
APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 18 3 NOVEMBER 2003
Light-induced defect states in hydrogenated amorphous silicon centered
around 1.0 and 1.2 eV from the conduction band edge

J. M. Pearce, J. Deng, R. W. Collins, and C. R. Wronski
Center for Thin Film Devices, The Pennsylvania State University, University Park, Pennsylvania 16801

~Received 10 July 2003; accepted 12 September 2003!

To take into account the presence of multiple light-induced defect states in hydrogenated amorphous
silicon (a-Si:H) the evolution of the entire spectra of photoconductive subgap absorption,a(hn),
has been analyzed. Using this approach two distinctly different light-induced defect states centered
around 1.0 and 1.2 eV from the conduction band edge are clearly identified. Results are presented
on their evolution and respective effects on carrier recombination that clearly point to the
importance of these states in evaluating the stability of differenta-Si:H solar cell materials, as well
as elucidating the origin of the Staebler–Wronski effect. ©2003 American Institute of Physics.
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Light-induced ~LI ! degradation in hydrogenated amo
phous silicon (a-Si:H) is not only of scientific but also o
technological interest because of its limitations on the p
formance ofa-Si:H-based solar cells. Materials for sol
cells have been extensively studied and the results on th
gap states measured on thin films are used to predict
stability and performance of the solar cells. Because LI d
radation is generally associated with the creation of dang
bonds, the emphasis has been on determining their evolu
under illumination.1 Although the neutral dangling bon
(D0) defect density can be directly measured with elect
spin resonance~ESR! the most commonly used method
photoconductive subgap absorption as a function of pho
energy a(hn). Generally, a(hn) is interpreted solely in
terms of D0 defect states, where their densities are direc
related to the magnitudeua(hn)u, typically for hn 1.1 to 1.3
eV. Such an approach has been used to explain a pletho
results on LI changes in carrier recombination and their
nealing. However, results have also been reported that p
to the introduction of other defect states and thata(hn) can-
not be interpreted in such a simple manner.2 This includes
the widespread range of relationships found between lig
induced changes inua(hn)u, ND

0 as measured by ESR, an
electron mobility lifetime~mt!, as well as the absence of an
correlations with the fill factors~FFs! of solar cells.3–5 In this
letter, contributions to thea(hn) of multiple defect states a
and below midgap are addressed by analyzing the evolu
of the entire spectra rather than just their magnitude.
though any direct correlation of these defect states be
midgap with the carrier recombination is limited by the pre
ence of states above midgap, two distinctly different lig
induced defect states centered around 1.0 and 1.2 eV
the conduction band~CB! edge are clearly identified an
their evolution found to be consistent with the correspond
changes inmt.

The results presented here are on two materials ha
radically different microstructure and consequently degra
tion kinetics. One is a protocrystalline material deposi
with R[@H2#/@SiH4#510 at a deposition rate of 0.5 Å/s, an
the other is an undilutedR50 material deposited at a rate o
20 Å/s.6,7 The photoconductive subgap absorption, forhn 0.9
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to 1.5 eV, was measured using the dual-beam photocon
tivity method,8 and the absolute values ofa(hn) obtained
with a normalization procedure to transmission and reflect
measurements developed by Jiaoet al.9 The studies were
carried out on 1-mm-thin films, and the electronmt products
were measured with volume absorbed light. Both thea(hn)
andmt measurements were carried out at 25 °C with the
changes obtained under 1 sun illumination with tungst
halogen lamps with IR filters.

Shown in Fig. 1 are themt products at carrier generatio
rates of 1019 cm23 s21 for the two materials in the anneale
state ~AS! and their changes under 1 sun illumination
25 °C. Also shown are themt products for theR510 mate-
rial at 75 °C. It can be seen in Fig. 1 that in the AS, themt
product of theR510 material is about five times higher tha
in theR50 material, as is generally expected for better qu
ity materials. Although there is a similarity in the kinetics

