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Photomodulation of Si-H stretching vibration can be observed in hydrogenated amorphous siiSdt) (
as a photoinduced bleachiri§B) band around 2000 cit 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 metastabilias 8i:H as induced
by strong light soaking. It is suggested from the theoretical work reported by YonestaadJ. Non-Cryst.
Solids 137&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 abow0® cm 3. 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. [S0163-18209)05647-7

I. INTRODUCTION In contrast with such a light-induced metastable change,
Vardeny et al® found another kind of light-induced struc-
Since amorphous materials take disordered structural cortural change, i.e., real-time modulation of a local structural
figuration, they are energetically not in thermal equilibriumunit. They observed a dip around 2000 ¢hin a photoin-
in contrast with crystalline materials. It causes a characterisduced absorptioPA) spectrum ofa-Si:H when the PA
tic feature of structural flexibility or metastability in amor- spectrum was measured at an IR region down to around 0.1
phous materials such as photostructural changes observedal. It is well known that the PA spectrum at such a near IR
chalcogenide glasses or light-induced defect-creation in hyregion is related mainly with excess carriers trapped at tail
drogenated amorphous silicor-Gi-H).> The latter phe- states*!°optical absorption between tail states and a nearby
nomenon is known as the Steabler-Wronski eff@@#V ef- extended state is enhanced under illumination. Whereas the
fect) and leads to degradation of quality of various kinds ofdip signal has an opposite sign with respect to the back-
properties ina-Si:H, including light-induced changes of in- ground PA signal, since it appears as the dip band in the
frared(IR) absorption spectrum related to Si-H vibratidn8. spectrum, optical absorption related with the dip band is re-
The SW effect has attracted great interest and many modetiuced under illumination.It can be said that the dip is a
have been proposed, since the effect is just related to fund@hotoinduced bleachingPB) band. Vardenyet al® specu-
mental characteristics of the metastability in the amorphoutated that the PB band came from modulation of Si-H
materials. One plausible model given earlier is that recombistretching vibration following a modulated excitation, since
nation between photogenerated electrons and holes promotts peak position and width of the PB band coincided well
breaking of weak Si-Si bonds with an aid of local H motion with those of IR absorption of the Si-H stretching vibration
to stabilize induced dangling bon8§But a recent electron- at 2000 cm. It means that some nature of a Si-H oscillator
spin-resonancéESR hyperfine stud{has presented an evi- should vary with time following the modulated excitation. It
dence which does not reconcile with this model: the light-should be noticed that the vibronic modulation is observable
induced dangling bonds did not exhibit spatial correlationagainst a band gap excitation whose intensity is low enough
with H atoms. In order to overcome this discrepancy with thenot to induce the SW effect.
experimental result, Branz has proposed recently an alterna- Since it is hard to consider that a band gap light affects
tive possibility as the hydrogen collision modéh which he  the vibronic mode directly, the modulation of the Si-H vibra-
has devised to involve long-range diffusion of mobile H. Intion will be induced by some structural change around the
his model, creation of the light-induced dangling bonds isSi-H bond. Hirabayashet al!* pointed out a possibility that
assumed to be initiated by producing a mobile H after breakthe Si-Si bond next to the Si-H bond is weak owing to a
ing a Si-H bond. So it is considered that excess energiedifference in electronegativities between Si and H atoms.
released by the recombination between excited carriers a®ubsequently, Yonezawat al!? have demonstrated by
dissipated by breaking Si-H bonds instead of weak Si-Ssimulation that length of the weak Si-Si bond neighboring
bonds. Anyway, in the SW effect, a photodegraded state ithe Si-H bond enlarges under illumination: the length of
stable as far as the material is held at room temperature. the weak Si-Si bond is expected to vary with time as if

0163-1829/99/6(24)/1653112)/$15.00 PRB 60 16 531 ©1999 The American Physical Society



16 532 HIDETOSHI OHEDA PRB 60

TABLE |. Characteristics of specimens$g, d, andNp are the substrate temperature during deposition,
the film thickness, and the defect density, respectivily.for specimenA is the value after annealing at
200 °C and those for specimeBs and C are the values in the as-deposited state. The last three columns
summarize hydrogen contents of 2000 and 2100 tmodes as well as the total contents.

Ts d Np 2000 cm i mode 2100 cm! mode Total H
Specimen  (°C)  (um) (cm™3) (cm™3) (cm™3) (cm™3)
A 300 6.3 4.x 10" 4.6x 107 1.3x 107 5.9x 107!
(10.6 at. %
B 50 3.7 2.810'8 3.3x 107 1.3x 1072 1.6x 1072
(24.1 at. %
C 100 5.0 1.5¢10' 3.6x 107 8.5x 1071 1.2x 1072
(19.5 at. %

breathing following the periodically modulated excitation. especially around 2000 cr. An optical setup for the mea-

As suggested by those works, it is probable that the vibronisurement was almost the same as that used for conventional
PB band reflects a real-time change in the length of the weaRA measurementf. A specimen which was held within a
Si-Si bond next to the Si-H bond following the modulated cryostat was excited with a modulated pump light and in-
excitation. The local structural change around the weak Si-Sjjyced transmittance change was monitored with a probe
bond will take place without breaking any bond in contrastjight. As the pump light, the 1.83 eV or 1.92 eV line from a
with the situations as assumed in the modtgfsfor the SW i+ Jaser was used with modulating at 30 Hz. A light from

effect. an IR light source was used as the probe light and was fo-

If such a syncronized change in the length of the weak,,qeq with an ellipsoidal mirror onto the same area of the

