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Kinetics of the Staebler-Wronski effect
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An extension of the model proposed by Stutzman, Jackson, and Tsai [Phys. Rev. B 32, 23 (1985)]
for the kinetics of light-induced metastable defect creation in a-Si:H is presented. We assume a lim-
ited density of defect centers and take into account the attenuation of the incident light into the
sample. The experimental data of the work mentioned above are well fitted with our modified
model. This fit allows for a quantitative estimation of the number of defect centers related to the
Staebler-Wronski effect.

Many experimental works have been done in order to
clarify the origin of the Staebler-Wronski effect (SWE)
(Refs. 1—8), in a-Si:H. Among them, one of the most
complete sets of measurements is that presented, in recent
papers, ' by Stutzmann, Jackson, and Tsai (SJT). Ac-
cording to the SJT microscopic model for the SWE, the
light-induced defects are assumed to be single dangling
bonds, and consequently the density of light-induced
metastable defects can be measured through the induced
spin density. The kinetic model proposed by SJT (Refs. 7
and 8) predicts that the density of light-induced defects is
a sublinear function of illumination time and light intensi-
ty. This prediction is in agreement with their experimen-
tal data for the time evolution of spin density and pho-
toconductivity. ' However, this model is not able to
predict the saturation behavior physically expected at long
times. As mentioned by SJT, saturation could take place
due to the depletion of accessible metastable sites. In spite
of the fact that the typical increase in the spin density
(= 10' cm ) measured by different authors is well below
the value estimated for saturation (-=10' cm ), it is not
obvious whether or not the existence of a limited number
of centers could affect the kinetics of spin generation for
relatively short times of exposure.

In this work, we have added two hypotheses to the SJT
kinetic model. (a) In the annealed state, only a limited
number N of defect centers are able to be transformed
into metastable centers by illumination. Thus, the limit-
ing condition is not only that the induced defects provide
alternative paths for electron-hole recombination, but also
that the number of centers available is depleted with time.
(b) The N centers available in the annealed state are
homogeneously distributed through the sample. Light at-
tenuation into the sample is taken into account, instead of
assuming a two-phase model as proposed by SJT. These
hypotheses allow for a good fitting of the SJT experimen-
tal data, which in turn provides a quantitative estimation
for N, a useful magnitude to investigate in order to clar-
ify the microscopic origin of the SWE and to know more
about the material structure.

Starting from the equation given by SJT for the spin-
generation rate, and assuming that this rate is propor-
tional to the number of centers available to be
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FIG. 1. Effective dangling-bond density as a function of il-
lumination time, for various light intensities. The experimental
points are taken from Ref. 8. Solid lines correspond to a fit us-

ing Eq. (2).

transformed in metastable centers after the time t of il-
lumination, we get

dN,
[N —N, (t)],

N, (t)

where N=N, (0)+N is the total density of dangling
bonds for t~ cc, and N, (0) is the spin density in the an-
nealed state (t =0); C includes the different constants in-
volved in the process and I is the intensity of the incident
light. Considering the attenuation of light in the sample,
I is given by I=Ioe ", where Io is the intensity of the
incident light at the sample surface, a is the absorption
coefficient, and x varies from x =0 to x =a, a being the
sample thickness.

Equation (1) is integrated to obtain

—,
'

[N, (x, t) —N, (0))+N[N, (x, t) —N, (0)]

[N N, (x,t)]-
+N ln +CIoe t =0 .

[N —N, (0)]
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FIG. 2. Experimental decay of the normalized photoconduc-
tivity as a function of illumination time for Ip ——170 mW/cm'
(data from Ref. 8). The solid line corresponds to a fit using Eq.
(3). The resulting parameters are aa = 10 (a = sample thick-
ness), C= 6.4x 10 cm mW min ', and N =3.4X 10'
cm

FIT&. 3. Variation of the dangling-bond density with sample
thickness for Ip ——SOO mW/cm and t =420 min (exPerimental
points obtained from Ref. 8, see text). The dashed line was ob-
tained employing Eq. (2) and using an average of the parameters
N and C of Table I. The solid line corresponds to the best fit
using Eq. (2) with the same N as before, and leaving C as a free
parameter.

Equation (2) can be solved only by numerical methods.
Once N, (x, t) is known for all x, it is averaged over the
sample volume to obtain the value of the effective spin
density n, (t), defined as the ratio between the total num-
ber of spins and the sample volume, n, (t) =(1/V)
X N, x, tdV.

In order to get the unknown parameters N, e, and C,
we made a fit with the SJT experimental data for the ef-
fective spin density versus illumination time, using a
finite-difference Levenberg-Marquardt algorithm. ' As
the SJT data were obtained for different values of Io, this
procedure allows for a self-consistent check of the es-

timated parameters. The best fits are shown in Fig. 1, and
the corresponding parameters in Table I. We found that
the fit for short times is sensitive to the asymptotic value
N for fixed values of C. For example, if deviations in

the adjusted value N are imposed, relative variations of
the same order result for the calculated induced spin den-

sity, at least within the typical exposure times used in the
SJT experiments. However, as discussed below, this
behavior is not enough to determine N independently
from C under these conditions.

