PB band and
dangling-bond density

The analysis in the previous section is made based on
assumption that the density of the weak Si-Si bonds resp
sible for the structural flexibility takes a limited value o
N0 : creation or annihilation of the dangling bonds tak
place within this limit. When some part of the weak Si-
bonds is converted to the dangling bonds~their density is

FIG. 11. The lower figure shows a comparison between
spectra for the specimen B in both states annealed at 120
230 °C. The upper figure shows difference spectrum which can
fitted with two Gaussian lines as shown with broken lines~the sum
of them is represented with a thin solid line!.
-
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DN) and the remaining density of the weak Si-Si bonds
DNSi , the situation supposed in the previous section can
expressed as

~DN/2!1DNSi5N0 . ~10!

Furthermore, it is assumed implicitly thatDN vanishes in the
well annealed state. In this limit, the above equation becom

DNSi0[N0 . ~108!

The relation~9! can be derived from Eqs.~10! and ~108! by
replacingDNSi with a quantity proportional to the magnitud
of the PB band.

Now we consider a relationship between the measu
quantities of the fractional change in the PB spectrum and
ESR spin density in another way.DN is related to the mea
sured ESR spin densityND by the following relation:

ND5ND01DN, ~11!

whereND0 represents the density of residual dangling bon
which are free from the exchange interaction with the we
Si-Si bonds. WhereasDNSi is related to the magnitude of th
PB band, (2DT/T)PB as argued above. By changing th
variables fromDN and DNSi to ND and (2DT/T)PB, re-
spectively, Eq.~10! can be written alternatively as

ND1c~2DT/T!PB52N01ND0 , ~12!

where c is a proportionality constant. This gives a dire
relationship betweenND and (2DT/T)PB. Figure 12 sum-
marizes results for all specimens. Data for each specim
except for the point of the starting state for the specimenB
~the state annealed at 100 °C!, can be fitted quite well with a
straight line, indicating that, in the course of the light soa
ing or thermal annealing, the term in the right-hand side
Eq. ~12! holds a constant value, which will differ in gener
depending on the specimens. Then extraporation of
straight line intercepts theND axis at 2N01ND0 . As can be
seen from the figure, extrapolated intercepts at the abciss
the specimensB and C locate around 1018cm23. Since the
residual dangling-bond densityND0 in the well annealed
state for each specimen was much less than the orde
1017cm23, the value at the intercept can be considered
give 2N0 . Thus evaluated values forN0 are listed in Table II
asN0

B and coincide well with those evaluated in the previo
section. It must be noted that, in the same figure, results

B
nd
e

y two

,

TABLE II. Density of the weak Si-Si or neighboring Si-H bonds,N0 , which are responsible for the
structural flexibility. It is evaluated from the results of light-soaking and thermal annealing studies b
ways. First,N0 ~denoted asN0

A) is evaluated according to Eq.~9! with values ofDS/S0 , the relative change
of spectral area of the PB spectrum, and ofDN, the simultaneous change in ESR spin density. SecondlyN0

~denoted asN0
B) is evaluated from the results in Fig. 12 according to Eq.~12!.

DS/S0 ~%! DN ~cm23! N0
A ~cm23! N0

B ~cm23!

Light-soaking study
~with specimenA!

13.9 1.431017 5.031017 3.531017

Thermal annealing study
~with specimenB!

60.6 7.431017 6.131017 5.031017

Thermal annealing study
~with specimenC!

44.1 4.931017 5.531017 4.531017
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the specimenA are also included. However, since only tw
points were available, the value forN0

B for the specimenA in
Table II, which was evaluated also by extrapolating
straight line through those two points, will not be so acc
rate. Roughly speaking,N0 seems to take a common valu
irrespective of the specimen.

In the above discussions, a defect-quenching effect is
taken into account. However, as you can see in Figs. 5~a!,
5~b!, and 9, the higher the spin density, the lower the P
signal. Usually, decrease in the magnitude of the PA sig
through photodegradation has been considered as a res
enhancement of the defect-quenching effect:17,18 more and
more tail-state carriers are captured by defects when t
density is enhanced with proceeding the photodegrada
Figure 13 shows a direct relationship between the PA sig
and dangling-bond density for the specimenB in a double-
logarithmic plot by replotting the results in Figs. 7 and 8.
first sight, it resembles a well known relationship betwe
the photoluminescence~PL! efficiency and defect density. I
has been interpreted that decrease in the PL efficiency
the defect density as a result of the defect-quenching effe19

So we must look over whether the decrease in the PB si
with ND as shown in Fig. 13 is affected by the defec
quenching effect.20

When the defect quenching is operative, the PB sig
after compensating the defect-quenching effect by so
means can be expressed as

~2DT/T!PB5Q~ND!~2DT/T!PBM, ~13!

where (2DT/T)PBM represents the PB signal observed in t
measurement and,Q(ND) is a factor for compensating th
defect-quenching effect and depends onND . Since
(2DT/T)PB in Eq. ~12! represents the PB signal which
free from the effect, the following relation can be deriv
from Eqs.~12! and ~13!:

FIG. 12. A relationship between magnitude of the PB ban
(2DT/T)PB, and ESR spin density,ND , for each specimen. Eac
data set for respective specimens can be fitted with a straight
Extraporated intersect at the abscissa for each specimen conv
around 1018 cm23.
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~2DT/T!PBM5@cQ~ND!#21~2N01ND02ND!. ~14!