Si-Si bonds actually takes place under the modulated eXCitas'pecimen where the pump light was illuminated. After pass-

tion, the photomodulation of the Si-H vibration, which gives : : : - :
S ) > . ing through the specimen, the probe light was collimated into
rise to the PB band, will cease when the neighboring wealé liquid-nitrogen cooled HgCdTe detector after dispersed

Si-Si bond is broken, and a close correlation is expected to ith & monochrometor with a 25 cm focal lenath combined
exist between changes in the vibronic PB spectrum and” g

dangling-bond density. Base on this idea, we have studie}.‘]"th a filter. Transmittancd and its modulate(_d changkT
how the PB spectrum is affected when the weak Si-Si bond¥/€ré measured separately. After that, a ratio betws@n
are broken or reformed intentionally. ar_1dT_was plotted as a PM spectrum. In _the measurement, a
Before presenting experimental results, influence of interslit width of the monochrometor was fixed at 2 mm: a
ference effects in thin films on transmittance change in #Pectral resolution was 16 crh at around 2000 cnt.
modulation spectroscopy will be discussed in Sec. IIl. Dangling-bond density was evaluated with an electron-spin-
resonancgESR spectrometer; this measurement was pos-
sible only at room temperature.
In the study on a light-soaking effect, the specimdewas

In order to modify density of the weak Si-Si bonds, two annealed at 200°C in vacuumrfé h before performing
kinds of treatments were made: strong light soaking forevery light soaking. The dangling-bond density in the an-
breaking the weak Si-Si bonds and thermal annealing fonealed state was evaluated before installing the specimen
reforming the broken bonds. ThraeSi:H films were used in  within the cryostat. After that, the PM spectrum in the an-
the present work. They were deposited on intrinsic crystalhealed state was measured at 13 K. Since the 1.92 eV line
line silicon wafers by rf plasma-assisted chemical vapohad the strongest power among available lines from the Kr
deposition. The substrate temperature during the depositiotgser, it was used as a source for the light soaking as well as
the film thickness, and the defect density for each specimethe pump light in the PM measurement. An intensity of the
are summarized in Table I. The specimenwhich was used 1.92 eV line was 2.1 mW cif when it was used as the
for the light-soaking study, had a good quality in the as-pump light, whereas it was enhanced up to 2 W émiuring
deposited state. The specimaéhand C were very defective the light soaking. The light soaking was made at room tem-
in the as-deposited state and were used for the thermal aperature by holding the specimen within the cryostat after
nealing study. Hydrogens included & Si:H network take completing the measurements in the annealed state. After the
two different bonding configurations of Si-H and Sjz:H'he  light soaking, the PM spectrum was measured first at 13 K.
amounts of hydrogens contributing to respective bondingrhen ESR spin density was evaluated again at room tem-
configurations were evaluated from IR absorption spectrunperature.
of the Si-H stretching vibrations by deconvoluting it into  The other study on a thermal-annealing effect was made
2000 and 2100 cm' components and by using the conver- with the specimenB andC. Thermal annealing was made at
sion factors derived by Langforét al’® Results are also several temperatures between 100 and 230 %C3fd in
listed in Table I. vacuum with taking the specimen out of the cryostat. At each

In order to detect spectral change of the modulated IRhermal annealing step, ESR spin density was evaluated first
absorption of the Si-H vibrations after the treatments, a phoat room temperature and, subsequently, the PM spectrum
tomodulation(PM) spectrum was measured at the IR regionwas measured at 13 K. In this study, the 1.83 eV line of the

Il. EXPERIMENT
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Kr™ laser with an intensity of 17 mW cnf was used as the 10 T AN A A
pump light in the PM measurement. L _
0.8F i
IIl. INFLUENCE OF INTERFERENCE ON AT/T
\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV
When a thin film of solid is illuminated with a modulated § 061 i
excitation, a spectrum oAT exhibits interference fringes. &
Since AT depends on a change in complex dielectric con- & I |
stant,AT/T itself does not give any physical meaning. In this S 0.41 1
section, we examine by simulation how each of the changes+ L ]
in absorption coefficient and refractive indék« and An, 0k )
respectively contribute toAT/T at the IR region focused '
here. i ]
We will consider that a system consists of a thi®i:H 0.0l e R EEEEE R R
0 1000 2000 3000 4000 5000

absorbing layerimedium 1 on a semi-infinite crystalline
substratdmedium 2. An expression for the transmittance of
the thin film is obtained by taking into account the multiple £ 1. Simulated transmittance spectrum, which is calculated
reflections of coherent light inside the film. In the case ofaccording to Eq(1) for n=3.6,n,=1, n,=3.42, andd=6.3um.
normal incidence, it is given by the following equatiofis:

Wavenumber (cm'1)

