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Light-induced structural changes and their correlation to metastable defect creation in intrinsic
hydrogenated amorphous silicon films
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Department of Physics and Astronomy, University of North Carolina at Chapel Hill, North Carolina 27599-3255

Qi Wang
National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, Colorado 80401

~Received 14 April 2000!

Device-quality intrinsica-Si:H films were prepared by three methods, hot-wire~HW! chemical vapor depo-
sition ~CVD!, and glow-discharge~GD! CVD with and without H dilution, and show varied light-induced
metastable defect creation@Staebler-Wronski effect~SWE!#. We found the following:~a! In addition to the
nonuniform H distribution, thea-Si network is inhomogeneous, and the film prepared by GD is more homo-
geneous than the HW film.~b! The light-induced increase of Si-H stretching absorption at;2000 cm21 is on
the order of 1022 in all the films, and an additional decrease at;2025 cm21 is found in films with larger SWE.
~c! The change of the compressive stress is on the order of 1024 of the initial value in the HW films, which is
the same order of magnitude as in GD films. Both the initial stress and light-induced volume expansion
decrease with decreasing Si-H concentration. No simple correlation between the light-induced structural
changes and the conductivity changes was found in the HWa-Si:H films. We describe the light-induced
structural changes in conjunction with the creation of metastable defects by a two-phase model.
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I. INTRODUCTION

Hydrogenated amorphous silicon~a-Si:H! is of great tech-
nological importance for solar cell and display applicatio
especially for light-weight, flexible substrates and large-a
devices. Light-induced metastable defect creation ina-Si:H,
the so-called Staebler-Wronski effect~SWF!, has been the
main problem limiting the application of this material1

Much progress has been made toward understanding an
ducing the metastability.2–4 There are two typical models t
describe the kinetics of light-induced dangling-bond~DB!
creation: weak-bond breaking due to carrier recombinatio3

and metastable DB creation by hydrogen collision.4 Both
models lead to the same defect creation rate equation,
the latter can explain the DB creation at low temperature4

Whereas the weak-bond model describes the SWE as a
effect, the H collision model requires long-range H motio
These kinetic models3,4 are based on the assumption of
uniform network with one type of recombination center; i.
neutral dangling bonds (D0). In order to find the micro-
scopic origin of the SWE, techniques have been develope
study light-induced structural changes ina-Si:H films.5,6 Us-
ing the differential infrared absorption~DIR! technique, a
light-induced reversible increase of;1% of the Si-H stretch-
ing mode at wave number 2000 cm21 was observed.5 On the
other hand, a light-induced expansion of 0.01% of the ini
value was observed using the laser-optical cantilev
bending method~LOB!.6 The authors of both works5,6 have
shown that the light-induced structural changes obey
same stretched exponential rule as the dangling-bond de
creation that was characterized by degradation of photoc
ductivity ~PC!. Hence, the results imply that the metasta
structural and conductivity~SWE! changes share the sam
microscopic origin. It is worth mentioning that thea-Si:H
films were prepared by glow-discharge~GD! with a low H
PRB 620163-1829/2000/62~11!/7169~10!/$15.00
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chemical vapor deposition~CVD! dilution ratio of
SiH4:H251:4 and at substrate temperatures from 200
250 °C in both the DIR and LOB studies.5,6

One recent calculation suggested that a flipping of H
the Si back bond changes the oscillator strengths of S
vibrations.7 The dipole moment of each flipped H can in
crease by a factor of 1.2–2. Therefore, a 0.01–0.1 % H
induces a 1024– 1023 increase in the 2000 cm21 absorption.
Meanwhile, the distortions of the structure induced by
flips increase the strain of the network by about 1024. This
H flipping defect is suggested to occur in conjunction w
the formation of metastable DB’s, and the model predi
light-induced IR absorption and volume dilation on the sa
orders of magnitude as observed experimentally.5,6

Despite a great deal of progress made in understan
the metastability, materials with improved electronic stabil
have been made largely by technical means, e.g., by hot-
~HW! chemical vapor deposition techniques8 and by using
hydrogen dilution in the conventional glow-discharg
CVD.9–11 For H-diluteda-Si:H, transmission electronic mi
croscopy results show that thea-Si alloy is a heterogeneou
mixture of an amorphous network and embedded m
highly ordered regions. The volume fraction of the mo
highly ordered regions increases with increasing hydro
dilution.9 For device-quality HWa-Si:H, only 2–3 at. % H is
needed, compared to 8–10 at. % in GD CVD samples. F
thermore, a NMR study suggests that most H atoms
highly clustered in relatively small volume fractions in HW
films.12 In the low-H-content HW films, it was found that th
internal friction is much smaller than in GD films.13 This
further indicates that the HWa-Si:H network has better over
all fourfold coordination. Therefore, improved structural o
dering could be a key factor resulting in the improvement
electronic stability. In this work, we study light-induce
structural changes in relation to the SWE behavior. Th
7169 ©2000 The American Physical Society
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TABLE I. Sample preparation conditions and parameters for H microstructure studies.

