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Intensity and temperature dependence of the steady-state light-induced defect density in a-Si:H
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The steady-state defect density in hydrogenated amorphous silicon (a-Si:H) under illumination was in-

vestigated for a wide range of illumination intensities and temperatures. The steady-state defect density
under illumination is consistent with a chemical equilibrium model for defect generation, similar to the
one used to describe defect generation in a-Si:H by doping and by thermal quenching. According to the
model, defect generation is enhanced under illumination due to the reduction of the effective defect for-
mation energy when the bands are populated by photogenerated carriers. Defect generation under il-
lumination is a self-limiting process, and the defect density reaches a saturation value at long illumina-
tion time despite the existence of an extended distribution of defect formation sites.

I. INTRODUCTIQN

Hydrogenated amorphous silicon (a-Si:H) exhibits
metastable defects caused by strong illumination, ' dop-
ing, carrier accumulation, and rapid thermal quenching
from high temperatures. Metastable defect formation is
one of the principal drawbacks for use of a-Si:H as the
active layer in devices such as solar cells, light detectors,
and thin-film transistors. Considerable effort has been
devoted to understanding the origin and mechanisms of
metastability. A major step in this direction has been the
demonstration that defect formation is well described by
a chemical equilibrium process involving hydrogen, de-
fects, and a distribution of weak Si—Si bonds susceptible
of being converted to defects. Defect formation is
then described by simple chemical reactions whose chern-
ical equilibrium is shifted by external perturbation. The
reaction kinetics is governed by dispersive hydrogen
diffusion.

While the chemical equilibrium model satisfactorily de-
scribes defect creation by doping and quenching, it has
not been successfully applied to light-induced defect gen-
eration. Recently, Park, Liu, and Wagner investigated
the dependence of the density of light-induced defects in
undoped a-Si:H on the illumination intensity. They re-
ported saturation values of X, —10' cm for the den-
sity of light-induced defects at room temperature, in-
dependent of the illumination intensity. Since this value
is below the defect density normally found in moderately
doped material, this result has reopened the question of
whether the saturation behavior is clue to the depletion of
precursor sites for defect generation, as would be expect-
ed if defects are associated with impurities, ' or due to a
steady-state balance between defect generation and an-
nihilation, as required by the chemical equilibrium mod-
el.

In this paper, we investigated the saturation behavior
of the density of light-induced defects in a-Si:H over a
wide range of temperature and light intensities. The de-
fect kinetics, which is more complicated and involves
other assumptions, is dealt with in a separate paper. ''

The saturation density of light-induced defects is both
temperature and light-intensity dependent, indicating
that saturation is not caused by depletion of defect for-
mation sites, as proposed in some models. ' On the other
hand, the light-intensity dependence of the saturation de-
fect density is much weaker than that predicted by the
model for light-induced defect formation proposed by
Stutzmann, Jackson, and Tsai. We will show here that
the absolute values for the saturation density, and its
temperature and light-intensity dependence, can be un-
derstood in the framework of a chemical equilibrium
model similar to that used to describe defect creation by
doping, thermal quenching, and carriers. The model
takes into account the existence of a distribution of weak
bonds in the amorphous network and provides a connec-
tion between the Stabler-Wronski effect and chemical
equilibration in a-Si:H.

II. EXPERIMENT

The samples used in this study are undoped a-Si:H
grown by the glow discharge decomposition of pure
silane. Most of the measurements were performed on
1.0-pm-thick samples grown at 230 C on glass substrates,
with a room-temperature defect density of 5 X 10' cm
determined by the constant photocurrent method (CPM).
These measurements were performed in a coplanar
configuration with contacts consisting of a 600-A chromi-

0
um layer over a 200-A-thick 1 at. % phosphor-doped a
Si:H layer. The light-soaking experiments were per-
formed with illumination intensities of 65, 700, and 2800
mW/cm . In the first two cases, the light source was a
tungsten-halogen lamp with filter to cut wavelengths out-
side the range from 900 to 630 nm. For higher illumina-
tion intensities, the 6471-A line of a Kr+ laser was used.
The electron-hole generation rates for the three inten-
sities at 350 K are 1.5 X 10 ', 1.3X10, and
4 X 10 cm s ', respectively. Prior to each soaking ex-
periment, the samples were annealed in dark at 500 K for
at least 2 h and cooled down to the soaking temperature
at a rate of -2 K/min.
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The time dependence of the defect density during soak-
ing was followed by a variation of the CPM method. The
illumination was interrupted and the following steps were
performed: (i) the ac photocurrent I h(1.15 eV) was mea-
sured for a low-intensity 1.15-eV illumination of photon
fiux F(1.15 eV), and (ii) the sample was then illuminated
with 2-eV light and its photon fiux F(2 eV) adjusted
through a computer controlled feedback loop to obtain
an ac photocurrent I h(2 eV)=Ip„(1.15 eV). The energy
of 1.15 eV was chosen because it lies sufficiently far away
from the tail region so as to make the tail contribution
negligible. The defect density was then taken to be pro-
portional to the ratio rcpM=F(2 eV)/F(1. 15 eV). This
procedure allows the determination of the defect density
in a relatively short time (30 to 40 s). It can be justified
by the data shown in Fig. 1. Figure 1(a) shows CPM
spectra in the annealed state at different temperatures.
The spectra are normalized to the saturation value at 2.0
eV; at this energy the curves are approximately Hat and
decrease slowly to higher energies. For temperatures up
to 350 K, there is no substantial change in the defect re-
gion (energies between 0.9 and 1.3 eV). The main
difference in the spectra is a shift of the tail region to

