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Çankaya, I˙zmir, 35210 Turkey

Christopher R. Wronski
Electronic Materials Processing and Research Laboratory, The Pennsylvania State University,
University Park, Pennsylvania 16802

~Received 6 December 1996; accepted for publication 6 January 1997!

A variety of undoped~nonintrinsic! hydrogenated amorphous silicon (a-Si:H) thin films was
studied in greater detail using steady-state photoconductivity,sph, subband-gap absorption,
a(hn), steady-state photocarrier grating~SSPG!, and electron-spin-resonance~ESR! techniques
both in the annealed and stabilized light soaked states. The experimental results were
self-consistently modeled using a detailed numerical analysis. It was found that large differences in
the optoelectronic properties of device qualitya-Si:H thin films can only be explained using a gap
state distribution which consists of positively chargedD1 defect states above the Fermi level, the
neutralD0 defect states, and the negatively chargedD2 defect states below the Fermi level. There
are large differences both in the densities of neutral and charged defect states andR ratios in
differenta-Si:H films in the annealed state. The densities of both neutral and charged defect states
increased, however,R ratios decreased in the stabilized light soaked state. Very good agreement was
obtained between the densities of neutral defect states measured by ESR and those derived from the
numerical analysis in the stabilized light soaked state. The kinetics of the Staebler–Wronski effect
was also investigated. There was no direct correlation between the decrease of steady-state
photoconductivity and increase of subband-gap absorption. The self-consistent fits to wide range of
experimental results obtained with the three Gaussian distributions of charged defect states imply
that this model is much better representation of the bulk defect states in undoped hydrogenated
amorphous silicon thin films. ©1997 American Institute of Physics.@S0021-8979~97!01408-4#

I. INTRODUCTION

The concept of charged defect states1 in undoped hydro-
genated amorphous silicon thin films has recently been a
large scientific interest. It was first proposed by Adler that a
large amount of charged silicon dangling bonds with nega-
tive correlation energy existed in undopeda-Si:H films.
However, early light induced electron-spin-resonance
~LESR! measurements claimed that the electron and hole
absorption lines in undopeda-Si:H were roughly equal.2

Then, it was concluded that an insignificant fraction of dan-
gling bonds is charged. The initial results of photothermal
deflection spectroscopy~PDS! and electron-spin-resonance
~ESR! measurements showed one-to-one correlation between
density of neutral Si dangling bonds and changes in the
subband-gap absorption.3 Later, this was supported by ‘‘the
bond-breaking model’’ that primary defects ina-Si:H films
are the neutral silicon dangling bonds and their light induced
kinetics were characterized mainly by ‘‘thet1/3 rule.’’4 Fur-
thermore, ‘‘the impurity model,’’ which uses the stretched
exponentials to describe the kinetics of light induced defect
creation,5 was also based only on the neutral Si dangling
bonds with positive correlation energy rather than charged
defect states. However, a number of experimental results in-
dicated that the charged defect states are present in undoped

a-Si:H films.6–11 In 1988, the results of ESR and LESR by
Shimizuet al. showed that a large fraction of defect states is
charged states.6 Similarly, a more careful study of ESR and
LESR experiments using band-gap and below band-gap light
was carried out on thick~8 and 15mm! a-Si:H films.7 The
authors showed that the ratio of electron~narrow! to hole
~broad! absorption line increases with below band-gap light.
It was concluded that these increases were due to excitations
from the higher density of theD2 states lying close to
valence-band edge. These states were interpreted as surface
states instead of bulk defect states. Furthermore, in 1993 a
detailed comparison of absorption data and spin density us-
ing ESR and LESR experiments showed that there are sys-
tematic deviations from the proportionality between the elec-
tron and hole absorption lines when high- and low-intensity
light are used both in the annealed and light soaked state of
a-Si:H films.11 These results were explained by the presence
of a band of positively charged defectsD1 in the region of
0.4–0.7 eV below the conduction band edge. In addition,
different ratios of charged to neutral defect densities@R
5 (ND1 1 ND2)/ND0# for different films were also reported.
Recently, we have also reported self-consistent analysis of
the experimental results using steady-state photoconductivity
and subband-gap absorption on intrinsica-Si:H films
~EF;0.90 eV from the conduction band! both in the an-
nealed and light soaked states.12,13We showed that only the
distribution of charged defect states can self-consistently ex-a!Electronic mail: mgunes@likya.iyte.edu.tr
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plain the results of steady-state photoconductivity and
subband-gap absorption spectra both in the annealed and
light soaked states.

In this article, we extended our study to a variety of
intrinsic and nonintrinsic~undoped! a-Si:H films. Their an-
nealed and light soaked states were characterized experimen-
tally in greater detail using steady-state photoconductivity,
subband-gap absorption, steady-state photocarrier grating
~SSPG!, and ESR techniques. The experimental results of
subband-gap absorption and steady-state photoconductivity
were analyzed using the subband-gap absorption model
~SAM!14 based on the Simmons–Taylor statistics.15 The re-
sults extracted from the numerical analysis were compared
directly with those measured by SSPG and ESR carried out
on the samea-Si:H films.

II. EXPERIMENTAL DETAILS

Steady-state photoconductivity, subband-gap absorption,
and hole diffusion length measurements were carried out on
around 1-mm-thick, intrinsic~EF>0.90 eV! and nonintrinsic
~undoped! ~EF50.68–0.89 eV! aSi:H films deposited on
7059 glass substrate. Optical absorption in the visible region
of the spectrum was obtained from transmissionT and re-
flection R measurements and was used to normalize
subband-gap photoconductivities. The optical gaps were de-
rived from the Tauc relation.16 The ESR measurements were
carried out on films codeposited onto quartz substrates. The
annealed state was obtained by heating the samples at 200 °C
for 12 h in N2 ambient and stabilized light soaked state was
obtained by illuminating through both sides of the samples
for more than 100 h with 1 W/cm2 white light from an ELH
light source filtered with both an IR reflector and IR ab-
sorber. Light soaking temperature was maintained below
30 °C for low-intensity soaking and around 40 °C for high-
intensity soaking by air cooling through both sides of
samples. For the study of kinetics of light induced degrada-
tion, light soakings were carried out using a single step soak-
ing procedure in which the samples were light soaked for a
certain period of time, measurements were performed, and
then the samples were reannealed. This procedure was con-
tinued until degradation approached a steady state. Steady-
state photoconductivities were measured in the ohmic regime
with generation rates fromG51015 to 1020 cm23 s21 using
volume absorbed light ofl5687 nm. The subband-gap pho-
toconductivities, measured using the dual beam photocon-
ductivity ~DBP!14,17 technique with volume generation rates
from G51015 to 1018 cm23 s21, were also carried out in the
ohmic regimes of photocurrents. In addition, minority carrier
~hole! diffusion length measurements were performed using
SSPG technique in National Renewable Energy Laboratory
on the same samples under volume absorbed generation rates
of around 1020 cm23 s21 both in the annealed and stabilized
light soaked states.