Then the quantity oAT/T, which will be discussed in the

T=(1+«2/n?)(1—Ry)(1—Ryy) following, can be written formally as
X exp(— ad)[1-2(RoiRy) " exp( — ad) ATIT=f,Aad+f,An, (5)
X cog2kd+ o1+ Bp1) + RoiRor €Xp( — 2ad)] . where the coefficient$, and f, are expressed respectively
1 as
k=aMNl4m is the extinction coefficient and=2zn/\ the f, =AM (Ud)(dT/da)=(LT)(NAwd)(dT/dk) (6)

wave vector(\ is the vacuum wavelengthwhere @ and n and

are the absorption coefficient and refractive index of the film

(medium 1, respectively. Heren and « are the real and f,=(1T)(aT/an). 7
imaginary parts of the complex dielectric constant, respec-

tively. Ryg; and Ry, are the reflectivities of the vacuum-film The analytical expressions fdr, and f,, can be derived

and film-substrate interface, respectively, from Egs.(1)—(3), based on which spectral dependences of
. , f, andf, are calculated by using the same valuesrfon,
Rir=[(nj—n)“+ «“)/[(nj+n)“+ k7], (20 n, anddasin Fig. 1. Figures(@) and 2b) are the calculated

spectra off , and f,,, respectively, at wave numbers below
?000 cm L. As one can see from the figures, both quantities
are affected by the interference effect. However, there is
some qualitative difference betweépandf, . The interfer-
ence fringes in thé, spectrum do not change their sign and
oscillate around—1. The oscillating amplitude is small as
compared to the mean value efl and keeps an almost
constant value of 0.03 above 1000 tmin contrast tof

the oscillating amplitude of,, increases gradually with wave
number and its sign changes preriodically. These qualitative
differences help to distinguish whether induced absorption or
induced refractive index changes make the dominant contri-
bution toAT/T: presence or absence of sign changes in the

with i referring either to vacuurfD) or the substrat€?). ¢,
and ¢,, are phase shifts due to the absorption coefficient o
the film and are expressed as

¢i1=arctafi2n;x/(n’+ k>—n?)]. (3)

According to Egs{(1)—(3), we can calculate spectral de-
pendences of, dT/dk, anddT/dn. In the calculation, it is
assumed that=3.6 (a typical value fora-Si:H), no=1, n,
=3.42 (the value for crystalline $i andd=6.3um. The
simulation is made at the IR region below 5000 ¢mwhere
xk<<1. Thenk can be neglected iRy, andR,;, and ¢y, and
¢,1 can be also set to zero, althougthg,/dx anddp,1/ Ik ; .
are not negligible. Figure 1 shows the calculated spectrum o%T/T spectrum can be used to Judge_ when_lt e>&§ts._

. . T A typical PM spectrum for the speciménwith the thick-
T. Because of the small difference in the refractive indexes ; A .
ness of 6.3um after annealing at 200 °C is shown with dots

Sg:;ve\;fenali?ye film and substrate, interference fringes appes Fig. 3, in which a simulated spectrum fitted to the mea-

: . . . sured spectrum is shown with a thin solid line. The oscillat-
By expanding the right-hand side of Ed) in terms ofk : .
andn to the first order, the following relation is obtained: ing part of the measured spectrum can be fitted well with a

sine wave having an amplitude which holds a constant ratio
_ with respect to a mean value AfT/T at any wave number.
AT=(aT/9r) A+ (aTIIMAN. @ If the second term in E(q5) is not negligible, the oscillating

This relation can be expressed alternatively by changing themplitude should grow with wave number more enhancedly,
variable fromx to «: since not onlyf,, but also the mean value &T/T increase

with the wave number. But the oscillating part of the spec-

AT=(dT/da)Aa+ (dT/on)An. 4 trum in Fig. 3 can be fitted by the sine wave having a con-



Wavenumber (cm'1)

FIG. 2. Coefficients in Eq5) as a function of wave numbei@)
for f, and(b) for f,,. They are calculated by using the same values
as in Fig. 1.

stant relative amplitude and, furthermore, any evidence of
the sign change cannot be seen in the spectrum. So that a
contribution toAT/T from the change in the refractive index

is negligible for the present case at the IR region studied
here. As a resultAT/T can be regarded as

AT/T~f dAa(N), (8)

where Aa(\) represents the absorption coefficient when it
generally depends ok.

AT/T in Fig. 3 took a negative value within the measured
energy range, indicating that optical absorption of the speci-
men was enhanced under illumination of the pump light as
usually observed!® Embedded in this overwhelming back-
ground PA spectrum, a dip can be noticed around 2000'cm
in spite of the presence of interference fringes.

IV. RESULTS

A03AT/T
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n “ ] FIG. 3. A typical photomodulation spectrum for the specimen
0.5+ 1 A. A simulated spectrum fitted to the measured spectrum is shown
r [\ (\ {\ (\ n with a thin solid line. Observed interference fringes can be fitted
£ 0.0b A i /\ I\ well with a sine wave having an amplitude which holds a constant
n i/\/\/\/\/ ratio with respect to a mean value of the spectrum at any wave
ost number. In spite of the presence of interference fringes, a dip is
e noticeable around 2000 cm
1.0 U U U cept a dip band. Following the arguement in the previous
section, simulation of the background PA spectrum can made
1.5t oo 5000 T000 TR 2900 based on Eq(8). The right-hand side of this equation is a

product betweeri,, anddA a()\). When relating them to an

TN T T N U0 R T Y T T N T T Y Y

1600 2000 2400 2800
Wavenumber (cm'1)