Sample
no.

Deposition
method

Substrate
temperature

~°C! Reaction gas
Growth

rate ~Å/s!
Film

thickness~mm!
H content

~at. %!

1 HW CVD 410 pure silane 8 ;7 ;1
2 GD CVD 200 13:1 H diluted 1 ;4 8
3 GD CVD 200 pure silane 4 ;5 12
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types of device-qualitya-Si:H films were chosen: HW
films, and GD CVDa-Si:H made with and without H dilu-
tion. Concerning the SWE, the HW films made atTfil
51900 °C andTs from 360 to 400 °C are more stable tha
the low-H-diluted GDa-Si:H; moreover, the non-H-diluted
film is less stable than the H-diluted GDa-Si:H. This work
aims to answer the following question: if a correlation exi
between the light-induced structural changes and the SW5,6

should the light-induced structural changes also be redu
in the HW a-Si:H films and enhanced in the non-H-dilute
a-Si:H film? The experimental results yield insights into t
microscopic origin of the SWE.

II. SAMPLES AND EXPERIMENT

Device-quality intrinsica-Si:H films were prepared by
three typical techniques, i.e., by glow-discharge CVD wi
out hydrogen dilution and with low hydrogen dilution at S
larex and by hot-wire CVD techniques at National Rene
able Energy Laboratory~NREL!. The films were examined
by x-ray, Raman, and photoluminescence techniques,
found to be fully amorphous, without microcrystallinity. Th
defect density was<1016cm23 for all the samples studied
The measurements of light-induced structural changes w
carried out with the help of investigators using the DIR a
LOB techniques in their laboratories. Experimental deta
can be found elsewhere.5,6

For the differential infrared absorption measuremen
a-Si:H films were deposited on intrinsic crystalline Si wafe
(r .100 W cm). In order to eliminate interference effec
the silicon wafers were single-side polished and thea-Si:H
film was deposited on the rough side. The sample prep
tion conditions, thickness, and hydrogen content are liste
Table I. Differential infrared absorption spectra were me
sured with a home-made spectrometer. The sensitivity of
DIR instrument is about two orders of magnitude higher th
for commercially available IR instruments. This allows d
tection of subtle changes of the IR absorption in a 5-mm-
thick a-Si:H film. The DIR measurements focused on t
wave-number range from 1800 to 2300 cm21, where the
characteristic peak of the Si-H stretching vibration mode
located. State A was reached by annealing the initial stat
the sample at 160 °C in vacuum to remove surface absorp
and metastable defects. The measurements were then ca
out after step-by-step light soaking with 90 mW/cm2 white
light with an infrared cutoff filter. Finally, the sample wa
annealed at 200 °C in vacuum for 1 h tocheck the reversibil-
ity.

For the laser-optical cantilever-bending studies, 1.0-mm-
thick a-Si:H films were deposited on 100-mm-thick
2320 mm2 flat quartz substrates by hot-wire CVD. The film
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were also deposited on 7059 glass and crystalline-sili
substrates for conductivity and H content measurements.
sample preparation conditions, thickness, and hydrogen
tent are listed in Table II. The film-quartz system bends d
to both the film volume stress during the growth process
the difference in the thermal expansion coefficients of
film and the substrate. In the LOB measurements, the de
tion limit was 531026 rad, which corresponds to a sma
displacement at the edge of the sample,;70 Å. This allows
us to detect;0.01 MPa of stress in thea-Si:H films. One
piece of the quartz substrate withouta-Si:H film was used as
the zero-bending reference. The samples were light soa
using 300 mW/cm2 white light, and were then annealed
200 °C for 1 h. Both the light soaking and annealing we
done in situ. We note that the light-soaking source was 3
times stronger than that used in the DIR studies. The
degradation and conductivity activation energy measu
ments were carried out for the films deposited on 7059 gla