III. RESULTS AND ANALYSIS

A. Annealed state

A variety of undoped~nonintrinsic! a-Si:H films depos-
ited at different substrate temperaturesTs was studied in

great detail. The films have atomic hydrogen contents from
20 to 8 at. %, which results in a shift at the optical absorption
edge as seen from Fig. 1, and the Fermi levels of 0.90 to 0.70
eV from the electron mobility edge. Examples of steady-state
photoconductivities~in the inset! and subband-gap absorp-
tion results of two nonintrinsica-Si:H films deposited at 200
and 280 °C are shown as symbols in Fig. 1. The results on
these films are also summarized in Table I and compared
with those of an intrinsica-Si:H film. The steady-state pho-
toconductivitysph increased withTs and their dependence on
generation rateG exhibited sublinear behavior~sph̀ Gg!,
whereg changes from 0.73 to 0.84. The electron mobility
lifetime, mt products measured atG51016 cm23 s21 in-
creased from 4.331026 to 3.831025 cm22/V, similarly the
subband-gap absorption increased asTs changed from
200 °C to 280 °C. The excellent overlap between the
subband-gap absorption spectra andT andR results over a

FIG. 1. The experimental results~symbols! of subband-gap absorption spec-
tra of undoped~nonintrinsic! a-Si:H thin films deposited at 200 and 280 °C
for two different generation rates in the annealed state. The steady-state
photoconductivity results~symbols! are shown in the inset. The solid
lines are the best fits to the experimental data obtained from the numerical
analysis.

TABLE I. A summary of experimental results of nonintrinsic~undoped!
a-Si:H films and those of an intrinsica-Si:H in the annealed state, where
NDOS ~cm23!5a~1.2 eV!3331016 cm23.

a-Si:H films

Annealed state

280 °C 240 °C 200 °C Intrinsic

Eopt ~eV! 1.70 1.74 1.80 1.72
EF ~eV! 0.73 0.84 0.88 0.90
sD ~S/cm! 1.131028 5.0310210 4.0310211 2.0310211

mt ~cm2/V! ~G51016! 3.8631025 5.8531026 4.3731026 1.931026

g 0.73 0.84 0.78 0.90
a~1.2! ~low G! ~cm21! 1.20 0.53 0.28 0.16
Eov ~meV! 48 48 49 49
Da~1.0 eV! ~cm21! 0.90 0.30 0.10 0.06
NDOS ~cm23! 3.431016 1.531016 8.331015 5.031015
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significant energy region eliminates any significant errors in
a(hn). The subband-gap absorption at 1.2 eV,a~1.2 eV!,
measured with low generation rate DBP, increased from 0.28
to 1.2 cm21 while the characteristic energy of the valence
band tails,Eov remained almost constant at 48 meV. The
dependence ofa(hn) at low energies~from 0.8 to 1.3 eV! on
bias light intensity increased withTs , whereDa ~at 1.0 eV!
@5a~1.0 eV! measured at high-intensity DBP-a~1.0 eV!
measured at low-intensity DBP# increased from 0.10 to 0.90
asTs went from 200 to 280 °C. This is an important differ-
ence from that observed in intrinsica-Si:H films ~where
EF>0.90 eV!; whereDa ~at 1.0 eV! was between 0.04 and
0.1.18

In general, thea(hn) measured with low bias light
DBP14,17or by the constant photocurrent method~CPM!19 is
related to the density of midgap states, particularly theD0

states, located below the Fermi level. The advantage of using
DBP over CPM is thata(hn) measured with high bias light
DBP gives information about the density of midgap states
both below and above the Fermi level.14,17The higher values
of a(hn) andDa ~at 1.0 eV! lead to the presence of a higher
density of midgap states, which results in shorter electron
lifetimes and lower electronmt products due to an increase
in the density of recombination centers. However, experi-
mental results of electronmt products of nonintrinsica-Si:H
films increase as subband-gap absorption increases. These
increases in the electronmt products cannot be due to the
increases in the free carrier mobilities, because the photo-
mixing experiments carried out on the same set of films in-
dicate that the free carrier mobilities are nearly the same.20

Therefore, these results discussed above indicate that it is
impossible to explain the changes ina(hn), Da ~at 1.0 eV!,
and electronmt products by considering only the neutral Si
dangling bonds, theD0 states, as a main defect in the band
gap. There must be more than one type of defect states lo-
cated in the band gap ofa-Si:H. To identify these defect
states, detailed numerical analysis of the steady-state photo-
conductivity and subband-gap absorption spectra as a func-
tion of generation rate is necessary.

We have previously reported that two Gaussian distribu-
tions of midgap states4 with positive correlation energy can
explain neither the results of nonintrinsica-Si:H films in the
annealed state21 nor the light soaked state characteristics of
intrinsic films.22 Later, it was shown by us that only the
distribution of charged defect states can explain the changes
in steady-state photoconductivity and subband-gap absorp-
tion spectra self-consistently both in the annealed and light
soaked states in intrinsica-Si:H films.12,13 In this study, the
same distribution of charged defect states as described pre-
viously, which is shown in Fig. 2, and the SAM14 are used to
analyze the experimental results of nonintrinsica-Si:H films.

In the analysis, extended state parameters, free carrier
mobilities, free carrier capture cross sections for exponential
tail states, and neutral and charged midgap defect states were
maintained to be the same as those used in the analysis of
intrinsic a-Si:H films.12,13For each sample, the experimental
values of the optical gap, the Fermi level position, and the
characteristic energy of valence band tailsEov were taken
into account as key inputs and 21 meV as the characteristic

energy of conduction band tail states was used for all nonin-
trinsic a-Si: H films.23 Mobility gap or recombination gap
was assumed to be 0.1 eV larger than the optical gap. The
half-widths of the Gaussian distributions were similar to
those used in intrinsic films and the values were between
0.09 and 0.12 eV. Noa priori assumptions were made for
the densities and exact energy location of neutral and
charged defect states. They were derived from the self-
consistent fits to steady-state photoconductivity and the
subband-gap absorption spectra.

