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Light-induced creation of metastable defects in hydrogenated amorphous silicon
studied by computer simulations of constant photocurrent measurements

J. A. Schmidt, R. D. Arce, R. R. Koropecki, and R. H. Buitrago
INTEC (UNL-CONICET), Gu¨emes 3450, (3000) Santa Fe, Argentina

~Received 8 June 1998!

The light-induced degradation of an intrinsic hydrogenated amorphous silicon sample has been studied from
the evolution of the sub-band-gap absorption coefficient. The experimental results have been modeled using
detailed numerical analysis, obtaining the defect distribution within the gap for each illumination time. These
results have been compared with those previously obtained from a direct deconvolution of the absorption
coefficient spectra@J. A. Schmidt, R. Arce, R. H. Buitrago, and R. R. Koropecki, Phys. Rev. B55, 9621
~1997!#. We have found, in agreement with our previous work, that~i! the defect density shows the presence
of more charged than neutral defects, as predicted by the defect pool model, and~ii ! the concentration of
charged and neutral defects evolve with the same time dependence, thus contradicting Schumm’s generalized
model of defect equilibration.@S0163-1829~99!08907-9#
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The understanding of the defect structure in hydrogena
amorphous silicon (a-Si:H) is of paramount importance fo
the improvement of solar cells and other devices based
this material. Comprehensive models have been develo
for the defect formation and its evolution as a function
illumination time.1–5 However, more experimental data a
still necessary in order to test the predictions of these m
els. As the density of states~DOS! determines the optica
properties of the material, the sub-band-gap absorption c
ficient spectrum@a(hn)# can be used to gain informatio
about the defect structure. The integrated defect density (ND)
and the Urbach energy (EU) can be easily obtained from
measurement ofa(hn). Moreover, it is also possible to ob
tain the energetic distribution of the defect densityND(E).
To this purpose, two approaches can be made. One i
apply an appropriate deconvolution technique to thea(hn)
data, as discussed in previous works.6–8 The other approach
~convolution approach! is to model the defect distribution
with a function having some free parameters, which are
termined from a fitting of the measured spectra.9–11

In a previous article12 we have used the first approac
studying the light-induced degradation of ana-Si:H sample
by means of the deconvolution procedure proposed
Jensen.8 The a(hn) spectra used for the deconvolution we
obtained by the constant photocurrent method~CPM! using
the standard hypothesis of this technique.13 The occupied
DOS showed the presence of two peaks between the val
band and the Fermi energy, which were assigned to the
tral (D0) and negatively charged (D2) dangling bonds. We
have found more charged than neutral defects, in accord
with the prediction of the defect pool model.2,3 We have also
found that both defect densities evolve ast ill

1/3, wheret ill is
the illumination time. This is in agreement with ESR me
surements, which show a spin density growing with the sa
time dependence14,15and verifies that the spin density is pr
portional to the total density of defects.

On the other hand, in a recently published paper,16 we
have presented a steady-state photoconductivity mode
a-Si:H. The model includes the full set of transitions b
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tween localized and extended states, considering the mid
states as amphoteric. We have developed a computer s
lation code that, starting from a given functional form for th
DOS, allows us to obtain the true absorption coefficient
the material. Based on this convolution approach, we h
shown that the standard procedure used in the CPM te
nique leads to errors in the determination of the absorp
coefficient. Moreover, new experimental evidence,17 based
on the photon energy dependence of the Rose factorg, gives
support to this ascertainment. Since in Ref. 12 we have u
the standard CPM procedure to obtain thea(hn) spectrum, it
would be important to analyze those results by using
complete photoconductivity model of Ref. 16.

The functional form of the midgap DOS is a subject pre
ently under debate. The standard defect model implies
most of the dangling bond states are occupied by one e
tron, meaning that almost all defects are neutral. On the o
hand, the defect pool model suggests a defect equilibra
process that leads to the existence of more charged than
tral defects even in undoped samples. Our computer sim
tion code allows to fit thea(hn) spectra with either defec
model, thus giving the possibility to test the accuracy of ea
model in reproducing the absorption spectra. As a resul
the fitting we obtain the defect distribution within the mat
rial gap, thus implementing the second approach mentio
above.