Three films, identical to samples 1, 2, and 3 above, w
prepared for NMR studies. The1HNMR spectra were mea
sured using a simple one-pulse technique and recording
subsequent free-induction decays. The home-built1HNMR
probe was thoroughly cleaned and found to have a low r
tive 1H background signal. The NMR experimental deta
can be found elsewhere.12

III. RESULTS

A. H microstructure measured by IR and NMR

It is generally believed that the metastability phenomen
is related to hydrogen ina-Si:H.1–4 In order to compare the
H microstructure in the three device-qualitya-Si:H films
made by different techniques, the H configuration and
distribution were measured by IR absorption and NMR sp
troscopies, respectively. Figure 1~a! shows the IR absorption
spectra for samples 1, 2, and 3 listed in Table I measu
with a commercial IR instrument. The top curve for sample

TABLE II. HW film preparation conditions and parameters f
LOB studies.

Sample
no.

Substrate
temperature

~°C!

Filament
current

~Å!
Growth

rate ~Å/s!

Film
thickness

~mm!
H content

~at. %!

TH287 280 14 7.5 ;1 7
TH286 320 14 8.0 ;1 5
TH185 360 15 8.0 ;1 3
TH186 400 15 8.3 ;1 2
TH188 440 15 11 ;1 ,1
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~HW film! was enlarged five times. The H content deduc
from the Si-H bending mode at 630 cm21 is 1, 8, and 12
at. % for samples 1, 2, and 3, respectively. In Fig. 1~a! only
the 630 cm21 bending and the 2000 cm21 stretching modes
of the Si-H bond can be resolved for samples 1 and 2.
the non-H-diluted film, sample 3, a small 890 cm21 absorp-
tion peak from the bending mode of the Si-H2 configuration
can be seen. Meanwhile, the broad absorption peak cen
at 2040 cm21 could be a combination of the stretching-mo
absorptions of Si-H and Si-H2. In Fig. 1~b!, we show the
absorption coefficient of the stretching mode measured w
the home-made spectrometer. The data agree well with
IR spectra in Fig. 1~a!. The broad peak of sample 3 can b
deconvolved into two Gaussian functions peaked at;2010
and 2080 cm21, related to the Si-H and Si-H2 stretching
modes, respectively. However, one cannot distinguish by

FIG. 1. ~a! IR spectra and~b! the normalized stretching mod
for the HW ~sample 1!, the H-diluted GD~sample 2!, and the non-
H-diluted GD ~sample 3!, a-Si:H films.
d
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red
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spectroscopy whether the Si-H bonds are clustered or
lated. The H spatial distribution was clarified by NMR me
surements, as shown in Fig. 2.

NMR spectra for films prepared in the same conditions
those in Fig. 1 are shown in Fig. 2. Figures 2~a!, 2~b!, and
2~c! correspond to samples 1, 2, and 3, respectively. T
spectra are fitted well by a Gaussian function for the bro
peak and a Lorentzian function for the narrow peak, wh
represent clustered and isolated H environments, res
tively. The area under each curve is proportional to the to
number of1H spins contributing to the signal producing th
curve. Thus, the ratio of the areas of the narrow and br
peaks gives the relative amount of H in the isolated ver
the clustered phase. The linewidths and intensity ratios
narrow and broad components are listed in Table III.14 De-
spite the large difference in H content of the HW a
H-diluted GD films, the ratio of isolated to clustered H
nearly the same in samples 1 and 2. On the other hand
nondiluted film sample 3 contains much more clustered

FIG. 2. NMR spectra for the HW~sample 1!, the H-diluted GD
~sample 2!, and the non-H-diluted GD~sample! 3, a-Si:H films.
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TABLE III. H distribution parameters from NMR spectrum.

Sample
no.

Broad
linewidth

~kHz!

H-H separation
in clustered
phase~Å!

Narrow
linewidth

~kHz!