Dots in the lower flguie of Fig. 4 ShQWS an expanded PM FIG. 4. The lower figure shows a photomodulation spectrum for
spectrum around 2000 cmfor the specimer®. A structure  yhe specimen A after annealing at 200 °C for 5 h: dots represent
observed around 2300-2400 chin the spectrum might be 4y data and a solid line is the simulated background PA spectrum.
induced by unexpected fluctuations of absorption ob @O  The pure PB spectrum can be separated from the measured PM
air during the alternate measurementsAdf and T. For the  spectrum by subtracting the simulated PA spectrum, and is shown
sake of separating a pure PB band from a measured Pldbove in the figure. The separated pure PB spectrum can be fitted
spectrum, we have simulated a background PA spectrum exvith a single Gaussian ling broken ling.
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observed PA spectrundA «(\) corresponds to an averaged T T
PA spectrum and a contribution of the interference fringes is ) ]
included inf,. Sincef, keeps an almost constant value g
above 1000 cm' as demonstrated in Fig.(@, f, is ex-
pressed approximately by 1+ msin(D/\+ ¢), whereD is a
constant, which depends @l ¢ is a term related with opti-

cal phase shifts, anth is a modulation depth. Combining
with a simulation of the averaged PA spectrum using an
adequate polynomial, the oscillating part of the spectrum
could be simulated successfully by adjusting the independent
variables ofD, ¢, andm in the approximate expression for
f,. When a film was thick enough as the specinfgrthe
fitting could be made with good accuracy. Even when a film
became slightly thinner as the specimBror C with more

103AT/T

elongated periodicity of the interference fringes, its wavy tS .

background spectrum could be simulated well as shown later 0.5- Light soaked at 287K -

1 1 I R S TN TN TN N TN 2SN Y T N N N T Y 3

in Fig. 10. 1600 2000 2400 2800

Thus simulated background PA spectrum for the speci-
menA is shown with a solid line in the lower figure in Fig. 4.
By subtracting the simulated PA spectrum from the mea-

Wavenumber (cm'1)

LI N N e Mt IR N N A S A Bt A Mt S AU B A Mt

sured PM spectrum, the pure PB spectrum can be obtained. - ()
The upper figure in Fig. 4 shows thus obtained pure PB r _-:*‘"’" i
spectrum in the annealed state, which can be fitted with a 1.5 . J_f‘ 1
Gaussian linéa broken ling which is centered at 2025 ¢rh L ngggl%d Y _’N-—"--‘_
and has the full width at half maximuifFWHM) of about L ‘,,f i
150 cmt. As pointed out in the Introduction, those values — At |
correspond well to the characteristics of the IR-absorption = - Recovered ]
spectrum of the Si-H stretching mode in the specinden m<1 ' P e oy
Roughly speaking, magnitude of the PB band is smaller than o 1.0r SV S o 7
that of the PA signal around 2000 cthby about an order. ' - ,m;",*"‘“w" e T
Since the background PA spectrum itself is likely to be al- - __-..~' ,«" 'a'ig1h§§°aked -
tered through the light soaking or thermal annealing, simu- ,:.4‘/.@,‘*" _;’ _
lation of the background PA spectrum was made for each & :"““"‘"' |
case when necessary. o

0.5+ o _

“fo00 " hoob " haoo 2800

A. Effect of light soaking Wavenumber (cm'1)

Figure 5a) shows the PM spectra for the specim&rin
the annealed and subsequent light-soaked states when theFIG. 5. Photomodulation spectra for the specimen A in the an-
light soaking was made at room temperature. We have medealed and subsequent light-soaked stai@sand (b) summarize
sured 0n|y a limited part of the PM Spectrum around ZOOUesultS for the ||ght Soaking at 297 K for 24 and 96 h and 13 K for
cm~ ! with great care. Magnitude of the PM spectrum was20 h,_respectively. Dots represent raw data and solid linés) iare
reduced succesively with increasing light-soaking time the S|mula_ted bgckground PA spectra. _The spectrum labeled “Re-
However, 24 h of light soaking was almost sufficient to reachcovered” in (b) is measured after holding the specimen at room
saturation at room temperature. Reproducibility of the PMEMPerature for 2 days after the light soaking at 13 K.
spectra in Fig. &) was confirmed by repeating several times
the measurements between the annnealed and 24 h lighgured after holding the specimen at room temperature for 2
soaked states. Such a change of the PM spectrum througlays after the light soaking at 13 K. The partially recovered
photodegradation was observed more enhancedly when thlspectrum took almost the same magnitude as the spectrum in
light soaking was made at 13 K as shown in Fi¢h)5The the state light soaked at room temperature for 24 h. The
amount of change in the PM signal induced by the 20 h lightecovery of the PM spectrum as shown in Figo)Sndicates
soaking at 13 K was larger than that induced by the 24 hhat some part of the light-induced change is stable only at a
light soaking at room temperature by a factor of 1.34. Itlow temperature. This phenomenon is not discussed any
seems that there exists a difference in nature of the lightmore since later analysis will be concerned mainly with the
soaked state depending on at which temperature the lighiesults in Fig. 5a).
soaking is made. When the light soaking was made at room The background PA spectra for the state light soaked at
temperature, the light-soaked state was stable as far as hold97 K for 24 h as well as that for the annealed state are
ing the specimen there, whereas partial recovery of the PMimulated as demonstrated with solid lines in Figg)5A
spectrum could be observed when the specimen was warmedmparison between the separated pure PB spectra before
up to room temperature after the light soaking at 13 K. Inand after the light soaking is made in the lower figure of Fig.
Fig. 5(b), the spectrum labeled “Recovered” is the one mea-6. Difference spectrum is shown in the upper figure. It can be
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1500 5006 5200 5800 FIG. 7. Recovery of photomodulation signal at 2000 ¢rfor

. the specimen B with increasing annealing temperature.
Wavenumber (cm 1) P g g femp