In the present work we use computer simulations of CP
spectra, based on the model of Ref. 16, in order to study
defect structure ofa-Si:H. We compare the results obtaine
when the defect distribution is described with the stand
DOS ~Ref. 18! and the defect pool models. We study th
charge state of the defects in the annealed state and
function of the light-induced degradation. In this way we a
able to test the predictions of those models that extend
defect chemical equilibrium concept to the photodegrada
process. Finally, we compare the defect density obtai
from the direct deconvolution of thea(hn) spectrum with
the one obtained from our computer simulation.

Sample preparation and characterization has already b
described in Ref. 12. The dc constant photocurrent meas
4568 ©1999 The American Physical Society



sy
th
l-

e
re
ng
e
o

ry
th
ra
-
th

d
ou

P
o

-

n

u
ion
th
c

st
ti
a
e
t
tti
is
de

-
-
d as
t
of

olu-
in

for

e

ual
he

as

r
ues
l
en
In

ho-
ark

ed
e.
tion

d
b-
the
of

olve
the

di-
ly

o
re
y-

th

a

he
to

fects
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ments were performed using a double monochromator
tem. The photocurrent was kept constant by controlling
intensity of the incident light with a computer program. Fo
lowing the standard procedure, the ‘‘absolute’’ values ofa
~named hereafteraMEAS) were obtained by matching th
CPM data to the results of conventional optical measu
ments at 1.7 eV. We took CPM spectra after the followi
illumination times: 0, 180, 780, 1980, 9180, and 23 580 s
Measurements of the CPM spectra were performed at ro
temperature, under vacuum~better than 1026 Torr), and
without changing the position of the sample within the c
ostat. The suppression of the interference pattern from
CPM spectra was done by using the transmittance spect19

followed by a final smoothing using FFT filtering. All spec
tra were treated in the same way, taking into account
comparative nature of this study.

The steady state photoconductivity model has been
scribed in detail in Ref. 16. For each photon energy
computer code determines the photon fluxf(hn) required to
keep the photocurrent constant. Following the standard C
procedure, we get the simulated absorption coefficient fr
aCPM(hn)5const/f(hn). We will call this simulated ab-
sorption coefficientaCPM, to distinguish it from the one ob
tained from the experimental CPM data,aMEAS. A fitting of
aCPM to aMEAS allows us to obtain the defect distributio
within the gap.

Figure 1 shows the evolution of the measured and sim
lated absorption coefficients as a function of the illuminat
time. As can be seen, they are in good agreement for
whole range of illumination times. If we assume a defe
distribution dominated by the neutral defects, as sugge
by the standard DOS model, we find an increased absorp
coefficient in the low photon energy region, followed by
flat zone~see Fig. 1!. This result is in agreement with thos
published by Stiebig and Siebke.20 Since this behavior is no
observed in our measurements, we have performed the fi
with a defect distribution the functional form of which
dictated by the defect pool model. The DOS consists of

FIG. 1. Evolution of the absorption coefficient as a function
the illumination time. We show the absorption coefficient measu
by the CPM (aMEAS , solid line! and the fitting based on the stead
state photoconductivity model of Ref. 16 (aCPM, symbols!. The
fitting has been performed with a defect distribution dictated by
defect pool model. We also show~dotted line! the a(hn) spectrum
that is obtained when the defect distribution is given by the stand
DOS model~for the final state, till 523 580 s).
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fect states (D2 ,D0 ,D1), exponential band tails, and para
bolic bands. SinceaMEAS increases only in the midgap re
gion, the bands and the band tails have not been change
a function oft ill . Moreover, it is not expected that the ligh
soaking may lead to any changes in the position or width
the defect peaks. Thus, in accordance with Sakataet al.,10 we
have kept these parameters constant when fitting the ev
tion of the defect density. The resulting DOS is shown
Fig. 2. The parameters used for the fitting are typical
good-quality a-Si:H. The mobility gap was taken asEm
51.8 eV. According to Street,21 the density of states at th
band edges was chosen to be 3.731021 cm23 eV21. The
best fit was obtained with an inverse logarithmic slope eq
to 52 meV for the valence-band tail and 30 meV for t
conduction-band tail. The correlation energy was taken
0.2 eV, as usually assumed in the literature.2 The ~1/0! tran-
sition of the defect peaks lay at 0.61 eV (D2), 0.92 eV
(D0), and 1.23 eV (D1). The capture cross sections fo
electrons and holes were taken the same, with val
3 310215 and 3310216 cm2 for the charged and neutra
defects, respectively. The Fermi level position was tak
from dark conductivity activation energy measurements.
the CPM experiment, as well as in the simulation, the p
tocurrent was chosen to be eight times larger than the d
current.