H-H separation
in dilute phase

~Å!
Ratio

narrow: broad

Dilute H
absent
volume
fraction

1 45 1.7 3.0 9 31:69 80%
2 35 1.9 3.9 7 34:66 22%
3 40 1.8 4.0 7 15:85 25%
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Furthermore, the linewidth of the broad peak is a measur
the average compactness of the clusters; i.e., a larger w
means a smaller average nearest-neighbor distance.
broad line of the HW sample 1 has the largest width,;45
kHz, compared to;37 kHz for the two GD samples 2 and 3
This indicates that the HW, film has the most tightly com
pacted H clusters.12 The narrow lines are about 3–4 kHz
all the samples. The H-H nearest-neighbor separations
both the clustered and the isolated phases are also give
Table III. Using the intrinsic dipolar broadening of the na
row peak obtained by the NMR technique of hole burning,
well as the H content, the volume fraction of the film co
taining isolated H can be estimated, assuming a random
tribution of spins. The clustered-H-containing volume fra
tion is small compared to that of isolated H, so only t
isolated H absent volume fraction is given in Table III. I
terestingly, we found that a 20–80 % volume fraction co
tains almost no isolated H in all the samples. This impl
that there is an inhomogeneity of the backbone amorph
silicon network, in addition to the inhomogeneity of the
distribution. More interestingly, the HW sample 1 shows t
largest volume fraction~80%! that is H poor. Therefore, in
the sense ofa-Si:H network homogeneity, the GD is bette
than the HW film. However, we have found that the H
film’s H distribution can be made more homogenous if t
deposition conditions are optimized.15 In such a case, the
NMR spectra show a higher percentage of H~;45%! in the
isolated phase.

The above IR and NMR results show that, despite
large difference in H content in the H-diluted GD and t
HW samples, the hydrogen configurations and distribut
are qualitatively similar, i.e., there is a predominance of S
bonds and more H in the isolated phase. Furthermore,
tightly compacted clusters and the large H-poor volume fr
tion of ;80% in the HW film indicate improved structura
ordering, but also a large structural inhomogeneity of
HW film. In contrast, the non-H-diluted sample contai
Si-H2 and shows more clustered Si-H as well. The next r
evant question is, how does the H microstructure cha
upon light soaking in these three films? If there is a sim
correlation between the light-induced increase of Si-H
sorption and the SWE,5 the DIR signal should be largest i
the nondiluted GD sample 3, and smaller in the HW sam
1 compared to the H-diluted sample 2. The results are gi
in the next section.

B. Light-induced changes of the Si-H absorption

StateA was reached by 160 °C annealing of the init
state of the sample in vacuum. The measurements were
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carried out after step-by-step light soaking with 90 mW/c2

white light for about 100 h. In Fig. 3, we show the saturat
and intermediate curves of the DIR spectra;~a!, ~b!, and~c!
correspond to samples 1, 2, and 3, respectively. One can
in Figs. 3~a! and 3~b! that the saturated values show an i
crease of about 1% in the absorption near 2000 cm21 after
light soaking for both the H-diluted and the HW films. Th
is quantitatively consistent with the results of Zhaoet al.5 for
low-H-diluted GD a-Si:H films. For the nondiluted GD
sample 3, the light-induced change is complex, includin

FIG. 3. Light-induced changes of IR absorption measured
DIR technique.~a!, ~b!, and~c! correspond to samples 1, 2, and
respectively.
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decrease near 2040 cm21 and an increase centered at 18
cm21. Indeed, there was only a decrease centered at 2
cm21 after 30 h of light soaking. It is possible that there is
combination of the increase at;2000 cm21 due to meta-
stable changes of Si-H and a decrease at a higher wave
ber due to metastable changes related to the Si-H2 bonds. For
instance, we obtain the fitting curve as the solid line sho
in Fig. 3~c! by using two Gaussian functions, if we assume
1% increase at;2000 cm21 and a 1.5% decrease at 202
cm21. Finally, the sample was annealed at 200 °C in
vacuum for 1 h to remove the photoinduced changes. W
observed an 80–90 % recovery of the DIR spectrum for
samples. The lack of full recovery might be due to inhom
geneity of the film.

It was expected that the DIR increase at;2000 cm21

might be less in the HW than in the GD film. It was som
what surprising that the DIR data show the same order
magnitude metastable increase at;2000 cm21 occurring in
these three types of films. It is clear that there are lig
induced IR absorption changes in these three films but
correlation with the SWE is not simple. The non-H-dilute
GD film shows an additional decrease of the DIR signa
higher wave number. To further study how the metasta
structural changes are correlated to the electronic stab
we show another type of light-induced structural metasta
ity in the next section.