The best fits to the steady-state photoconductivity~in the
inset! and subband-gap absorption spectra are also shown in
Fig. 1 for a wide range of generation rates for the same
nonintrinsica-Si:H films. ~A summary of the derived param-
eters for the neutral and charged defect states is shown in
Table III for nonintrinsic films and an intrinsica-Si:H film
for a comparison.! It is important to note that the density of
the neutral defect states is the same in different films but the
densities of the charged defect states increase from 931015

to 631016 cm23 as the substrate temperature increases from
200 to 280 °C. The derived densities of both the charged and
neutral defects are higher than those derived for intrinsic
films.13 The ratio of charged to neutral defect statesR is also
higher than that in intrinsic films13 and systematically in-
creases from 2.25 to 15 asTs increases from 200 to 280 °C.
The energy position of neutral defect states is around 0.80
eV from the valence-band edge, which is similar to that ob-
tained from the analysis of intrinsic films. However, both the
negatively chargedD2 states and positively chargedD1

states lie at higher energies than those in intrinsic films. Nev-
ertheless, the annealed state characteristics of various intrin-
sic and nonintrinsica-Si:H films can be explained self-
consistently using the same distribution of charged defect

FIG. 2. The energy distribution of gap states including both the neutral and
charged defect states used in the self-consistent modeling ofsph anda(hn)
measured in undopeda-Si:H thin films.
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states where the positively charged states are located above
the Fermi level and the negatively charged and neutral defect
states are located below the Fermi level.

Because of the experimental difficulties, it was impos-
sible to carry out reliable ESR studies for direct comparisons
of theD0 states on these films in the annealed state. How-
ever, the derived densities of neutral defect states, theD0,
can be compared with those obtained from thea~1.2
eV!3331016 relation.12 It can be seen that they are compa-
rable for intrinsic films since theD0 states dominates
subband-gap absorption; but, thea~1.2 eV! relation generally
overestimates the density of theD0 states for nonintrinsic
a-Si:H films in the annealed state because the subband-gap
absorption spectrum measured with CPM or low bias light
DBP is controlled by both theD0 as well as the higher den-
sity of the charged defect states. Therefore, the subband-gap
absorption measured by CPM or low bias light DBP can no
longer be related to the densities of theD0 states using the
a~1.2 eV!3331016 relation or by the integration rule19 in the
annealed state of nonintrinsica-Si:H films.

In addition to the steady-state photoconductivity and
subband-gap absorption measurements, the hole diffusion
length LDp was measured on the same nonintrinsica-Si:H
films at the same state using the SSPG technique.24 In the
analyses ofsph and a(hn) only the contributions of free
electrons have to be considered even though free and trapped
hole concentrations at different generation rates are derived
after solving the charge neutrality and recombination rate
equations.15 This allows both free carrier lifetimestn andtp
to be calculated for a given generation rate. Thus, assuming
a free hole mobility~in this casemp50.2 cm2/V s for all
films!, the holemptp product can be utilized to calculate
the hole diffusion lengths using the relationLDp
5(2mptpkT/e)

0.5.24 ~TheLDp values obtained from the best
fit parameters of photoconductivities are shown in Table III.!
The excellent agreement between the calculated values of
LDp and the experimental results for these films in the an-
nealed state is strong confirmation of the reliability, the
charged defect state distribution used, and the gap state pa-
rameters derived in the annealed state.

B. Stabilized light soaked state

It is well known that the Staebler–Wronski effect is an
intrinsic property of hydrogenated amorphous silicon based
materials.25 According to this effect, whena-Si:H films are
exposed to light illumination, dark and photoconductivity
decrease,25 the density of ESR active states increases,26 and
correspondingly the subband-gap absorption increases.3 The
degradation depends upon soaking time, soaking tempera-
ture, and intensity of light.25,27 Therefore, in order to com-
pare various nonintrinsic~undoped! a-Si:H films with differ-
ent annealed state characteristics, we light soaked them
under 1 W/cm2 uniform white light at low temperatures
~;40 °C! until the stabilized state was reached, where both
the subband-gap absorption and steady-state photoconductiv-
ity remained unchanged. The experimental results ofa(hn)
andsph as a function of generation rate are shown in Figs. 3
and 4 for the films deposited at 200 and 280 °C, respectively,
both in the annealed and stabilized light soaked states. The

experimental results in the stabilized light soaked state are
also summarized in Table II for nonintrinsic films and an
intrinsic film for a comparison. According to this table, dark
conductivity decreased by a factor of 10 for the 200 °C film,
by two orders of magnitude for the 240 °C film, and by al-
most three orders of magnitude for the 280 °C film. This
decrease in dark conductivity is attributed to a shift in the
Fermi level position through the midgap.25,28 The depen-

FIG. 3. The experimental results~symbols! of subband-gap absorption spec-
tra of undoped~nonintrisic! a-Si:H thin films deposited at 200 °C for two
different generation rates both in the annealed and stabilized light soaked
states. The steady-state photoconductivity results~symbols! are shown in the
inset. The solid lines are the best fits to the experimental data.

FIG. 4. The experimental results~symbols! of subband-gap absorption spec-
tra of undoped~nonintrincsic! a-Si:H thin films deposited at 280 °C for two
different generation rates both in the annealed and stabilized light soaked
states. The steady-state photoconductivity results~symbols! are shown in the
inset. The solid lines are the best fits to the experimental data obtained.
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dence ofaph on generation rateg changed to a value around
0.84 in the stabilized soaked state. It decreases ifg is close to
unity, generally observed in intrinsic films, and increases to
0.84 if it is less than 0.84 in the annealed state. This is a
common characteristic of alla-Si:H films studied whether
they are intrinsic or nonintrinsic in the annealed state. The
sph or the electronmt products measured atG51016

cm23 s21 decreased by factors of 218, 98, and 350 for 200,
240, and 280 °C films, respectively. Correspondingly, the
a~1.2 eV! measured with low-intensity DBP increased to 5.9
for 200 °C, 5.0 for 240 °C, and 5.5 cm21 for 280 °C film,
which are higher than those of intrinsic films. This is consis-
tent with the lower values of stabilized state electronmt
products observed in nonintrinsica-Si:H films. Net increase
in a~1.2 eV!, a(1.2 eV)soaked/a(1.2 eV)annealed, is a factor of
21 for 200 °C, 10 for 240 °C, and 4.2 for 280 °C films. This
indicates that there is no one-to-one direct correlation be-
tween the degradation of photoconductivity and increase of
subband-gap absorption, which has been a generally ac-
cepted method to study the light induced degradation in the
literature.4,5 Even though there is a distinct increase ina(hn)
in subband-gap region~between 0.8 and 1.5 eV!, the charac-
teristic energy of the valence band tailsEov did not show any
significant change after light soaking.

