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Effect of embedded microcrystallites on the light-induced degradation
of hydrogenated amorphous silicon
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We have studied the degradation kinetics of undoped hydrogenated amorphous silicon (a-Si:H) samples, in
which a small fraction of microcrystallites is embedded. We find that the defect density increases with an
unusually slow initial pace, which is then followed by the ‘‘normal’’t1/3 law and the subsequent saturation.
The corresponding photoconductivity shows a remarkable initial stability. We present a model that reproduces
the experimental results, and relates the structural and degradation anomalies. The measured defect density is
interpreted as a superposition of contributions from a defective layer that wraps the microcrystallites and a
high-quality amorphous matrix.@S0163-1829~99!11531-5#
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The widespread application of photovoltaic cells based
hydrogenated amorphous silicon (a-Si:H) is greatly impeded
by the degradation of the material due to prolonged expos
to light, known as the Staebler-Wronski effect~SWE!.1 The
most significant consequence of such exposure is the
ation of metastable dangling bonds~DB’s!, following a well
documented time and light intensity dependence.2 It is
known thata-Si:H solar cells grown under hydrogen dilutio
are more stable,3 and it has been recently argued that this
related to the onset of silicon microcrystallite formatio
within the amorphous material.4 The more stable materia
can be thus viewed as an intermediate state between
a-Si:H and microcrystalline silicon, the latter of which
known5 to be stable. However, there have been only a f
studies of the degradation kinetics ofa-Si:H films in this
intermediate region. In this report, we examine the degra
tion kinetics of undopeda-Si:H films that contain a smal
fraction of microcrystallites. The films exhibit an abnorm
degradation kinetics, that can be accounted for by a mo
that incorporates the mixed phase nature of the material

The a-Si:H samples used in this study were deposited
dc reactive magnetron sputtering of a 593129 planar Si tar-
get in an Ar1H2 plasma.6 The argon pressure was 1.5 mTo
and the hydrogen pressure was 0.6 mTorr. The samples
simultaneously grown onp1 c-Si and on Corning 7059
glass. The substrates were kept at a temperature of 23
and the growth rate was about 170 Å/min. For the capa
tance measurements we evaporated semitransparent Pd
on top of thea-Si:H/c-Si films. For the films grown on glas
we evaporated Cr contacts in a coplanar configuration, t
obtaining approximately ohmic contacts, which are suita
for measurements of the secondary photoconductivity. P
to the measurements the samples were annealed at 490
1 h. Light soaking was performed using a tungsten-halo
lamp, with a maximal intensity of 4.5 W/cm2, with the
samples immersed in methanol, to maintain a surface t
perature below 60 °C.

To verify the presence of microcrystallites in our films w
measured the subband-gap absorption spectrum using
PRB 600163-1829/99/60~7!/4434~4!/$15.00
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sient photocapacitance and transient photocurr
spectroscopies.7 The results are presented in Fig. 1, togeth
with a representative spectrum for purea-Si:H. The photo-
current curve essentially resembles the absorption spec
of microcrystalline silicon, while the photocapacitance cur
consists of a typicala-Si:H absorption curve on top of which
an extra feature at;1.2 eV is superimposed. Such absor
tion curves8 indicate the inclusion of a small volume fractio
of microcrystallites in thea-Si:H film. This is confirmed by
our Raman measurements, which show an additional ‘‘sho
der’’ at 522 cm21, and by TEM micrographs of such films.8

To study the degradation kinetics we determined the
fect density using drive-level capacitance profiling~DLCP!

FIG. 1. Subband-gap absorption spectra as determined from
transient photocapacitance and transient photocurrent experim
The solid line represents a typical spectrum for a purea-Si:H
sample.
4434 ©1999 The American Physical Society
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measurements.9 These were performed at 350 K~at a fre-
quency of 11 Hz! to avoid thermal annealing effects. In Fi
2 we present the defect densities as a function of light so
ing time under three different intensities. Starting with t
high-intensity curve, we see that initially the defect dens
increases very slowly, for about 10 min~hereafter called
‘‘stage 1’’!. We note, however, that even after 1 min of lig
soaking the defect density is higher than its annealed s
value of 231015cm23. After this stage of slow degradation
the defect density increases dramatically in the next t
interval ~‘‘stage 2’’!, and later at a more moderate pa
~‘‘stage 3’’! followed by saturation~‘‘stage 4’’!. All these
behaviors, including the abrupt increase in stage 2, w
completely reproducible. Turning to the degradation un
lower light intensities we observe the same qualitative f
tures, except that stage 1 becomes even slower as the
intensity decreases, while stage 2 is gradually suppresse
is noteworthy that the transition point from stage 1 to stag
occurs at longer times and lower defect densities as the
intensity is reduced. The other differences between
curves, i.e., the lower overall defect density and the lon
times required to achieve saturation under lower light int
sity, are well known and generally occur for alla-Si:H
samples.2 The annealing kinetics of our samples were exa
ined in consecutive isochronal steps of 15 min at increas
temperature. These data could be fitted by a single activ
process, suggesting the existence of a only single type
light-induced defect.