Then a derivative of (2DT/T)PBM with respect toND is
written as

d~2DT/T!PBM

dND
52@cQ~ND!#21

2$~2N01ND02ND!/@cQ~ND!2#%

3
dQ~ND!

dND
. ~15!

This gives a slope of a curve at anyND when
(2DT/T)PBM is plotted againstND . Its value will change
with ND through Q(ND) and dQ(ND)/dND if the defect-
quenching effect is operative: for example, even when
second term in the right-hand side of Eq.~15! is negligible,
the slope becomes lower and lower withND sinceQ(ND) is
expected to get larger withND . But the fact that the rela-
tionship between (2DT/T)PBM andND can be fitted with the
straight line indicates that, fortunately, it does not need
use theND-dependent factor ofQ(ND) or to take into ac-
count the defect-quenching effect in the present work. Ho
ever, the dangling-bond densities in the as-deposited st
for the specimensB and C exceed respective values ofN0

B

listed in Table I; if the points in the as-deposited state
plotted in Fig. 12, they will deviate from correspondin
straight lines. If more detailed thermal annealing was ma
at temperatures closer to the substrate temperature of d
sition, gradual change in the slope would be observed.
successful fit of the data by the straight line as demonstra
in Fig. 12 certifies the validity of the evaluated values forN0

(N0
A andN0

B in Table II!.

C. Structural flexibility in a-Si:H

Nearly the same values were evaluated asN0 irrespective
of the specimens. One can find from Table I that the hyd
gen contents contributing to the 2000 cm21 component in all

e.
ges

FIG. 13. A relationship between the photomodulation signa
2000 cm21 and ESR spin density for the specimen B. It is obtain
by replotting the results in Figs. 7 and 8.
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16 540 PRB 60HIDETOSHI OHEDA
the specimens happen to be almost same, whereas rema
hydrogen contents contributing to the 2100 cm21 component
differ by about an order of magnitude among them. So
structural flexibility discussed here is likely to be relat
especially with the monohydoride mode of the Si-H stret
ing vibration. This is evidenced by other observation that
spectral change of the PB band for the specimenB with a
bad quality is also centered nearby 2000 cm21 as demon-
strated in Fig. 11, although the 2100 cm21 component is
dominant in the IR absorption related with the Si-H stretc
ing vibrations in this specimen. Taking a ratio betweenN0
and the amount of the monohydride bonds of Si-H listed
Table I, we can estimate how much fraction of the total we
Si-Si bonds participates in the structural flexibility in ea
specimen. They are evaluated as 1.131024, 1.931024, and
1.531024 for the specimensA, B, and C, respectively. A
very small part of the existing weak Si-Si bonds can part
pate in the structural flexibility, indicating that neighborin
to the Si-H bond is not a sufficient condition for selecting
weak Si-Si bond as a source for the structural flexibility.

According to Yoonet al.,21 the defect density induced b
a pulsed-light soaking could be reached just below 1018cm23

at room temperature. This value was commonly establis
irrespective of the defect density ranging from 331015 to
531016cm23 in the annealed state;21 it seems as if there
exists some limited value for the saturated defect dens
2N0 evaluated here takes nearly the same value as the
rated defect density established with the pulsed-light so
ing. So the weak Si-Si bonds argued in this work may b
good candidate as a source for the saturated defect den
and the modulation of the Si-H vibrational mode should b
phenomenon preceding the photoinduced defect creation

D. Change in the IR absorption due to S-H vibration
after photodegradation and under illumination

When defects are induced by an intense illuminati
some structural change is expected to take place locall
within some extended range of space. Until now, ma
speculations were made about kinetics of the SW effect,
only a few works tried to get a direct evidence for loc
structural changes. Among several tools for characteriz
structural properties of amorphous materials, the IR abs
tion spectroscopy has been used by several authors to d
a spectral change of the Si-H vibration since hydrogen
considered to participate in the SW effect. However, th
exists some controversy among the reported results, e
cially concerning whether the IR absorption related to
Si-H stretching vibration enhances or not after the photod
radation.