FIG. 6. The lower figure shows a comparison between PB specpared with the light-soaking study in the previous section,
trum for the specimen A in the annealed state and that for the stat¢ye absolute magnitude &T/T for the specimerB even
light soaked at 297 K for 24 h. Difference spectrum is shown in thegfier annealing at 230 °C was much smaller than that for the
upper figure. It can be fitted with a Gaussian line as shown with &pecimenA after the 24 h light soaking at room temperature.
broken line. The PM spectrum after annealing at 230 °C is shown in
} ) i . . . L the lower figure of Fig. 1@), in which a solid line represents
fitted with a single 9au53|an lin@ broken ling which is the simulated background PA spectrum. The separated pure
centered at 2030 cnf and has the FWHM of about 150 pp spectrum is shown in the upper figure and can be fitted

cm ", indicating that the spectral change took place almosf, " with two Gaussian linegbroken lineg peaked at 2050
uniformly over the whole range of the PB band. An addi-and 2230 cmt with the common EWHM of 200 cit. In-
tional structure observed around 1700 ¢nin the difference terestingly, the component nearby 2000 ¢nis strdnger

spectrum may be an artifact due to incompleteness in ﬁttinghan the other, although the IR absorption of the Si-H

the PA.spectrum. Although a _result Is not shawn here'stretching vibration for the speciméhis dominated mainly
change in the PB spectrum was induced more enhancedly bBS/ the 2100 cm* mode. In the following analysis, the PB

about a factor of 2 when the light soaking was made at 13 Kgo .trym measured after annealing at 230 °C is regarded as
the one in the well annealed state.
B. Effect of thermal annealing

We have made a complementary study with the speci- (LIS e e s s s o s s e e
mens B and C about how the PB spectrum is modified -
through structural relaxation induced by the thermal anneal- L .
ing. In the as-deposited state, the PM signals were not de-
tectable for the specimed or were very noisy for the speci- 510"
menC at the IR region focused here. So the states annealed
at 100°C for 1 h and at 120 °C for 3 h were chosen here as
the starting state for specimeBsand C, respectively. Sub-
sequent thermal annealings were made at several tempera-
tures up to 230°C. With increasing annealing temperature,
the magnitude of the PM signal was recovered gradually and
the ESR spin density was reduced on the contrary. Since a
way of changing those quantities during the thermal anneal-
ing was almost the same in both specimens, results and their
analysis were detailed below mainly for the specinBen

Summarized results for the specim@mare shown in Figs. © o L
7 and 8 forAT/T at 2000 cm* and the ESR spin density, 10 7100 150 200 250
respectively. The values of both quantities were almost satu- Annealing Temperature  (°C)
rated after annealing at 230 °C. Figure 9 shows the PM spec-
tra at some representative annealing temperatures. Although FIG. 8. Decrease in ESR spin density for the specimen B with
a more intense probe light was used in this study as comncreasing annealing temperature.

As deposited -

(em’
T T T T
o
(o111l

Spin Density
3,

Ts 50°C
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The PM spectrum after annealing at 120 °C is shown in T T T T
the lower figure of Fig. 1), in which a solid line represents 12 &
the simulated background PA spectrum, too. In this case, the | 5
separated pure PB spectrum shown in the upper figure of Fig. /\j\/V\/\,\A o ‘S
10(b) can be also fitted with two Gaussian liné@sroken " W a- o
lines peaked at the same wave numbers as in the 230°C = [~

annealed state. A comparison between the pure PB spectra 5ol Annealed at 120°C

after annealing at 120 and 230 °C is made in the lower figure L
of Fig. 11. The difference spectrum is shown above in Fig. -
11. It can be fitted with two Gaussian linésroken line$ i
peaked at 2040 and 2220 chwith the common FWHM of L
200 cm®. Although the difference spectrum ranges rela-
tively wide in the wave number, it is dominated mainly by
the component nearby 2000 ch

1.5

-10°AT/T

1.0}
V. DISCUSSION i
A. Density of weak Si-Si bonds responsible

- 0.5}-
for the structural flexibility

B o

As expected before starting this work, the vibronic PB 1'?80 00 T 200 2800
band was actually affected. by the light soaking or thermal Wavenumber (cm'1)
annealing. From the experimental results, we can evaluate
the density of weak Si-Si bonds having a potential to con- FIG. 10. Dots in the lower figure represent photomodulation
tribute to the vibronic PB band. In each of the light-soakingspectrum for the specimen B after annealiagat 230 °C andb) at
and thermal annealing studies, the spectral area of the pufi0 °C. A solid line in the lower figure shows the simulated back-
PB spectrum in the state with lower defect density is denoteground PA spectrum. The upper figure shows separated pure PB
as S, and that of the induced change in the PB spectrunspectrum, which can be fitted with two Gaussian lines as shown
after the treatments asS. On the other hand, the density of with a broken line(the sum of them is represented with a thin solid
the weak Si-Si bonds in the well annealed state with lowe#n®)-
defect density is denoted &k, and the density of the weak
Si-Si bonds which are actually broken or reformed through No=(AN/2)Sy/AS. 9
the treatments a&AN/2, whereAN is the induced change in
the dangling-bond density and a factor 2 comes from the fact In the light-soaking study$, andAS are evaluated from
that two dangling bonds are formed after breaking a weakhe spectral area of the simulated Gaussian curves in Figs. 4
Si-Si bond!® Since it is supposed that both changes in the PBand 6, respectively. In the same w&,andAS in the ther-
spectrum and ESR spin density have the same origin, a ratimal annealing study are evaluated from the spectral area of
betweemAN/2 andN, should be equal to a ratio betweadi®  the simulated curveach of them consists of two Gaussian
andS;. ThenN, can be expressed as curves in Fig. 10@@) and Fig. 11, respectively. The ratio of
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T T T AN) and the remaining density of the weak Si-Si bonds is
I ] ANg;, the situation supposed in the previous section can be
expressed as