The degradation ofa-Si:H is commonly explained2 as a
consequence of nonradiative tail to tail recombination t
produces metastable DB’s in addition to those presen
equilibrium. This process is eventually balanced by lig
induced annealing, which is attributed10 to electron trapping
into DB’s. Thus, one can write a kinetic equation for the D
densityN as

dN

dt
5Csw

G2

N2 2lG. ~1!

The coefficientsCsw andl control the creation and annealin
of DB’s, respectively,G is the photocarrier generation rat
and t is the light soaking time. We have neglected therm
effects due to the low-surface temperature of the sample
ing light soaking~see above!. This model assumes that mo

FIG. 2. The defect density as a function of the light soak
time. The lines represent model fittings without~full ! and with
~dashed! changingC1 as a function of the generation rate~see text!.
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of the recombination traffic is through the DB’s, leading
the N22 dependence of the creation term. An approxim
solution of Eq.~1! yields the commonly observed behavi
of N(t)}G2/3t1/3, which is quite different from our experi
mental findings. We further note that the disagreement
tween the above model and our results cannot be attrib
to an additive constant resulting from stable defects within
around the microcrystallites. Rather, the presence of the
crocrystallites leads to an altogether different degradation
netics. We present below a modification of the theoreti
model that accounts for these differences without assum
fundamentally different mechanisms for the creation and
nealing of DB’s.

We believe that the observed behavior requires a sec
degrading phase, and thus, propose that inside the h
quality amorphous silicon film~phase 1! there are microcrys-
tallites ~phase 3!, which are surrounded by a highly defectiv
amorphous silicon layer~phase 2!. Phase 2, which may als
include grain boundary states, can be thought of as a tis
layer that wraps the embedded microcrystallites. While
model consists of three phases, only the two amorph
phases can degrade. Supporting evidence for this prop
structure has been given independently by transp
measurements11 and by subband-gap absorption12 studies
performed on films that contained a much higher fraction
microcrystallites. The latter work also showed that the def
tive amorphous layer contains a high-hydrogen concentra
~around 38% hydrogen, whereas a ‘‘normal’’ value f
a-Si:H is about 10%!.

For such a structure the overall measured defect den
will be given by a superposition of the contributions of th
different phases with their relative volume fraction~f i ,
wherei signifies the phase number! as a weighting function.
Since the defect density contributed by the microcrystall
phase is expected only to contribute a small overall cons
we have set this defect density to zero. For phase 2, we
express the kinetics of the increase of its defect densityN2
using Eq.~1! with C2 andl2 as the creation and annealin
coefficients in this phase, respectively. We also note that
to the high-initial defect density of this phase,N2 is expected
to increase only slightly and relatively slowly upon ligh
soaking.

Turning to the first phase, we assume that in stateA a
significant fraction of the photocarriers diffuse from phase
into the defective phase 2, and recombine there. We de
by Z density ofN2 states that control the recombination
carriers from phase 1. Accordingly, we obtain the kine
equation

dN1

dt
5C1

G2

Z2 2l1

G

Z
N1 , ~2!

where C1 and l1 denote the light-induced defect creatio
and annealing coefficients for phase 1. Due to the high va
of Z the degradation term is relatively small, so that for
relatively long time the degradation of this phase will
insignificant. During this ‘‘incubation’’ timeN1 will remain
almost a constant, butthe overall defect density will exhibit a
small increasedue to the contribution of phase 2. This slo
degradation corresponds to stage 1 in the experime
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curves. Following this, recombination in the high-qual
phase will gradually shift to its own DB’s,but the lifetimes
will remain constantsince an equivalent number ofZ states
cease to act as recombination centers. This is because
diffusion of carriers from phase 1 to phase 2 decreases aN1

increases. This will result in alinear increaseof N1 with
time ~stage 2!. Eventually, the density ofN1 states will ex-
ceed the number ofZ states. From this time on, the lifetime
in phase 1 will be determined solely by the density of da
gling bonds in phase 1. The degradation will then follow t
kinetics of Eq.~1!, i.e., the ‘‘normal’’ t1/3 law and the sub-
sequent saturation~stages 3 and 4 of the degradation pr
cess!.