FIG. 1. Electron mobility lifetime products as a function of exposure to
sun illumination time forR50 andR510 materials at 25 °C and for the
R510 material at 75 °C.
5 © 2003 American Institute of Physics
P license or copyright; see http://apl.aip.org/apl/copyright.jsp



ei

el
d
to

e
al

-
a

at
th
ap

ng

th
d

wo

va
s

e

ll
t

ing

the
is-
be

lly
ing

ed
ich
d

the
ex-
d as
en-

ted

ed

ined
ect

on
the
b-

cts
to
e

n
-

by

re
in-
rent
ties

n

3726 Appl. Phys. Lett., Vol. 83, No. 18, 3 November 2003 Pearce et al.
their initial LI changes, there is a marked difference in th
evolution towards a degraded steady state~DSS!. At 25 °C,
the protocrystalline material attains a DSS in approximat
100 h, whereas in theR50 material, the commonly reporte
kinetics with;t21/3 extends for 400 h with no approach
DSS. It should be noted here that after 150 h, themt product
are;ten times higher in theR510 than in theR50 material.
When the temperature of degradation is raised to 75 °C, th
is virtually no change in the kinetics of the 20 Å/s materi
whereas theR510 reaches a DSS with amt values that is
;two times higher than at 25 °C.

In Fig. 2, thea(hn) spectra are shown for the two ma
terials in the AS, as well as after 150 h of degradation
25 °C. Also shown are the results for the DSS of theR510
film degraded at 75 °C. The effects of the valence band st
on a(hn) spectra can be observed above 1.3 eV, where
values for the two materials differ because of their bandg
(Ea2000), which are 1.86 and;1.80 eV for theR510 and
R50 materials, respectively. In the AS, theua(hn)u in the
region from 1.1 to 1.3 eV, commonly used in evaluati
a(E), is ;four times lower than that ofR50 material. Al-
though this is consistent with the values ofmt, it is important
to note the striking difference between the shapes of
a(hn) spectra. TheR50 spectrum has the commonly foun
shoulder, whereas theR510 continually decreases withhn
due to its protocrystalline nature. This clearly indicates
significant difference in the intrinsic gap states of the t
materials.

In the degraded states, the differences between the
ous spectra are subtler since they have similar value
a(hn). After 150 h of illumination at 25 °C, theR50 film
clearly develops a shoulder similar to that in theR50 mate-
rial. The ua(hn)u values in the region 1.1 to 1.3 eV in th
two materials are consistent with those ofmt; higherua(hn)u
values correspond to lowermt values. However, the sma
difference of;30% in a~1.2 eV! is completely inconsisten
with the difference of a factor of 10 in themt products.

FIG. 2. Subgap absorption as a function of photon energy for theR50 and
R510 materials in the AS and after 150 h of 1 sun illumination at 25 °C, a
the R510 film in a DSS at 75 °C.
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Similarly, the reduction ina~1.2 eV! values of theR50 ma-
terial in the 75 °C DSS is consistent with the correspond
higher values ofmt, but not by the factor of.2. Since for
the R50 material, no difference inmt kinetics is present
between 25 and 75 °C, as expected, there were none in
a(hn) spectra. It is quite apparent from the results just d
cussed that the evolution of multiple defect states has to
taken into account in interpretinga(hn) spectra. This be-
comes even more evident from thea(hn) spectra for
hn,1.1 eV, which, as can be seen in Fig. 2, are virtua
identical despite the large differences in the correspond
mt products.

Any interpretation ofa(hn) in terms of the density and
energy distribution of multiple defect states is complicat
by the nature of photoconductive subgap absorption, wh
is determined byN(E), the densities of electron occupie
states, and not directly by the total defect densityNDEF.
Photoconductive subgap absorption is determined from
absorption of photons, which excite electrons into the
tended states in the CB, whose density is then measure
the generated photocurrent. Thus, for any given photon
ergy,a(hn) is a measure of the number of electrons exci
into the CB (EC) which are located withinhn of EC and is
given by9

a~hn!5k~hn!21E N~E!NCO~E1hn2EC!1/2dE. ~1!