In addition to the increase ina~1.2 eV!, there is also an
increase in the dependence ofa(hn) on generation rate in
the stabilized soaked state. It is reflected in the values ofDa
~at 1.0 eV!, where it increased to the value close to 1.0 cm21

for all nonintrinsic films even though it showed large varia-
tions in the annealed state. This was also observed in intrin-
sic films. Sincea(hn) measured with higher-intensity DBP
is due to the transitions from the electron occupied states
below as well as above midgap, it is an indication that the
densities of midgap states below and above the Fermi level
increased after light soaking.

Although, the shape ofa(hn) measured with low gen-
eration rate DBP remains unchanged after light soaking,

there is a significant change in the shape ofa(hn) measured
with high generation rate DBP. As seen in Fig. 4, the change
in the shape ofa(hn) was clearly observed for the 280 °C
film which had a higher density of charged defect states and
theR ratio in the annealed state. The change in the shape of
a(hn) is obvious evidence that there is a distinct difference
between the energy distributions of native and light induced
midgap states in nonintrinsica-Si:H films. This behavior
was not distinguishable in intrinsic films.

Using the values ofa~1.2 eV! measured with low gen-
eration rate DBP, the densities of states~DOS! below mid-
gap can be calculated using thea~1.2 eV!3331016

relation.12 The values calculated from this relation are also
summarized in Table II for the nonintrinsic films in the sta-
bilized soaked state.NDOS is found to be 1.831017 cm23 for
200 °C, 1.531017 cm23 for 240 °C, and 1.631017 cm23 for
280 °C films. The density of neutral Si dangling bonds, the
D0, was also directly measured by ESR in the stabilized
soaked state for 240 and 280 °C film. The net ESR spin
density ~after subtracting the density of surface states mea-
sured in the annealed state! is 1.5631017 cm23 for 240 °C
and 1.531017 cm23 for 280 °C film, which agrees quite well
with the DOS obtained from thea~1.2 eV!3331016

relation.12 This good agreement was also observed for intrin-
sic a-Si:H film in the stabilized soaked state. Therefore, the
a(hn) measured with CPM or low generation rate DBP can
be used to estimate the density of neutral Si dangling bonds
in the stabilized soaked state for both intrinsic and nonintrin-
sic a-Si:H films. However, the defect states other than the
neutral Si dangling bonds, theD0, which cause a large deg-
radation of the electronmt products have to be identified to
understand the Staebler–Wronski effect25 in these nonintrin-
sic a-Si:H films.

In the analysis of the stabilized light soaked state data,
the band-edge and gap states parameters, free carrier capture
cross sections, free carrier mobilities, and recombination gap
were maintained to be the same as those used in the analysis
of the annealed state results. Because of a large decreases in
the dark conductivity, a shift in the Fermi level position to-
ward midgap was taken into account. In the modeling of the
results of three nonintrinsic films, a downward shift of 70
meV for 280 °C, 20 meV for 240 °C and 10 meV for 200 °C
film were made. The charge neutrality in the dark is mainly
determined by the densities of theD1 and theD2 states.

The best fits to the results ofsph anda(hn) in the sta-
bilized soaked state are shown as solid lines in Figs. 3 and 4
for nonintrinsica-Si:H films at 200 and 280 °C, respectively.
The parameters derived for the annealed and stabilized
soaked states are also summarized in Table III. For these
nonintrinsic films, the densities of both the neutral and
charged defect states increase, however, neutral defect states
D0 increase faster. The densities of theD0 statesND0 are
slightly higher than those in intrinsic films. TheR ratio de-
creases drastically from its annealed state value, where it
becomes similar to that in the intrinsic films. It ranges be-
tween 1.5 and 1.8, as compared to the values having a range
from 2.25 to 15 in the annealed state. These values ofR ratio
give rise to similar dependence ofa(hn) on generation rate,
which is around 1.0 cm21 for both the intrinsic and nonin-

TABLE II. A summary of the experimental results of nonintrinsica-Si:H
films and an intrinsica-Si:H in the stabilized light soaked state, whereNDOS

~cm23!5a~1.2 eV!3331016 cm23.

a-Si:H films

Stabilized light soaked state

280 °C 240 °C 200 °C Intrinsic

sD ~S/cm! 1.5310211 4.2310212 4.6310212 2.0310212

mt ~cm2/V!
~G51016!

1.131027 6.031028 2.031028 1.831027

g 0.84 0.86 0.85 0.84
a~1.2! ~low G!

~cm21!
5.5 5.0 5.9 3.70

Eov ~meV! 48 48 51 49
Da~1.0 eV!

~cm21!
1.12 1.10 0.95 0.80

a~1.2!soaked/
a~1.2!ann

4.3 10 21 22

mtann/mtsoaked
~G51016!

350 98 218 11

NDOS ~cm23! 1.6031017 1.5031017 1.831017 1.1131017

ND0 ~cm23!
~ESR!

1.5031017 1.5631017 ••• 1.031017
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trinsic films. However, in the nonintrinsic films, in order to
maintain the charge neutrality in the dark and self-
consistently fit the very large degradation in the photocon-
ductivities and subband-gap absorption, it was necessary to
have the charged defect states in the stabilized state to be
closer to the valence-band edge. TheD2 states are at about
0.5 eV, and theD1 states are 1.22–1.26 eV from the
valence-band edge similar to those in the intrinsic films. As
in the case of intrinsic films, it was also necessary to increase
the characteristic energy parameter of the conduction band
tailsEoc in the stabilized soaked state in order to fit theg and
sph data at the highest generation rates.12

The densities of the neutral defect statesND0 obtained
from thea~1.2 eV!3331016 relation are also shown in Table
III. Although this relation cannot be used to estimate the
density of the neutral defect states in nonintrinsic films in the
annealed state, as discussed in the previous subsection,ND0

values obtained from this relation for the stabilized light
soaked states are within less than 15% of theD0 densities
derived from the best fits. Furthermore, the net densities of
ESR spins in the stabilized soaked state~after subtracting the
contribution of surface/interface defect states! were mea-
sured as 1.5631017 cm23 for 240 °C and 1.531017 cm23 for
280 °C film; which agree very well with the values of
1.631017 and 1.431017 cm23 derived from the numerical
analysis, respectively.