The above discussion explains qualitatively how o
model accounts for the entire experimental behavior. In
dition, we can fit the experimental data in detail using
reasonable set of parameters, as we show in Fig. 2~full
lines!. We obtain satisfactory fits for all the experiment
curves simultaneously13 by changing only the generation ra
~which is determined from the measured light intensity! and
the correspondingZ value. In our calculations we have use
initial defect densities of 531014cm23 for the high-quality
phase and 331016cm23 for the defective phase. It is note
worthy that the value ofN1(0) is lower than in standard
a-Si:H films. This is necessary to account for the initial lo
value of the overall defect density, and is consistent with
high performance of solar cells which utilize such a mix
phase material.4 We hypothesize that the presence of the m
crocrystallites leads to a reduction of the strain in the hi
quality phase, leading to this exceptionally high-quality m
terial. Indeed, the high quality of the amorphous mat
under such conditions has been noted previously.4

By fitting the experimental data we found realistic valu
of C150.0013 cm23 s andl156310213, while the corre-
sponding values for the defective second phase were d
mined to be about 103 times higher. The relatively low value
of C1 and the high value ofC2 are consistent with the re
spective high and low quality14 of the associated phases. Th
former value also assures that the saturated DB densit
phase 1 will be lower than its usual value in purea-Si:H.
Since the recombination of photocarriers in stateB is re-
stricted to the high quality phase, this predicts an improv
saturated performance for a solar cell which utilizes suc
mixed phase material. On the other hand, if the concentra
of the other phases becomes too high, then these phase
dominate the overall recombination even in stateB, and the
corresponding solar cell will perform poorly.

The one feature that our model fails to reproducequanti-
tatively is the dependence of the saturated defect density
light intensity. While the model predicts a dependence
G1/2, the experimental results represent a somewhat hig
exponent of 0.6. The fitting can be significantly improved
we allow C1 to be slightly dependent onG, as is demon-
strated in the dashed lines in Fig.~2!. These were calculate
by allowingC1 to increase by 40% as the light intensity w
changed by a factor of 2.8. Here, we observe excellent ag
ment with the experimental data. Such a proposed varia
of C1 with light intensity may indicate the existence of p
tential fluctuations in the high-quality phase,~e.g., induced
by the presence of the microcrystallites! which separate the
electrons and holes. When the generation rate increase
the
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photocarriers are more likely to overcome these fluctuati
and recombine more efficiently, leading to aC1(G) depen-
dence. This scenario can also account for theZ(G) depen-
dence that we used~i.e., at higher generation rate the ph
toncarriers are more likely to overcome the potent
fluctuations and subsequently ‘‘see’’ more of theN2 states!.
More experimental data will be needed to verify whether t
is indeed the case.

In order to reproduce the relatively long ‘‘incubation
time and the accelerated stage 2 of the degradation
model assumes that the recombination in stateA is governed
by theZ states. It thus predicts that the lifetime of the ph
tocarriers in phase 1 does not significantly degrade until
beginning of stage 3. To test this prediction we measured
effects of degradation on the photoconductivity,sph. This
was measured in a coplanar configuration using the sam
grown on glass. In Fig. 3 we present the normalized pho
conductivity as a function of light soaking time. Indeed, w
see an anomalous type of degradation:sph remains initially
constant and starts to decrease only after a few minu
roughly following at21/3 law. The time at whichsph starts to
drop becomes longer with decreasing light intensity, and
saturation times were found to be roughly compatible w
those of the defect creation. A comparison of Figs. 2 an
shows thatsph remains constant even though the defect d
sity increases. This means that the corresponding metas
defects are created without affecting the lifetime of the ph
tocarriers within the high-quality phase 1~which dominates
the photoconductivity due to its high-volume fraction!. Thus,
the photoconductivity data provide independent experime
support for our model. The small time difference betwe
the beginning of stage 3 in the DLCP data and the decre
of sph is attributed to slight differences in the growth on th
different substrates~c-Si and glass!.

In conclusion, we have studied the degradation kinetics
a-Si:H samples which contain microcrystallites in the am
phous network. The most significant deviation of the deg
dation kinetics from the ‘‘normal’’ behavior is a remarkab
slow initial degradation. We have suggested a model t
accounts for the complicated experimental results thro
the existence of two phases ofa-Si:H: One is of low-quality
and high-hydrogen concentration that lies adjacent to

FIG. 3. The normalized photoconductivity as a function of lig
soaking time.
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micro-crystallites, and the other, of very high quality, is t
vast majority of the film.
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