103 AT/T

(AN/2)+ ANg=Np. (10)

Furthermore, it is assumed implicitly thAN vanishes in the
1 well annealed state. In this limit, the above equation becomes

Annealed

o e T ANgo=No. (10)
| Annealed | The relation(9) can be derived from Eq$10) and(10') by
= 4 at120C replacingANg; with a quantity proportional to the magnitude
= of the PB band.
o, T Now we consider a relationship between the measured
oLl guantities of the fractional change in the PB spectrum and of
ESR spin density in another waxN is related to the mea-
L sured ESR spin densit\y by the following relation:
0

ND:NDOJFAN, (11)

I Y

632')" BT S Ty S 5800 whereNp, represents the density of residual dangling bonds

which are free from the exchange interaction with the weak

Si-Si bonds. WhereaSNg; is related to the magnitude of the
FIG. 11. The lower figure shows a comparison between PBPB band, ¢ AT/T)pg as argued above. By changing the

spectra for the specimen B in both states annealed at 120 ar¢friables fromAN and ANg; to Np and (—AT/T)pg, re-

230 °C. The upper figure shows difference spectrum which can bepectively, Eq(10) can be written alternatively as

fitted with two Gaussian lines as shown with broken lifth® sum

of them is represented with a thin solid line Np+c(—AT/T)pg=2Ng+ Npg, (12

Wavenumber (cm'1)

AS/S, as well as the simultaneous change in the dangling\-"’herec is a proportionality constant. This gives a direct

bond densityAN for each specimen are summarized in TablerelatIonShIp betweei, and .(_AT/T)PB' Figure 12 sum-
m marizes results for all specimens. Data for each specimen,

except for the point of the starting state for the specintns
(the state annealed at 100);€an be fitted quite well with a
straight line, indicating that, in the course of the light soak-
ing or thermal annealing, the term in the right-hand side of
Eqg. (12) holds a constant value, which will differ in general
depending on the specimens. Then extraporation of the
straight line intercepts thep axis at 2Ng+ Npg. As can be
seen from the figure, extrapolated intercepts at the abcissa for
the specimen® and C locate around ¥fcm 3. Since the
The analysis in the previous section is made based on thesidual dangling-bond densityp in the well annealed
assumption that the density of the weak Si-Si bonds resporstate for each specimen was much less than the order of
sible for the structural flexibility takes a limited value of 10'"cm ™3, the value at the intercept can be considered to
Ng: creation or annihilation of the dangling bonds takesgive 2N,. Thus evaluated values fdl, are listed in Table II
place within this limit. When some part of the weak Si-Si asNE‘ and coincide well with those evaluated in the previous
bonds is converted to the dangling bondseir density is section. It must be noted that, in the same figure, results for

According to the relation9), No can be evaluated and
the results are listed in Table Il asf: the value of
5.0x 10" cm 2 is obtained from the light-soaking study and
6.1x 10" and 5.5< 10 cm™2 for the specimen® and C,
respectively, from the thermal annealing study.

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

TABLE Il. Density of the weak Si-Si or neighboring Si-H bond¥g, which are responsible for the
structural flexibility. It is evaluated from the results of light-soaking and thermal annealing studies by two
ways. FirstNy (denoted asNOA) is evaluated according to E(P) with values ofAS/S,, the relative change
of spectral area of the PB spectrum, and\d{, the simultaneous change in ESR spin density. Secohgly,
(denoted asNg‘) is evaluated from the results in Fig. 12 according to @4).

ASISy (%) AN (cm™d) Ng (cm™d) N§ (cm3)

Light-soaking study 13.9 1.4x 10" 5.0x 10" 3.5x 10"
(with specimenrd)

Thermal annealing study 60.6 7.4¢ 10" 6.1x 10" 5.0x 10"
(with specimenB)

Thermal annealing study 44.1 4.9<10Y 5.5x 10" 4.5x 10"

(with specimerC)
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FIG. 13. A relationship between the photomodulation signal at
FIG. 12. A relationship between magnitude of the PB band, 2000 cm ! and ESR spin density for the specimen B. It is obtained

(—AT/T)pg, and ESR spin densityp , for each specimen. Each by replotting the results in Figs. 7 and 8.

data set for respective specimens can be fitted with a straight line.

Extraporated intersect at the abscissa for each specimen converges  (—AT/T)pgy=[cQ(Np)] 1(2Ng+Npg—Np). (14)

around 18°cm™3, o ) )
Then a derivative of { AT/T)pgy With respect toNp is

the specimerA are also included. However, since only two Written as
points were available, the value fblrg for the specimer\ in d(— AT/T)
Table Il, which was evaluated also by extrapolating a — ——"PSM__rooNg)]-t
i i i i dN D
straight line through those two points, will not be so accu- D
rate. Roughly speakind\l, seems to take a common value —1(2Nn+ Nen—Ne)/TcO(N)2
irrespective of the specimen. {(2No+ Noo=Np)/[cQ(No)™}
In the above discussions, a defect-quenching effect is not dQ(Np)
taken into account. However, as you can see in Fig®), 5 —dND . (15