The integral takes into account thathn can excite electrons
locatedEC2E,hn. NCO(E2EC)1/2 is the parabolic distri-
bution of extended states in the CB.k depends on the dipole
matrix elements for transitions from localized to extend
states and is assumed to be constant.10 In the case of a single
type of defect state, it is possible to relateN(E) to Ndef(E)
directly because the occupation of these states is constra
by charge neutrality. However, in the case of multiple def
states the electron occupation of each type of state isdeter-
mined by the kinetics of carrier recombinationand depends
not only on their energy distribution in the gap, but also
their relative densities and capture cross sections of
states.11 Despite these complexities, information can be o
tained about the evolution of the light-induced defe
~LIDs! and in particular their energy distributions. In order
relatea(hn), which includes the contributions from all th
electron-occupied states at energies withinhn from EC , to
the energies of the defect states relative toEC , it is necessary
to take the derivative of thea(hn) spectra. In the case whe
N(E) change rapidly withE, such as a Gaussian distribu
tion, the effect ofNCO(E2EC)1/2 on the joint density of
states is small. Consequently, the derivative of Eq.~1! yields

kN~E!5~hn!d@a~hn!#/dE2a~hn!. ~2!

The evolution of the LI gap states can be characterized
normalizing the values obtained from Eq.~2! for kN(E) after
degradation to that in the AS, yielding

P~E!5kNDS~E!/kNAS~E!5NDS~E!/NAS~E!. ~3!

The P(E) spectra obtained from the results in Fig. 2 a
shown in Fig. 3, where their magnitude represents the
crease in the densities of electron-occupied states at diffe
energies in the gap from the AS. Because of the complexi
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mentioned earlier, quantifying theP(E) spectra in terms of
NDEF(E) cannot be made without numerical modeling12

Nevertheless, it is possible to identify their energy distrib
tions and relate the differences to those inmt, which clearly
is not possible forua(E)u. From the results in Fig. 3, the
creation of two distinctly different LID states centere
around 1.0 and 1.2 eV fromEC can be clearly identified. In
the case of theR50 material after 100 h of degradation
25 °C, there is a predominant contribution from the pe
around 1.2 eV that dominates the spectrum, with an alm
negligible tail extending towards midgap. In the case of
protocrystalline material, on the other hand, this contribut
to the P(E) spectrum is drastically reduced, so that there
now a broad peak centered at 1.0 eV, with only a shoulde
1.2 eV. The creation of large densities of the LID states in
R50 material around 1.2 eV can be attributed to its po
microstructure due to the fast rate deposition rate. Cle
identifying these states and distinguishing them from th
around 1.0 eV cannot be as readily done in materials de
ited at slow rates. This enormous difference inP~1.2 eV!
between the two films seen in Fig. 3 clearly indicates
presence of a large difference in their gap state, which is t
reflected in the factor of 10 difference in their correspond
mt products. A more quantitative comparison can be m
between the contributions of the two states fromuP(E)u
spectra on the same material under different degradation
ditions. It is seen in Fig. 3, that for theR510 material in the
improved DSS at 75 °C, there is only a slight reduction in
defect states around 1.0 eV. The much larger suppressio
those around 1.2 eV, on the other hand, can explain themt
values that are a factor of.2 higher. However, since no
corresponding information is currently available about
states located above midgap, no definite conclusions ca
drawn about the nature of these two defect states.

FIG. 3. TheP(E)5NDS(E)/NAS(E) spectra as a function of energy from
the CB obtained for the results shown in Fig. 2.
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The results presented here, which identify distinctly d
ferent LID states centered around 1.0 and 1.2 eV fromEC

and their respective effects on carrier recombination,
consistent with a variety of results which cannot be e
plained in terms of a single state located around midga2

Their evolution is also consistent with the presence
‘‘slow’’ and ‘‘fast’’ defects,13,14 as well as with the degrada
tion kinetics ofa-Si:H films and cells.15 Since recently direct
correlations have been established between the LI chang
mt and the FF of corresponding solar cells,14 it is important,
therefore, to take into account the presence of at least th
two defect states in evaluating the stability ofa-Si:H solar
cell materials. No conclusions are drawn here about the
fects associated with these states; however, their distinct
ferences in their creation kinetics cannot be overlooked
the attempts on establishing the origin of the Staeble
Wronski effect.
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