In addition to the detailed analysis of thesph anda(hn)
which are determined by electrons, measurements of the hole
diffusion lengthsLDp were also carried out on these nonin-
trinsic films in the stabilized soaked state. From the best fit
parameters, themt values for holes at a generation rate
of 231020 cm23 s21 were used to calculateLDp
5(2mptpkT/e)

1/2,24 assuming the same hole mobility,
mp50.2 cm2/V s, as in the annealed state. A very good agree-
ment was found between the experimental results and those
calculated from the holemt products. These results also
listed in Table III. The additional results on the hole diffu-
sion lenghts and those of ESR measurements indicate that

midgap state parameters derived here are reliable and that
both the charged and neutral defect states are created by
light.

C. Kinetics of Staebler–Wronski effect

It was shown that both neutral and charged defect states
are created during the light soaking. Since the films studied
here have differentR ratios in the annealed state and since
they exhibit similar characteristics at the stabilized soaked
state, it is important to study the kinetics of light induced
defect creation and their effects ona(hn) andsph. The ef-
fect of light intensity on degradation was investigated on an
intrinsic film whose characteristics are given in Tables I and
II. The results ofa~1.2 eV! measured with low generation
rate DBP are shown in Fig. 5~a! as a function of time for
three different illumination intensities, the first of which was
obtained using 100 mW/cm2 white light from an ELH
tungsten–halogen lamp, and the second one was under 1
W/cm2 white light ~approximately 10 suns! from ELH
tungsten-halogen lamp, and the last one was under 1W/cm2

ELH white light illumination after which a red filter was
inserted to cut outl,610 nm, which would ensure uniform
absorption of illumination. In Fig. 5~b! the corresponding
changes insph are shown for the above illuminations. Light
soaking with 100 mW/cm2 white light was made through the
film up to 1000 h and was continued through the opposite
side for an additional 700 h. Steady states~stabilized soaked
state! of photoconductivity anda~1.2 eV! were obtained af-
ter 1000 h. The changes ina~1.2 eV! increased according to
t0.24 and thesph degradation followedt

20.26 dependence. To
see the effect of uniform light soaking, a red filter~RG-610!
after 10 suns of white light were used for accelerated degra-
dation. In this case, the stabilized soaked state was obtained
after 300 h with soaking through one side of sample only.
Both a~1.2 eV! and sph reached different stabilized state
values from that of 100 mW/cm2 white light soaking and
followed almost the same dependencies on time. Further ac-

TABLE III. Parameters obtained from the numerical analysis of steady-state photoconductivity and subband-gap absorption data for the native and light
induced neutral and charged defect states in the band gap of nonintrinsic~undoped! a-Si:H films and those of an intrinsica-Si:H in the annealed and stabilized
light soaked states, where:NDOS ~cm23!5a~1.2 eV!3331016 cm23; LDp ~SSPG! was measured using the SSPG technique at generation rate close to 231020

cm23 s21; LDp ~calculated!5(2mptpkT/e)
0.5, wheremptp was calculated atG5231020 cm23 s21 from the numerical analysis using the best fit parameters;

ND ~cm23! ~ESR! was directly measured by the ESR technique. NM: not measured.

a-Si:H films
Parameters/State

280 °C 240 °C 200 °C Intrinsic

Annealed Soaked Annealed Soaked Annealed Soaked Annealed Soaked

Eov ~meV! 48 48 48 48 49 51 49 49
Eoc ~meV! 21 40 21 39 21 40 21 35
ND0 ~cm23! 831015 1.4031017 831015 1.6031017 831015 2.031017 4.5031015 1.031017

ED0 ~eV! ~from VB! 0.78 0.78 0.79 0.79 0.80 0.80 0.78 0.78
ND1 ~cm23! 6.031016 1.1031017 1.6031016 1.4031017 9.031015 1.831017 3.031015 6.031016

ED1 ~eV! ~from VB! 1.36 1.22 1.30 1.26 1.36 1.22 1.28 1.28
ND2 ~cm23! 6.031016 1.1031017 1.6031016 1.4031017 9.031015 1.831017 3.031015 6.031017

ED2 ~eV! ~from VB! 0.56 0.48 0.57 0.48 0.56 0.48 0.50 0.50
ND0 ~cm23! ~ESR! NM 1.5031017 NM 1.5631017 NM ••• NM 1.0831017

NDOS ~cm23! 3.631016 1.6031017 1.6031016 1.5031017 8.431015 1.831017 4.831015 1.131017

R5(ND21ND1)/ND0 15 1.5 4.0 1.7 2.25 1.8 1.4 1.2
LDp ~Å! ~SSPG! 1.183103 8.803102 1.223103 7.903102 1.023103 5.903102 ••• •••
LDp ~Å! ~calculated! 1.093103 9.103102 1.193103 8.03102 1.143103 7.403102 1.023103 8.503102
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celerated light soaking was carried out with a higher inten-
sity ~10 suns! of ELH white light source. The light soaking
was carried out through one side of the sample. Even though
the steady state was reached after 60 h of soaking~even
sooner than red light soaking!, the values ofa~1.2 eV! and
sph were the same as red light soaking having the same time
dependencies. Furthermore, high-intensity ELH white light
degradation was also studied on other intrinsica-Si:H
films.18 They all exhibited similar degradation kinetics for
sph anda~1.2 eV! with the similar time dependencies given
above.

In addition to the above experiments, we investigated the
accelerated degradation using a high-intensity xenon white
light source of 3 W/cm2 ~data not shown!. It was found that
it was not possible to reach the stabilized soaked state with
illumination through one side of the sample. Subsequent il-
lumination through the opposite side of the sample decreased
sph more and correspondingly increaseda~1.2 eV!. The sta-
bilized state values ofa~1.2 eV! andsph were the same as
those for high-intensity white and red light soakings. Be-
cause of the nonuniform generation of defects with xenon
light source, care has to be taken when studying degradation
with xenon white light source on both films and solar cell
structures.