C. Initial and light-induced stress in HW a-Si:H

Using a sensitive bending technique, a subtle increas
film expansion was found in GDa-Si:H films upon light
soaking, and the kinetics of the light-induced structu
change was identical to the kinetics of the SWE.6 We per-
formed the same measurements at the same laboratory
group of HWa-Si:H films that are listed in Table II. Figure
4~a! shows the initial stress of the HWa-Si:H films as a
function of both the substrate temperatureTs and the hydro-
gen content. The H content was deduced from the IR abs
tion spectrum. In Fig. 4~a!, it is seen that the maximum ini
tial compressive stress;425 MPa corresponds to a relative
low deposition temperatureTs5280 °C and high hydrogen
content;8 at. %. As the deposition temperature increas
both the hydrogen content and the compressive stress
crease. The minimum compression of;74 MPa occurs at a
high deposition temperature ofTs5440 °C and low hydro-
gen content of<1 at. %. This indicates that the higher th
concentration of Si-H bonds, the higher the compression
the film, since we know that Si-H bonding is the dominant
configuration in the film. Figure 4~b! shows the photoin-
duced changes of the stress after 300 mW/cm2 light soaking
for 3 h in the same group of hot-wirea-Si:H samples. As in
GD films,6 the saturated light-induced expansion is on
same order of 1024 of the initial stress, and the light-induce
expansion decreases with hydrogen content in the same
ner as does the initial compression. The light-induced v
ume expansion was reversed by thermal annealing at 20
for 1 h. Again, we did not see the expected results of l
light-induced stress in HWa-Si:H than in GD CVD films;
however, we did see that both the initial compression and
light-induced volume expansion are proportional to the S
bond concentration.
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D. Photoconductivity degradation and metastable defects in
HW a-Si:H

In order to study the correlation of the film stress with t
SWE in HW films, the photoinduced changes in both pho
and dark conductivities were measured for the same grou
films investigated in the stress studies. The same light so
for light soaking was used for the PC measurements. In
5 we show the PC decay as a function of light-soaking tim
We can see that up to 15 h of light soaking with 3
mW/cm2 white light causes the PC to decrease by about
order of magnitude for the films deposited atTs5280 and
320 °C, but a smaller decrease occurs for the films depos

FIG. 4. ~a! Initial compressive stress and~b! photoinduced
changes of the stress after 300 mW/cm2 light soaking for 3 h, as a
function of substrate temperature and H content in a group of H
a-Si:H samples.
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7174 PRB 62HAN, BAUGH, YUE, AND WANG
at Ts>360 °C. We note that some increases in PC can
seen over some time segments in samples deposited a
and 440 °C. Meanwhile, the temperature dependence of
dark conductivity was measured from room temperature
to 150 °C before and after light soaking. The position of t
Fermi level deduced from the thermal activation energy
the conductivity is shown in Fig. 6. Comparing the results
Figs. 5 and 6, one finds that when the Fermi level mo
down appreciably~from 0.60 to 0.83 eV and from 0.82 t
0.90 eV below the conduction band edge for the films dep
ited at Ts5280 and 320 °C, respectively! the PC decrease
by a factor of 10; otherwise, the PC degradation effec

FIG. 5. Photoconductivity as a function of light-soaking time f
the same HW samples as in Fig. 4.

FIG. 6. Conductivity activation energy before~s! and after~d!
light soaking for the same samples as in Fig. 4.
e
60
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very small ~in the films deposited atTs>360 °C!. Reason-
ably, if the metastable defect are created near the midgap
Fermi level moves downward and the PC decreases u
light soaking. When fewer defects are created in the mid
(Ts>360 °C), neither the Fermi level nor the PC chang
much. Nevertheless, none of the PC degradation curves o
the stretched-exponential law described by the exist
models.3,4 We noticed that typical values of the activatio
energy in HW films are not only larger than that in GD film
~;0.6 and 0.75 eV at statesA andB, respectively!, but also
nonreproducible during light-soaking–annealing cycles.
many cases, the activation energy is 0.9–1.0 eV in stateA;16

i.e., the Fermi level is located at or below midgap. The Fe
level then either moves upward or does not change u
light soaking. After annealing a second time, the activat
energies are smaller than that measured in stateA, about
0.7–0.8 eV.

One may argue that the defect density of states DOS
better characterization of the electronic stability. To dedu
the defect density of states, the subgap absorption was m
sured by photothermal deflection spectroscopy~PDS! for the
same group of HW films. We plot the results of PDS befo
light soaking in Fig. 7~a!. We found that the subband ga
absorptionaex is one to two orders of magnitude higher tha
that in device-quality films. Unexpectedly, the 360 °C fil
shows the highest subband gap absorption, which could
respond to a defect density>1018/cm3 deduced from the
relationNd57.931015*aexdE.17 From our previous studies
by both the constant photocurrent method and electron
resonance, we know the defect density is less than 1016/cm3