5(b), and 9, the higher the spin density, the lower the PM

signal. Usually, decrease in the magnitude of the PA signalhis gives a slope of a curve at anip when

through photodegradation has been considered as a result ©f AT/T)pgy is plotted againsiNp . Its value will change

enhancement of the defect-quenching effé¢f more and  with Np through Q(Np) and dQ(Np)/dN, if the defect-

more tail-state carriers are captured by defects when theguenching effect is operative: for example, even when the

density is enhanced with proceeding the photodegradatiosecond term in the right-hand side of E45) is negligible,

Figure 13 shows a direct relationship between the PA signahe slope becomes lower and lower witly sinceQ(Np) is

and dangling-bond density for the specinigrin a double- expected to get larger withl;. But the fact that the rela-

logarithmic plot by replotting the results in Figs. 7 and 8. At tionship between{ AT/T)pgy andNp can be fitted with the

first sight, it resembles a well known relationship betweenstraight line indicates that, fortunately, it does not need to

the photoluminescend®Ll) efficiency and defect density. It use theNp-dependent factor of(Np) or to take into ac-

has been interpreted that decrease in the PL efficiency witbount the defect-quenching effect in the present work. How-

the defect density as a result of the defect-quenching éffect. ever, the dangling-bond densities in the as-deposited states

So we must look over whether the decrease in the PB signdbr the specimen® and C exceed respective values b

with Np as shown in Fig. 13 is affected by the defect-|isted in Table I; if the points in the as-deposited state are

quenching effect? plotted in Fig. 12, they will deviate from corresponding
When the defect quenching is operative, the PB signastraight lines. If more detailed thermal annealing was made

after compensating the defect-quenching effect by someat temperatures closer to the substrate temperature of depo-

means can be expressed as sition, gradual change in the slope would be observed. The
successful fit of the data by the straight line as demonstrated
(—AT/T)pg=Q(Np)(—AT/T)pgm, (13)  in Fig. 12 certifies the validity of the evaluated values Ny

_ _ (Ng andN§g in Table I)).
where (—AT/T)pgy represents the PB signal observed in the
measurement and)(Np) is a factor for compensating the
defect-quenching effect and depends ad¥,. Since
(—AT/T)pg in Eq. (12) represents the PB signal which is  Nearly the same values were evaluatedNgsrrespective
free from the effect, the following relation can be derivedof the specimens. One can find from Table | that the hydro-
from Eqgs.(12) and (13): gen contents contributing to the 2000 chtomponent in all

C. Structural flexibility in a-Si:H
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the specimens happen to be almost same, whereas remainisgaking® On the other hand, Zhaet al* have reported in-
hydrogen contents contributing to the 2100 ¢raomponent  crease in absorption of the 2000 ¢mmode. They have
differ by about an order of magnitude among them. So thalenied a possibility of change in an effective charge of a
structural flexibility discussed here is likely to be related Si-H dipole and, alternately, interpreted it as a result of cre-
especially with the monohydoride mode of the Si-H stretch-ation of additional Si-H bonds. However, the possibility of
ing vibration. This is evidenced by other observation that thechange in the effective charge of the Si-H dipole was sug-
spectral change of the PB band for the speciBewith a  gested earlier by Oguet al? for interpreting their observed
bad quality is also centered nearby 2000 ¢nas demon- change in the IR absorption after Héon bombardment.
strated in Fig. 11, although the 2100 tmcomponent is Recently, Biswat al?® have proposed again the possibility
dominant in the IR absorption related with the Si-H stretch-of change in the effective charge by simulation in order to
ing vibrations in this specimen. Taking a ratio betwéé¢yn  reconsider Zhao's result. They have demonstrated that the
and the amount of the monohydride bonds of Si-H listed indynamic effective charge, the square of which is proportional
Table I, we can estimate how much fraction of the total weako the oscillator strength of a dipofé of the Si-H dipole can
Si-Si bonds participates in the structural flexibility in eachbe enhanced when H is flipped to the backside of Si-H in the
specimen. They are evaluated asXl1D %, 1.9x10 % and  normal bonding configuratioft.
1.5x 10 * for the specimens\, B, and C, respectively. A In their simulation study? an interesting result, which is
very small part of the existing weak Si-Si bonds can partici-very instructive when considering the present results, has
pate in the structural flexibility, indicating that neighboring been also presented. Figure 4 in their pAperdicates that
to the Si-H bond is not a sufficient condition for selecting aeven the dynamic effective charge of the Si-H bond in the
weak Si-Si bond as a source for the structural flexibility.  normal bonding configuration will fluctuate depending on a
According to Yoonet al, ! the defect density induced by site owing to a difference in local geometry. So it is greatly
a pulsed-light soaking could be reached just beloW?dét 2  probable that the IR absorption due to the Si-H bond in the
at room temperature. This value was commonly establishedormal bonding configuration will be altered when local ge-
irrespective of the defect density ranging fronx 830'® to  ometry around it is modified under illumination. If this is the
5x10*cm™3 in the annealed stafé;it seems as if there case, it is supposed that the dynamic effective charge of the
exists some limited value for the saturated defect densitySi-H bond in the normal bonding configuration will be re-
2N, evaluated here takes nearly the same value as the satddced under illumination, since the vibronic PB band is a
rated defect density established with the pulsed-light soakresult of decrease in the IR absorption under illumination.
ing. So the weak Si-Si bonds argued in this work may be a
good candidate as a source for the saturated defect density,
and the modulation of the Si-H vibrational mode should be a E. Frequency response of the PB signal

phenomenon preceding the photoinduced defect creation. In order to get further insight into the vibronic modula-

tion, we will consider how fast the PB signal can follow a
modulated excitation. However, it is difficult to measure di-
rectly a response time of the pure PB signal, because the PB
band is embedded within the intense background electronic