The rates of light induced degradation on several nonin-
trinsic ~undoped! a-Si:H films were investigated using 1
W/cm2 white light illumination only. These films prepared

under the same conditions as those studied here were depos-
ited at substrate temperatures between 220 and 350 °C. Their
annealed and stabilized state characteristics are similar to
those of nonintrinsic films discussed above. The results of
a~1.2 eV! measured using low-intensity DBP and the corre-
sponding changes insph measured atG5231016 cm23 s21

are shown in Figs. 6~a! and 6~b! as a function of soaking
time, respectively. Thea~1.2 eV! follows different time de-
pendencies for different films and varies fromt0.12 to t0.24.
The film deposited at 220 °C exhibits almost the same time
dependence as intrinsic films. Then, asTs increased, the time
dependence ofa~1.2 eV! decreased. However, corresponding
photoconductivity changes in Fig. 6~b! show much faster
degradation for higherTs film and slower degradation for
low Ts films. These results clearly show that there is no
unique rate for defect creation ina-Si:H films as implied by
the bond breaking model.4

According to this model, thesph is inversely propor-
tional to a(hn) or to the density of midgap statesNDOS
@sph}1/a(hn) or 1/NDOS#. Thesph measured at low genera-
tion rates can be correlated with the subband-gap absorption
measured by CPM or low generation rate DBP because at
lower generation rates the splitting of quasi-Fermi levels is
small and only the small fraction of midgap states above the
Fermi level is involved in the recombination kinetics. Using
the results in Figs. 6~a! and 6~b! we replotted the changes in
sph measured at low generation rates versus corresponding
changes in 1/a~1.2 eV!. This is shown in Fig. 7 including the

FIG. 5. ~a! The changes ina~1.2 eV! measured with low generation rate
DBP, and~b! the changes insph measured atG51.231019 cm23 s21, as a
function of soaking time for the intensities of 100 mW/cm2 white light, 1
W/cm2 white light, and 1 W/cm2 white light1red filter ~l.610 nm! for an
intrinsic a-Si:H thin film.

FIG. 6. ~a! The changes ina~1.2 eV! measured with low generation rate
DBP, and~b! the changes insph measured atG5231016 cm23 s21, as a
function of soaking time. The undoped~nonintrinsic! a-Si:H thin films were
degraded with the intensity of 1 W/cm2 ELH white light intensity.
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results of the intrinsic film studied above. These results show
that the changes insph is not directly proportional to the
changes in 1/a~1.2 eV!. The slope changes from 0.95 to 3.7
indicating that in nonintrinsic filmsa~1.2 eV! measured by
CPM or low generation rate DBP is dominated not only by
the neutral Si dangling bonds, theD0, but also the charged
defect states, theD1 andD2.1,29

Using the above results it can be concluded that red light
and ELH white light illumination provide uniform creation
of defects on films with thicknesses of around 1mm. The
kinetics of light induced degradation is similar for intrinsic
films. It was obtained from the analysis that theR ratios are
low for these films in the annealed state and did not show a
drastic decrease in the stabilized soaked state. This means
that both the neutral and charged defect states are created
with almost the same rate in intrinsic films. However, non-
intrinsic films exhibit wide range of degradation kinetics
with different time dependencies. This is because of the dif-
ferences both in the densities of the neutral and charged de-
fect states and in theR ratios for the annealed state. TheR
ratio decreases for all films in the stabilized soaked state to a
value between 1.5 and 1.8, and this implies that during the
light soaking the neutral and charged defect states are created
with different rates for different sample.

IV. DISCUSSION

It was shown here that the distribution of the charged
defect states can be used for self-consistent analysis of the
results of the steady-state photoconductivity and subband-
gap absorption for a wide range of generation rates in non-
intrinsic a-Si:H films both in the annealed and stabilized
soaked states. The differences in the ratios of the charged to

neutral defect density and the densities of the charged defect
states in the different materials can explain different results
in the annealed and light soaked states.

In the annealed state, theR ratio in nonintrinsic~un-
doped! films changes from 2.25 to 15, which is much higher
than the values obtained for intrinsica-Si:H films.13 The
higher values of theR ratio obtained on these films are con-
sistent with the results obtained from the LESR6–11and elec-
tron spin echo-envelope modulation~ESEEM!30,31 experi-
ments. When theR ratio increases, there is larger
contribution to the subband-gap absorption from the charged
defect states which results in highera(hn), even at low gen-
eration rates, as well as higherDa~1.0 eV!. In intrinsic films,
Da~1.0 eV! is low, which changes from 0.06 to 0.1 cm21;
however, it is much higher in the nonintrinsic films where in
the annealed stateDa~1.0 eV! increases from 0.1 to 0.90
cm21. In the case of higherR values, thea(hn) measured
with low generation rate DBP or using CPM is dominated by
the neutral and charged defect states. Therefore,a~1.2 eV!
can no longer be directly related to the densities of the neu-
tral defect states located below the Fermi level. As seen from
Table III, in the intrinsic films, the densities of theD0 states
derived from the analysis were very close to those obtained
from thea~1.2 eV!3331016 relation. On the other hand, this
relation overestimates the densities of neutral defect states in
nonintrinsic films.

Furthermore, the higherR ratios have a drastic effect on
the free electron lifetimes obtained from the steady-state
photoconductivity measurements. Because the negatively
charged acceptor-like states below the Fermi level have a
very small capture cross sections for electrons, they act as
sensitizing states as proposed by Rose.32 Under light illumi-
nation, they are the only recombination centers that are
empty because the donor-like states above theEF are mostly
filled with electrons due to their higher capture cross sec-
tions. This results in higher electron lifetimes and photocon-
ductivity. As R increases so does the sensitization and,
hence, photoconductivity. This is the only physical reason to
explain the higher photoconductivities measured on defec-
tive undopeda-Si:H films.