in the film deposited at 360 °C. A possible reason for t
discrepancy could be the high sensitivity of the PDS te
nique to surface roughness. Accordingly, we examined
film surface morphology by atomic force microscop
~AFM!, and plot both the PDS and AFM results as a functi
of film deposition temperature in Fig. 7~b!. The AFM result
from a GD sample is also indicated. The surface roughn
was defined by an average in a scanning area
131 mm2. A typical value of surface roughness for G
a-Si:H is 2–3 nm. On the other hand, we found that t
roughness of these HW films was in the range of 5–19 n
Figure 7~b! shows that there is clearly a correlation betwe
the PDS and the AFM data, and hence the subband gap
sorption signal from PDS is most likely due to surfa
roughness and not the bulk defect density for the HWa-Si:H
films. The detailed explanation for the high PDS value
mains unclear. Because of the high value introduced by
surface roughness, after light soaking there were no vis
changes of the subgap absorption in the PDS data.

The defect densityNd deduced from subband gap absor
tion by using the constant photocurrent method in connec
with the transmission spectrum is a more reliable way
characterize metastable defect creation. All the transiti
from deep states to transport level in the bulk material w
contribute to the subband gap absorption.18 We show the
results from a group of HW films that were deposited
7059 glass substrates using the same CVD system at
same substrate temperature series but all with filament
rent of 14 A. Film properties such as the H content, t
initial photosensitivity, and the light-induced changes of t
PC for each sample were similar to those listed in Table
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However, the PC degradation kinetics are slightly differe
The details are given elsewhere.16 In Fig. 8, we show the
density of metastable defectsDNd deduced from subgap ab
sorption in comparison with that obtained from the PC
sults. The densities of metastable defects deduced from
PC and subband gap absorption are slightly different
most films; the light-induced defect density is about (1
2)31016cm23 in most films. The largest difference wa
found for the film deposited at 360 °C, in which the me
stable defect density deduced from PC data was a factor
larger than that from subgap absorption.

Comparing the light-induced volume expansion and
light-induced PC degradation as well as the defect creat
we found that, first, the better electronic stability of the H
a-Si:H does not result in a smaller light-induced volume e

FIG. 7. ~a! Subband gap absorption and the absorption e
measured by PDS, and~b! correlation of PDS~solid triangles! with
AFM ~open circles! data, showing that the subgap absorption sig
is due to surface roughness for the same HWa-Si:H films as in Fig.
4. An AFM data point from a GD CVD film is also shown~3!.
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pansion; secondly, in this group of HW films the ligh
induced volume expansion decreases when the film dep
tion temperature increases as shown in Fig. 4~b!. In contrast,
the light-induced photodegradation of electronic propert
such as the changes of PC, Fermi-level position, and de
DOS do not monotonically decrease asTs increases, as
shown in Figs. 5, 6, and 8.

IV. SUMMARY AND DISCUSSION

The hydrogen content and microstructure and their lig
induced metastable changes were studied by IR, DIR,
NMR in device-qualitya-Si:H samples that were prepare
by hot-wire and glow-discharge CVD with and without
dilution. Despite the large difference in H content betwe
the HW and H-diluted GD samples, 1 and 8 at. %, the
bonding configuration, its distribution, and the light-induc
increase of IR absorption are qualitatively the same, i.e
predominance of Si-H bonds,;1

3 of the H in the isolated
phase, and an IR absorption increase;1% near 2000 cm21

upon 90 mW/cm2 light soaking for about 100 h. In contras
the non-H-diluted sample with 15 at. % hydrogen conta
Si-H2 bonds in addition to Si-H bonds,;85% H is clustered,
and a combination of increase and decrease of the DIR si
is observed. In agreement with previous studies,19 we find
that the Si-H bond configuration and an isolated distribut
of Si-H are preferred for more stable materials, such as
H-diluted GD and HW films. The additional metastability
related to the H cluster and/or Si-H2 bonds in the nondiluted
GD film, in which a metastable decrease in absorption
;2025 cm21 was found. However, both the mechanism th
causes the decrease at;2025 cm21 and how this relates to
DB creation remain unclear.