) ] ) _ PA spectrum. Alternatively, the response time was evaluated
When defects are induced by an intense illumination,

some structural change is expected to take place locally or L B e S ) B S
within some extended range of space. Until now, many

speculations were made about kinetics of the SW effect, but L .
only a few works tried to get a direct evidence for local

structural changes. Among several tools for characterizing 10°
structural properties of amorphous materials, the IR absorp-

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

tion spectroscopy has been used by several authors to detect 3 (-ATT)e

a spectral change of the Si-H vibration since hydrogen is = |
considered to participate in the SW effect. However, there E I

exists some controversy among the reported results, espe- 3 4o+

cially concerning whether the IR absorption related to the CATT e

Si-H stretching vibration enhances or not after the photodeg-
radation.

Decrease in magnitude of the IR absorption at 2000'tm
was reported early by Honet al? Darwich et al2 reported 5 A
the same result and, furthermore, they observed a growth of 107, 10 100
a new band around 1730 ¢thas well as a good correlation Modulation Frequency  (Hz)
between increase in absorption of the bending mode centered
at 870 cm* and decrease in those of the wagging and FiG. 14. Modulation-frequency dependences of magnitude of
stretching modes centered at 640 and 2000 'trmespec-  vibronic PB band € AT/T)pg, and of electronic PA signal nearby
tively. Those correlated changes were interpreted by them a®00 cm®, (—AT/T),, for the specimen A. They were measured
suggesting a redistribution of bonded hydrogens in the siliat 13 K using the pump light of the 1.83 eV line with an intensity of
con network through their diffusion during the light 1.1 mwWcm2.
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by measuring a modulation-frequency dependence of the VI. SUMMARY
magnitude of the pure PB signal. Here a frequency depen- L . - . o
dence of (- AT/T)pg, i.e., the absolute magnitude of the fOIThe real-time modulation of the Si-H stretching vibration

- following the modulated excitation can be observed as the
pure PB band, was measured at 13 K. When a response tini qtsinduced bleaching band around 2000 éras reported

of it is characterized only with a single values,  fist by Vardenyet al® We have considered this vibronic PB
(—AT/T)pg is expected to /change with a modulation fre- hang as a result of modulation of the neighboring weak Si-Si
quencyf as 1{1+ (2w f7,)?]*% Then7, can be evaluated by honds following the modulated excitation. Then, when the
reading a value of the frequency where a break point locategmount of the weak Si-Si bonds is altered intentionally,
in a double-logarithmic plot betweer-(AT/T)pg andf. Fig-  some change should be induced in the PB spectrum and a
ure 14 shows the frequency dependence-o\(T/T)pg for close correlation is expected to exist between the changes in
the specimerA which was measured with the pump light of the PB spectrum and dangling-bond density. Based on this
the 1.83 eV line with an intensity of 1.1 mW ¢t A break  idea, we have performed two kinds of studies, the light-
point appears around 10 Hz, although it is blurred owing to ssoaking and thermal annealing studies, in order to see how
distribution of 7,. The mean response time is evaluated aghe vibronic modulation is affected by breaking or reforming

about 16 ms. In the same figure, the frequency dependendége weak Si-Si bonds. By evaluating quantitatively the spec-
of (—AT/T)., the magnitude of the electronic PA signal tral change of the PB band combined with the simultaneous

nearby 2000 ci, is also shown. A break point in this plot ¢hange in the ESR spin density, the density of the weak Si-Si
seems to locate at a lower frequency as compared with thfonds or neighboring Si-H bonds, which are precursor sites
of (— AT/T)pg, SO that the response time of A T/T), will or the structural flexibility, can be evaluated to be about
] e 7 —3
be a little longer. letl(.)l C": : thy that the PB N ‘ .
Since the modulation of the Si-H vibration is considered ' IS notewortny that the Spectrum for oné specimen,
to reflect the modulated change of the neighboring wea hich was prepared at a low substrate temperature and its

Si-Si bond, the modulation of the weak Si-Si bond should be>"H Strétching vibration was domi”?ée.d by the 2100 ¢m
characterized with the same slow rate of about 1D which  cOmPonent, is centered nearby 2000 cpindicating that the

is far from a decay time of nonequilibrium phonons in a Sivibronic modulation is related selectively with the monohy-
network?® Such a slow response of the vibronic PB signaldrlde bond of S"H' o
should be dominated by some electronic process, since th Furthermor_e, since the hyqlrogen contents cqr;tnbutmg to
modulation of the electronic PA is also characterized witht"€ monohydrlde Si-H bonds is t.he order ofﬁ@n in the
nearly the same rate. According to my previous work on pLSPecimens used here, the density of the Si-H bonds respon-

in a-Si:H,? the PL lifetime, which was evaluated under an sible for the structural flexibility is only a very small fraction

experimental condition of geminate-pair recombination, ex-Of them.

hibited a relatively long value of 2 ms at 13 K, indicating
that excess carriers at tail states can survive longer than a
few ms. So the recombination between a photogenerated The author greatly thanks Dr. G. Ganguly for preparing
electron-hole pair trapped at the tail states is considerable apecimens and Dr. |. Sakata for his kindness when perform-
a rate-limiting process in the vibronic modulation. ing ESR measurements.
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