Because of the large differences in the densities of
charged defects, intrinsic and nonintrinsic films exhibit com-
pletely different degradation kinetics. Photoconductivities
degrade according to a time dependence given byt2x, where
x is 0.26 for intrinsic films and changes from 0.30 to 0.53 in
nonintrinsic films studied here. Correspondingly,a~1.2 eV!
increases according to time dependencety, wherey is 0.24
for intrinsic films and changes from 0.24 to 0.12 in nonin-
trinsic films. The results here clearly show that there is no
unique relation for the kinetics of the Staebler–Wronski ef-
fect in a-Si:H films such as thet1/3 rule ~sph}Gt

1/3 or
NDOS}Gt

1/3, whereG is constant generation rate!, which
was based on two Gaussian distributions of theD2,D0 states
with positive correlation energy.4 Therefore, there is no di-
rect correlation between the degradation ofsph and the cor-
responding increase of subband-gap absorption.

In the stabilized soaked state, theR ratio decreased dras-
tically for all nonintrinsica-Si:H films and very slightly for
intrinsic films. It reached to values close to 1.0. The density

FIG. 7. ~a! The changes in 1/a~1.2 eV! measured with low generation rate
DBP vs the changes insphmeasured atG5231016 cm23 s21, degraded with
the intensity of 1 W/cm2 ELH white light, for an intrinsic and different
nonintrinsic~undoped! a-Si:H thin films.
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of the neutral defect states created is higher than those of the
positively and negatively charged defect states. Thus, the
subband-gap absorption measured at low generation rate
DBP or using CPM is mainly dominated by the density of
the neutral defect states. In contrast with the case in the
annealed state, there are good agreements between the den-
sities of neutral defects derived and those obtained from
a~1.2 eV!3331016 relation. Furthermore, density of the neu-
tral defect states obtained from the analysis are very close to
those directly measured by ESR for both intrinsic and non-
intrinsic a-Si:H films.

In addition to the results discussed above, which depend
on the majority carrier properties, we have also measured
minority carrier, hole, diffusion lengths using the SSPG tech-
nique on the same nonintrinsica-Si:H films in the same an-
nealed and stabilized soaked states. Excellent agreement was
found between the experimental diffusion lengths and those
derived from the best fit results of numerical analysis. There-
fore, using SSPG technique and the results of numerical
analysis of photoconductivity and subband-gap absorption
on thin films, important information about the minority car-
rier hole mobility can be obtained. This will be an extremely
important parameter for the modeling of solar cell device
characteristics where both minority and majority carriers
play a role.

Since theR ratio is different for different films in the
annealed state and decreases to almost the same value in the
stabilized soaked state, this brings about different rates for
the creation of neutral defects and charged defects for differ-
ent films so that steady-state photoconductivity and subband-
gap absorption follow different time dependencies for differ-
ent films. This is clearly seen in Fig. 6 for the measurements
carried out in different nonintrinsica-Si:H films; however,
intrinsic films showed almost the same degradation kinetics
since they all had similarR ratios in the annealed state. In the
case of nonintrinsic films, thea(hn) measured with low gen-
eration rate DBP or CPM during the intermediate light soak-
ing periods will still be under the influence of both the neu-
tral and the charged defect states. Therefore, it will be
inappropriate to characterize the kinetics of light induced de-
fect creation using the ‘‘the stretched exponentials model’’
or so-called ‘‘impurity model’’5 since this model assumes
only the neutral defect states as the main defect created dur-
ing the light soaking and characterizes them using CPM
spectrum.

It is also interesting to note that an increase in the char-
acteristic energy of the conduction band tail states was in-
ferred from the modeling of the stabilized state in both in-
trinsic and nonintrinsica-Si:H films even though no
significant change was detected forEov. At this time the
reason for this phenomenon is not known although the simi-
lar changes have been reported by Takada and Fritzche33

based on their results of drift mobilities. They explained the
decrease in drift mobility upon the light degradation of
n-type a-Si:H films by an increase in the density of the
conduction-band-tail states within 0.35 eV below the elec-
tron mobility edge or by decrease of microscopic mobility.
More recently, Hanet al. have studied the transient photo-
charge measurements on annealed and light soaked undoped

a-Si:H films.34 They found that the coalescence of transients
in early time regime is less perfect in the light soaked state
due to an increase in recombination rate. Then they specu-
lated that there is a light induced change in the conduction
band tail regime.

The evidences for the charged defect states in the bulk of
a-Si:H films and their effects on different measurements was
extensively discussed by Branz and Silver29 and later by
Powell and Dean;35 however, for the significance of the re-
sults derived here, we revisit some of those experimental
results in the literature. As mentioned earlier, the first LESR
results ona-Si:H indicated roughly equal electron and hole
absorption lines and it was a conclusion that an insignificant
fraction of dangling bonds is charged in undopeda-Si:H.2

Later, Ristein and co-workers7 and Hautala and co-workers9

carried out a more careful study of ESR and LESR using
band-gap and below band-gap light on thick~8 and 15mm!
a-Si:H films. They found that LESR with band-gap light
gives equal electron-to-hole absorption lines; however,
LESR with IR light increased the ratio of the narrow line
~electron line! to the broad absorption line~hole line!. This
disproportionality was attributed to excitations of electrons
from theD2 states located close to the valence-band edge to
the conduction-band-tail states. They concluded that the den-
sities of theD2 states were higher than the density of theD0

states measured with ESR in the dark. Unfortunately, they
were able to explain these results using the two Gaussian
distributions of bulk defect states, and since that was not
possible, they attributed the observed phenomena to the high
densities of surface/interface states even in 15-mm-thick
films. In addition, similar LESR results were reported by
Shimizu et al. that a large fraction of defects states in un-
dopeda-Si:H is charged defect states.6 They speculated that
these charged defect states are due to nitrogen impurities in
a-Si:H films. Later, these results were reinterpreted by
Branz36 as the bulk charged defect-states ina-Si:H. More
recently, detailed comparisons of absorption data and spin
density using LESR experiments have shown that there are
systematic deviations from the proportionality between elec-
tron and hole absorption lines.11 It was found that LESR
measurements carried out at high intensities result in propor-
tional electron and hole absorption lines. However, low-
intensity LESR experiment shows a disproportionality,
where the hole spin density is much higher than total elec-
tron density. The explanation of the low-intensity LESR re-
sults required the presence of a broad band of positively
charged defects, theD1, in the region of 0.4 0.70 eV below
the conduction-band edge. To maintain the charge neutrality
in the dark, these positively charged states must be balanced
by negatively charged states below the Fermi level. SuchD2

states were also detected in an IR-LESR experiment by
Ristein and co-workers.7,9 In addition, Schumm and co-
workers also quantified the ratio of charged to neutral defect
density,R, both in the annealed and light soaked states. They
reported that the values ofR ratio change from 5 to 10 in the
annealed films which then decreased to around 1.0 in the
light soaked state. These fundamental evidences on the
charged defect states in the gap of undopeda-Si:H films are
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consistent with our results derived from the analysis of pho-
toconductivity and subband-gap absorption.