Interestingly, the NMR results indicate that a 20–80
volume fraction contains almost no H in all the samples. T

e

l

FIG. 8. The density of metastable defectsDNd deduced from
subgap absorption in comparison with that from the PC results
HW films deposited at substrate temperatures of 280, 320, 360,
and 440 °C with filament current 14 A.
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implies that there is an inhomogeneity of the backbone am
phous silicon network, in addition to the inhomogeneity
the H distribution.;0.3 at. % isolated H atoms are distrib
uted in only;20% volume fraction in the HW film.;2–3
at. % isolated H atoms are distributed in the majority of t
volume ~80%! in the GD films. The overall picture is tha
GD produces a more homogeneousa-Si:H network. The
AFM results also indicate a better homogeneity of the G
than the HW film. However, the tightly compacted cluste
and the large H-poor volume fractions of;80% in the HW
films indicate improved structural ordering that could co
tribute to the improvement of electronic stability of the H
films.

Initial and photoinduced stress were studied in a group
hot-wirea-Si:H films deposited in a wide temperature rang
from 280 to 440 °C. We observed a photoinduced increas
the compressive stress, that is, a volume expansion on
order of 1024 of the initial value. The change is of the sam
order of magnitude as that observed in GD films.6 We found
that both the initial compression and the light-induced v
ume expansion decrease monotonically with decreasing S
bond concentration in the HW films. This indicates that t
Si-H bond contributes compressive stress to the Si netw
and that the light-induced volume expansion is also relate
the Si-H bond.

The densities of metastable defects deduced from the
and the subband gap absorption show a slight difference
most HW films. The largest difference was found for the fi
deposited at 360 °C, in which AFM@Fig. 7~b!# shows the
highest inhomogeneity. The light-induced defect density w
of the order of 1016cm23. No simple correlation between th
SWE and the light-induced expansion was found in H
films, and none of the PC degradation curves obeye
stretched-exponential rule.

Many experimental results have shown that PC degra
tion cannot be explained by the bimolecular recombinat
model,3 in which the PC is inversely proportional to the de
sity of neutral dangling bonds (D0). However, two or three
types of recombination centers, such as neutral and cha
DB’s, can explain the experimental results.10,11,16,18,20,21It is
known that the conductivity in intrinsica-Si:H is dominated
by mobile electrons. Therefore, the lack of agreement
tween the PC degradation and metastable defect creation
be understood if the film contains charged defects. For
stance, if positively chargedD1 are converted into neutra
D0 ~or D0→D2! upon light soaking, the capture cross se
tion for electrons will decrease, and consequently the PC
increase. For instance, the capture rate for electron
;10210 and 1027 cm3/s for D0 and D1, respectively,20

which could result in electron lifetimes differing by a fact
of 103. If this event parallels the increase of theD0 defect
density, the resultant PC could be stable or even incre
upon light soaking. Charged defects are more likely to e
in an inhomogeneous film in which potential fluctuations a
strong.22 The large value of the activation energy may be d
to the existence of charged defects.16 The nonreproducible
activation energy may indicate that the conversion or c
ation of charged defects is not completely reversible dur
light-soaking–annealing cycles. More research is neede
clarify what kind of charged defects there are and how th
are converted in the light-soaking and annealing process
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Based on our experimental results, we conclude that
amorphous silicon network is not a near-ideal continuo
random network, but is rather an inhomogeneous netw
One possible picture is that the film contains less orde
regions connecting more ordered domains, i.e., a tw
amorphous-phase model in the simplest picture. Specifica
the interfacial regions between the phases are likely to
highly disordered and to contain clusters of H occupyi
shallow Si-H levels. The more ordered phase contains alm
no H at all ~the H-absent region found by NMR!. Based on
experimental observations of light-induced H motion23 and
H-mediated structural changes inmc-Si:H due to grain
boundary motion,24 it is possible that such hydrogenated i
terfacial regions are unstable under light soaking and ther
annealing, due to the catalytic function of locally mobile
in rearranging the local Si network structure. We can th
describe the creation, saturation, and annealing process
the light-induced metastable changes as follows.

A significant fraction of the energy deposited by carr
recombination may drive the local motion of H atoms,23 so
that the local bonding configurations may fluctuate, lead
to fluctuations in the positions of the interfaces. The diffe
ential of local order across an interface situated betw
high- and low-ordered phases will entropically favor its m
tion into the more ordered phase, corresponding to
growth of the less ordered phase, and the increase in ov
structural disorder and entropy. Indeed, light-induced reve
ible change of structural ordering ina-Si:H has been
reported.25 Furthermore, H flipping defects7 could occur and
provide a significant means for the local motion of H at t
interfaces. However, these mechanisms alone should not
ate DB defects. Besides the increase in structural disor
another driving force for structural change is the minimiz
tion of lattice strain energy. The tendency of the network
minimize the strain per bond by propagation to the rest of
network causes the growth of the less ordered phase t
imperfect, and leads to the creation of coordination defe
~metastable DB’s! that occur in conjunction with the phas
growth. This two-phase picture is consistent with the we
bond breaking model,3 and suggests a spatial location of th
weak bond, i.e., in the vicinity of the interfaces.