Figure 3 shows the evolution of the density of charg
and neutral defects as a function of the illumination tim
The defect densities have been obtained from the simula
of the CPM experiment~this work! and from the direct de-
convolution of thea(hn) spectra following Jensen’s metho
~Ref. 8!. From this figure, two important results can be o
tained. First, the density of charged defects surpasses
density of neutral ones, in accordance with the predictions
the defect pool model. Second, both defect densities ev
with the same time dependence, which is very close to
t ill
1/3 dependence measured for the spin density by ESR.

The density of charged defects in intrinsica-Si:H is still a
controversial topic. While some authors agree with the tra
tional point of view that the density of neutral defects large
exceeds the density of charged defects,22,23 other authors

f
d

e

rd

FIG. 2. Evolution of the defect density as a function of t
illumination time. The defect states are shown divided according
their occupancy in equilibrium: unoccupied (D1), occupied by one
electron (D0), and occupied by two electrons (D2). The band tails
keep constant, while the densities of charged and neutral de
grow uniformly.
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support the opposite opinion.1–3 However, an increasing
amount of recent observations1,24–26tends to confirm that the
density of charged defects is not negligible in intrins
a-Si:H. Our results agree with these later measureme
since the ratio of the areas of theD2/D0 peaks~as obtained
from Fig. 2! is 2.8. From the direct deconvolution of th
a(hn) spectrum~Ref. 12! we had already obtained a simila
result,@D2#/@D0#52.6.

The light-induced degradation ofa-Si:H samples is usu
ally assumed to proceed through the creation of mainly n
tral defects. However, in accordance with Stiebig a
Siebke,20 we have not found a decrease in the charged
neutral defect ratio upon light soaking. This behavior is
agreement with results of ESR-PDS comparisons, whe
linear correlation between the spin density and the integra
subgap absorption was found.23 On the other hand, this be
havior contradicts the predictions of Schumm’s generali
model of chemical equilibrium,3 where a strong increase i
the D0 density is anticipated. This means that more work
needed in order to apply thermal equilibrium concepts to
light-induced creation of defects.

As can be seen from Fig. 3, both the simulation of t
CPM experiment and the direct deconvolution of thea(hn)
spectra agree in the main results, i.e., the existence of m

FIG. 3. Integrated defect density as a function of the illumin
tion time, as given by Jensen’s deconvolution procedure~Ref. 8,
open symbols! and by our convolution procedure~solid symbols!.
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charged than neutral defects and the evolution of both de
densities with the same time dependence. However, it
also be noticed that the defect density obtained from
deconvolution procedure is systematically lower than t
obtained from the model approach. This disagreement ca
understood by taking into account that the deconvolut
procedure is based on the absorption coefficient measure
CPM, which according to the results of Ref. 16 undere
mates the true absorption coefficient of the material. T
important result, namely that dc CPM does not give an
curate estimation of the true absorption coefficient in
low-energy region (hn,1.3 eV), has also been confirme
from CPM measurements performed under different pho
current levels.17 Consequently, the deconvolution procedu
also underestimates the defect density. On the other hand
simulation of the CPM experiment allows to correct t
problems of the method, since the fitting ofaMEAS gives as a
result the true absorption coefficient and the defect den
~see Ref. 16!. Thus, we believe that the model approach
fers a closer estimate to the actual DOS ofa-Si:H.

In summary, we have studied the light-induced degra
tion of an intrinsic a-Si:H sample from the evolution of th
subgap absorption coefficient. We followed the approach
fitting the a(hn) spectra, obtaining as a result the defe
distribution within the gap for each illumination time. W
have reached two important conclusions:~1! the defect den-
sity responds to the predictions of the defect pool mod
with more charged than neutral defects, and~2! the concen-
tration of charged and neutral defects evolve with the sa
time dependence, meaning that light soaking does not p
erably createD0 states. The first point gives support to th
defect pool model, while the second casts doubt o
Schumm’s generalized model of defect equilibration. The
two conclusions agree with our previous findings, obtain
from the direct deconvolution of thea(hn) spectra.12 There
is, however, a disagreement in the magnitude of the de
density, which we believe is caused by a failure of the CP
in reproducing the actual absorption coefficient of the ma
rial.
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