The supporting experimental results just discussed and
the self-consistent analysis of the photoconductivities and
subband-gap absorption spectra over a wide range of genera-
tion rates in variousa-Si:H films are strong evidences for the
distribution of neutral and charged defects ina-Si:H materi-
als. The positively charged defect statesD1 are located
above the Fermi level and the neutralD0 and the negatively
chargedD2 states are located below the Fermi level. Models
proposed for undopeda-Si:H materials must include such
states both in the annealed and light soaked states. Therefore
models that do not result in charged Si dangling bonds such
as the bond breaking model4 and the impurity model5 appear
to be inadequate for explaining the Staebler–Wronski effect
in a-Si:H films.

The first model that considered the charged defect states
was proposed by Adler,1 with significant densities of charged
Si dangling bonds having negative correlation energy already
present in the annealed state. Although this model can ex-
plain the native charged defect states ina-Si:H films, it is not
sufficient for explaining the light induced degradation. Ac-
cording to this model, photogenerated electrons and holes are
trapped in the previously present charged Si dangling bonds
which are then converted to the neutral Si dangling bonds.
This leads to an increase in the densities of theD0 and to a
decrease of charged dangling bonds. Both our and LESR
results indicate that both the charged and neutral defects are
created by light. Therefore, the original Adler model is inad-
equate to explain the Staebler–Wronski effect ina-Si:H
films.

The potential fluctuations model proposed by Branz and
Silver29 uses a defect pool model in which there is no weak
Si–Si bond breaking mechanism involved. They proposed
that large densities of charged dangling bonds are present in
the annealed state due to potential fluctuations. In this model,
the D1 states are above and theD2 states are below the
Fermi level. Similar to Adler’s model, during the light soak-
ing photogenerated electrons and holes are trapped in the
charged states which are then converted to theD0 states.
Consequently the densities of theD0 states increase and
those of charged defect states decrease after light soaking,
which is in disagreement with our findings as well as that of
LESR experiments.

The defect pool model used by Schumm and Bauer37

involves a hydrogen entropy contribution to the chemical
potential of defects and a weak Si—Si bond conversion pro-
cess. Simultaneous formation of defects in all three charge
states are considered with different microscopic reactions in-
volving zero, one, and two Si—H bonds mediating a weak
Si—Si bond breaking process. The derived densities and en-
ergy location of the charged and neutral defect states have
more charged than neutral defect states in the annealed films.
Recently, Powell and Dean35 considered a defect pool model,
‘‘the improved defect pool model,’’ with wide pool and two
Si—H bonds mediating the weak Si—Si bond breaking re-
action. The energy spectra and the densities of charged and
neutral defect states were calculated using inputs from their
experiments on thin-film transistors and a ratio of charged to

neutral defect density of 4 was obtained for material with
EF50.85 eV from the conduction-band edge. The energy
positions for charged and neutral defect states they derived
are very close to those obtained from our analysis, especially
the total densities of states (D11D21D0) obtained for the
film deposited atTs5240 °C with a similar Fermi level po-
sition is the same as their results. Although this model was
used to predict the nature, densities, and energy spectra of
many observations in the annealed state, no results on light
soaked materials have been reported. However, recently
Schumm and co-workers11 explained their LESR and
subband-gap absorption results using their defect pool
model. They found that during light soaking the densities of
both neutral and charged defect states increase with theD0

states increasing more quickly. TheR ratio decreases from
about 5 to 10 in the annealed state to around 1.0 in the light
soaked state.

V. CONCLUSIONS

It was found that only the distribution of the charged
defect states can be successfully applied to the detailed
analysis of the steady-state photoconductivity and subband-
gap absorption results of nonintrinsic~undoped! a-Si:H thin
films over a wide range of generation rates both in the an-
nealed and stabilized light soaked states. This distribution
includes exponential valence and conduction band tail states,
a band of positively charged defect states located above the
Fermi level, and two bands of the neutral and negatively
charged defect states located below the Fermi level.

In the annealed state, the energy location of the neutral
defect states is around 0.80 eV from the valence band mo-
bility edge, which is similar to those obtained in intrinsic
a-Si:H films; however, charged defect states are located at
slightly higher energies in nonintrinsica-Si:H films. Even
though the densities of the neutral defect states do not
change significantly, those of positively and negatively
charged defect states and theR ratio are drastically different
for different films. These results derived for the densities and
the R ratio are consistent with those determined from the
ESR and LESR measurements.11 Because of the higher den-
sities of the charged defect states dominating in the annealed
state, the subband-gap absorption spectrum measured by
CPM or low generation rate DBP can no longer be correlated
directly with the densities of neutral Si dangling bonds.

In the stabilized light soaked state, almost the same gap
state distributions and parameters as in the annealed state
have been used in the analysis. It was found that both the
neutral and charged defect states are created by light. TheR
ratio decreases drastically to a value close to 1, which is
similar to those of intrinsica-Si:H films. Because of that, in
each film the neutral and charged defect states are created
with different rates so that photoconductivity and subband-
gap absorption follow different degradation kinetics. Thus
there is no unique degradation kinetics fora-Si:H. The den-
sities of the neutral defect states derived from the analysis
were directly correlated with those measured by ESR and
excellent agreement was obtained. In addition to these re-
sults, minority carrier hole diffusion lengths measured by the
SSPG technique on the same films were correlated with
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those calculated using the holemt products derived from the
best fits of modeling. Very good agreements were obtained
for different films both in the annealed and stabilized light
soaked states. This suggests that the SSPG technique and
detailed numerical analysis of photoconductivity and
subband-gap absorption spectra can be used to obtain more
accurate information about the value of free hole mobility
mp , which is extremely important for the modeling of solar
cells and othera-Si:H based devices.

In conclusion, the results obtained in this study indicate
that the charged defect states are much better representations
of the native and light induced bulk defect states in undoped
hydrogenated amorphous silicon thin films. Care must be
taken for the characterizations of these defects in different
a-Si:H films using the subband-gap absorption and other
methods and their effects on the operations of solar cell de-
vices must be taken into account.
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