The strain initially concentrated at the interfaces is spre
to the rest of the network as the growth of the less orde
phase proceeds, so that the interfaces gradually become
strained and stabilize, eventually leading to the end of
phase-growth process. Under the conditions of thermal
nealing, the energy is made available to all the atoms,
the regrowth of the more ordered phase will be favored
satisfy local minimization of atomic configuration energ
This process, obtained by annealing at a suitable temp
ture, effectively reverses the phase growth induced by li
soaking, metastable DB’s are annihilated as the strain is
concentrated at the interfaces and the material approach
structural state similar to, but not necessarily the same as
initial state.

The above phenomenological description of the meta
bility can be reconciled with the experimental results o
lined above. The improved electronic stability of th
H-diluted GD and the HW films is likely due to the predom
nance of Si-H~i.e., no Si-H2!, and better overall network
ordering. Proton NMR finds more clustered H, suggest
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more metastable interfaces, in the nondiluted film, and
DIR results suggest that Si-H2 may lead to an extra metasta
bility. The observation that the IR absorption coefficient e
hibits metastable changes on the order of 1% is consis
with a picture in which at least a few percent of the H ato
are involved in bonding rearrangements related to the m
stable phase-growth process. The lack of full recovery of
metastable changes indicates that the annealed struc
state is not exactly the same as the initial stateA, which is
suggested by the model described here. A metastable
crease in compressive stress would accompany the incr
in volume fraction of the less ordered, less dense region
well as the spreading of the strain initially concentrated
the interfaces to the rest of the network. The HW films a
evidently much more inhomogeneous than the GD film
suggesting a larger fraction of interfacial regions in the H
a-Si:H. Thus, even though the HW film has much lower
content, a greater fraction of its H is likely to be associa
with the metastable interfacial regions than that of the G
material. This is supported by the NMR observation that
H clusters contain a much larger number~.14 atoms! of H
atoms in HWa-Si:H than that~six atoms! in GD a-Si:H.12

Therefore, given the more inhomogeneous microstructur
the HW film, the model suggests that the magnitude of
light-induced structural changes should be larger than ex
tations based solely on H content, in agreement with
LOB and DIR data. Indeed, the photoinduced stress in
HW films decreases by only a factor of 2 over a range o
content that changes by a factor;8.

This model can also explain several importa
observations.26–29

~1! The SWE has low efficiency; i.e., more tha
1022cm23 recombination processes are needed for 1017cm23

new defects.26 As described in the model, this is because~a!
a large fraction of the recombination energy drives the str
tural changes, and~b! the defect creation does not take pla
uniformly in the wholea-Si:H network, but more likely takes
place in the vicinity of the interfacial region.

~2! The order of magnitude increase in defect creation r
obtained with short, intense laser pulses,27 is consistent with
recombination-driven structural changes. The large recom
nation densities raise the effective ‘‘temperature’’ of the
ed
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cally mobile H at the interfaces, increasing the phase-gro
rate superlinearly with carrier density, and also increas
the effective number of metastable interfaces. The signific
increase in saturated defect density excludes the possib
that a finite number of defect centers cause saturation,
consistent with the model. One would expect larger effect
DIR and LOB measurements by using such pulsed exc
tions.

~3! Time-resolved measurements of the electronic me
stability of a-Si:H find that there is a slow precursor to defe
creation with a time scale on the order of milliseconds, rat
than the recombination time scale of microseconds.28 The
structural changes suggested in this model may corresp
to that precursor.

~4! Further evidence for a two-phasea-Si:H microstruc-
ture is that when the H dilution ratio is increased in the CV
process, the highly ordereda-Si regions tend to crystallize
into grains.9,29

In summary, the light-induced metastability ofa-Si:H
contains structural changes in conjunction with metasta
DB creation. We describe the light-induced metastability
a two-phase amorphous model. We emphasize that both
reduced H clusters and the improved overall structural ord
ing are crucial for the improved stability. The high-H-dilute
GD films grown just before the onset of microcrystallini
have shown improved stability as good as that of a H
film.30 No simple correlation was observed between
light-induced structural changes and PC degradation, wh
does not obey a stretched-exponential rule. The inhomo
neity of the amorphous silicon network might be importa
in explaining the above results.
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