Starting from Eq. (2), it is possible to make a similar
analysis for the photoconductivity, following the assump-
tion of SJT, in which the neutral dangling bonds are as-

sumed to be the most effective recombination centers.
The light which generates carriers is attenuated as depth
increases, so the contribution to the photoconductivity of
each layer of thickness dx must be weighted with the in-
tensity of the incident light at such layer. Under these
conditions, the photoconductivity after the sample has
been exposed for a time t, normalized by that at t =0, can
be written as

cr~h(t) N, (0)aa a
dx

o~h(0) (l —e ) o N, (x, t)
(3)

Here, n is the same as that used in the evaluation of
N, (x, t), provided that the wavelength of the light used in
the photoconductivity measurements is the same as that
used in the generation of the SWE.

We applied the above mentioned algorithm to fit the re-
sults from our model with the photoconductivity data of
SJT, with a, C, and N as free parameters. The best fit is
shown in Fig. 2, and the obtained parameters are a =3.3
)& 10 cm ', C=6.4~ 10 cm mW min ' and
N =3.4g 10'8 cm

Equations (2) and (3) were used to check the behavior of
the effective spin density and photoconductivity as a func-

TABLE I. Parameters resulting from the fit shown in Fig. 1.

Ip
(mW/cm )

so
100
200
400
700

N
(cm

S.S x1O"
S.S x1O"
S.S x1O"
S.S x1O"
4.9 x 10"

(cm ')

3.1 x 104

2.9 x 104

3.2 x 104

3.2 x 104

3.8 x10'

C
(cm mW min ')

1.1 x 10-4
1.1 x 10—4

1.1 x 10-4
1.1x10 4

1.0x 10—4
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FIG. 4. Variation of photoconductivity with sample thick-
ness, theoretical results. The parameters are the same as in Fig.
3.

tion of the sample thickness, for a given exposure time.
Using the values given in Table I, we have plotted the
computed effective spin density and photoconductivity as
a function of aa in Figs. 3 and 4. The experimental SJT
values for the spin density as a function of the sample
thickness are also included in Fig. 3 (note that the energy
of the light for these data, Ace=1.8 eV, is different from
that used in Fig. 1, fico=1.9 eV). We assumed a= 1 &&10

cm ' for the representation of these data, considering the
a obtained from the fit of N, versus t and typical a
versus Ace dependences. " It is possible to see that the ex-
perimental data do not fit well with our model when we
use the parameters of Table I. This discrepancy is not
surprising because each experiment was carried out with
light of different energy and C is expected to depend on
the energy through u dependence of the incident light.
So, if we take N from Table I, and leave C as a free pa-
rameter, the best fit is obtained for C = 1 & 10
cm mW min '

~ In Fig. 3 it can be observed that, in
spite of the experiment mentioned by SJT, their experi-
mental data of induced spin density as a function of sam-
ple thickness can be reproduced taking into account the
absorption coefficient without any reference to an inho-
mogeneity present in the distribution of the defect centers.
We think that it would be of much importance to make a
deeper study in order to clarify this point. Moreover, if
the two-phase model is adopted, the dimension proposed
by SJT for the active phase is not far from the penetration
depth expected for the light used in the experiment. We
then conclude that, whatever the origin of the thickness
dependence be, the attenuation of light should be con-
sidered.

In spite of the relatively high number of free parame-
ters used, it is remarkable the uniformity in the values
shown in Table I ~ On the other hand, the parameters ob-
tained from the photoconductivity data are quite similar
to those obtained from the fitting of the spin density. It is
worth noting that the values of a obtained from the fit-
ting are close to those reported in the literature at the
same energy of the incident light. " Starting from the ex-
perimental data, and using our extension to the model for
the kinetics of defect generation, we obtained N =5.0
)&10' cm, which is in agreement with the number of
centers which are able to be transformed in metastable
centers estimated by SJT on the basis of their microscopic
model.

In this work we have shown that under the hypothesis
of a limited number of defect centers homogeneously dis-
tributed, and taking into account the attenuation of the
incident light, the experimental results can be well fitted.
The proposed model has the correct asymptotic behavior,
and allows for the determination of the number of the
SWE related defect centers. However, none of the data
ever approach the saturation region, since N, (t) &0.011V
Therefore, taking into account Eq. (1), it could be possible
that variations in C compensate for deviations of N in
producing the fitting of the experimental data. Indeed, we
found that it is possible to fit the data with different
values of C by fixing different values of N . In this case,
the fitting yields results for the product N C which tend
to a constant value. As a consequence further experi-
ments should be performed in order to determine N (and
its very existence) more accurately.

On the other hand, the existence of an illumination pro-
file makes the average value n, (t) much lower than the
values of the spin density in the surface layer (x & I/a).
Therefore, for these values of x, Eq. (1) must be integrat-
ed without the approximation N, (t) «N . This allowed
us to propose and experiment on the basis of a numerical
simulation with Eq. (2), assuming thinner samples and
larger exposition times. We found that a set of n, (t) mea-
surements performed on samples of 0.3 pm in thickness,
during 50 hs of illumination with 1.9-eV light and 400
mW/cm in intensity, would allow us to determine N
within an error of 25%, assuming typical values in the or-
der of 10' cm for N~.
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