Decrease in magnitude of the IR absorption at 2000 cm21

was reported early by Honget al.2 Darwich et al.3 reported
the same result and, furthermore, they observed a growt
a new band around 1730 cm21 as well as a good correlatio
between increase in absorption of the bending mode cent
at 870 cm21 and decrease in those of the wagging a
stretching modes centered at 640 and 2000 cm21, respec-
tively. Those correlated changes were interpreted by them
suggesting a redistribution of bonded hydrogens in the
con network through their diffusion during the ligh
ing
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soaking.3 On the other hand, Zhaoet al.4 have reported in-
crease in absorption of the 2000 cm21 mode. They have
denied a possibility of change in an effective charge o
Si-H dipole and, alternately, interpreted it as a result of c
ation of additional Si-H bonds. However, the possibility
change in the effective charge of the Si-H dipole was s
gested earlier by Oguzet al.22 for interpreting their observed
change in the IR absorption after He1 ion bombardment.
Recently, Biswaset al.23 have proposed again the possibili
of change in the effective charge by simulation in order
reconsider Zhao’s result. They have demonstrated that
dynamic effective charge, the square of which is proportio
to the oscillator strength of a dipole,24 of the Si-H dipole can
be enhanced when H is flipped to the backside of Si-H in
normal bonding configuration.23

In their simulation study,23 an interesting result, which is
very instructive when considering the present results,
been also presented. Figure 4 in their paper23 indicates that
even the dynamic effective charge of the Si-H bond in
normal bonding configuration will fluctuate depending on
site owing to a difference in local geometry. So it is grea
probable that the IR absorption due to the Si-H bond in
normal bonding configuration will be altered when local g
ometry around it is modified under illumination. If this is th
case, it is supposed that the dynamic effective charge of
Si-H bond in the normal bonding configuration will be r
duced under illumination, since the vibronic PB band is
result of decrease in the IR absorption under illumination

E. Frequency response of the PB signal

In order to get further insight into the vibronic modula
tion, we will consider how fast the PB signal can follow
modulated excitation. However, it is difficult to measure d
rectly a response time of the pure PB signal, because the
band is embedded within the intense background electro
PA spectrum. Alternatively, the response time was evalua

FIG. 14. Modulation-frequency dependences of magnitude
vibronic PB band (2DT/T)PB, and of electronic PA signal nearb
2000 cm21, (2DT/T)e , for the specimen A. They were measure
at 13 K using the pump light of the 1.83 eV line with an intensity
1.1 mW cm22.
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by measuring a modulation-frequency dependence of
magnitude of the pure PB signal. Here a frequency dep
dence of (2DT/T)PB, i.e., the absolute magnitude of th
pure PB band, was measured at 13 K. When a response
of it is characterized only with a single value,t r ,
(2DT/T)PB is expected to change with a modulation fr
quencyf as 1/@11(2p f t r)

2#1/2. Thent r can be evaluated by
reading a value of the frequency where a break point loc
in a double-logarithmic plot between (2DT/T)PB andf. Fig-
ure 14 shows the frequency dependence of (2DT/T)PB for
the specimenA which was measured with the pump light
the 1.83 eV line with an intensity of 1.1 mW cm22. A break
point appears around 10 Hz, although it is blurred owing t
distribution of t r . The mean response time is evaluated
about 16 ms. In the same figure, the frequency depend
of (2DT/T)e , the magnitude of the electronic PA sign
nearby 2000 cm21, is also shown. A break point in this plo
seems to locate at a lower frequency as compared with
of (2DT/T)PB, so that the response time of (2DT/T)e will
be a little longer.

Since the modulation of the Si-H vibration is consider
to reflect the modulated change of the neighboring w
Si-Si bond, the modulation of the weak Si-Si bond should
characterized with the same slow rate of about 10 s21, which
is far from a decay time of nonequilibrium phonons in a
network.25 Such a slow response of the vibronic PB sign
should be dominated by some electronic process, since
modulation of the electronic PA is also characterized w
nearly the same rate. According to my previous work on
in a-Si:H,26 the PL lifetime, which was evaluated under a
experimental condition of geminate-pair recombination,
hibited a relatively long value of 2 ms at 13 K, indicatin
that excess carriers at tail states can survive longer tha
few ms. So the recombination between a photogener
electron-hole pair trapped at the tail states is considerabl
a rate-limiting process in the vibronic modulation.
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VI. SUMMARY

The real-time modulation of the Si-H stretching vibratio
following the modulated excitation can be observed as
photoinduced bleaching band around 2000 cm21 as reported
first by Vardenyet al.9 We have considered this vibronic P
band as a result of modulation of the neighboring weak S
bonds following the modulated excitation. Then, when t
amount of the weak Si-Si bonds is altered intentiona
some change should be induced in the PB spectrum an
close correlation is expected to exist between the change
the PB spectrum and dangling-bond density. Based on
idea, we have performed two kinds of studies, the lig
soaking and thermal annealing studies, in order to see
the vibronic modulation is affected by breaking or reformi
the weak Si-Si bonds. By evaluating quantitatively the sp
tral change of the PB band combined with the simultane
change in the ESR spin density, the density of the weak S
bonds or neighboring Si-H bonds, which are precursor s
for the structural flexibility, can be evaluated to be abo
531017cm23.

It is noteworthy that the PB spectrum for one specim
which was prepared at a low substrate temperature and
Si-H stretching vibration was dominated by the 2100 cm21

component, is centered nearby 2000 cm21, indicating that the
vibronic modulation is related selectively with the monoh
dride bond of Si-H.

Furthermore, since the hydrogen contents contributing
the monohydride Si-H bonds is the order of 1021cm23 in the
specimens used here, the density of the Si-H bonds res
sible for the structural flexibility is only a very small fractio
of them.
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