lower energies, consistent with a temperature variation of
the band gap of -0.4 meV/K. Above 400 K the CPM
signal in the defect region increases with temperature, as
we shall see in detail later. Figure 1(a) also includes the
CPM spectra measured after light soaking at 350 K for a
time long enough for the defect density to achieve its sat-
uration value. The main effect of light soaking is to in-
crease the absorption in the defect region by a constant
(energy-independent) factor. This supports the use of the
CPM signal at two single energies to evaluate light-
induced changes in the defect density; absolute values for
the defect density can be obtained by recording full CPM
spectra before and after each soaking experiment, as
shown in Fig. 1(a). Figure l(b) compares the time evolu-
tion of the defect density N, under illumination in a 15-
pm-thick sample determined by CPM (squares) and from
the ratio rcpM (inverted triangles) with the spin density
measured by electron spin resonance (ESR) (triangles).
The CPM and the I gpM data were scaled to match the
spin density for long illumination times. The three sets of
data follow the same time behavior characterized by a
power-law time dependence of the type X,-t", with
9=-~

III. RESULTS
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Figure 2 shows the time dependence of the light-
induced defect density at different temperatures, for a
fixed light fiux of 2800 mW/cm . The time dependence
of the defect creation process is shown here only to indi-
cate that a steady state has been achieved and will be
dealt with in a subsequent publication. " The initial de-
fect density in each case was determined by CPM prior to
illumination. Above room temperature the defect density
saturates around (5—10)X10' /cm for the highest il-
lumination intensity used. The saturation values decrease
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FIG. 1. (a} CPM spectra for an a-Si:H sample measured at
different temperatures. The spectra are normalized to the same
intensity at 2.0 eV. (b) Time evolution of the light-induced de-
fect density in a 15-pm-thick a-Si:H sample, measured by ESR
(triangles), CPM (squares), and the fast CPM procedure (rcpM)
described in the text (inverted triangles).

450
Cl

0 1 2 3 4 5 6
log~o [ time (s) ]

FICx. 2. Time evolution of the light-induced defect density in
a-Si:H measured at different temperatures. The same was irra-
diated with 2.8 W/cm of monochromatic light (1.92 eV) from a
Kr+ laser.
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slightly with increasing temperatures. By observing the
decay of the defect density after the light was shut off, we
verified that the saturation is not due to partial annealing
of light-induced defects when the illumination is inter-
rupted to measure the defect density. At room tempera-
ture and below a clear saturation is not observed, even
after —10 s of strong illumination. The curves, howev-
er, display an inAexion point indicating reduced defect
formation rates and the approach of saturation.

Figure 3 shows the temperature dependence of the de-
fect density in the annealed state before soaking (dots)
and in the saturated light-soaked state (open symbols).
The defect density in the annealed state is constant below
390 K. Above this temperature, the defect density in-
creases with an activation energy of 0.20—0.22 eV. We
attribute the increase in the defect density to thermal
equilibration of defects in the a-Si:H network. ' For
comparison, the solid triangles in the figure display the
equilibrium spin density determined by ESR in a-Si:H
films quenched to room temperature as a function of the
quenching temperature T. The spin density agrees well
with the CPM defect density measured in our samples.

The open symbols in Fig. 3 correspond to the saturated
defect density under different illumination intensities.
The saturation density decreases with increasing temper-
ature, and the effect is stronger for low illumination in-
tensities. Where a clear saturation was not achieved, an
arrow was added to the data point to indicate a lower
limit for the saturation density. It is remarkable that the
saturation density depends very weakly on the illumina-
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FIG. 3. Defect density in the annealed state before illumina-
tion (solid dots) and after irradiation with 2.8 W/cm
(inverted triangles, corresponding to a carrier generation
rate of G =4.0X 10 2 cm s '), 0.70 W/cm (open
circles, G =2.5X 10 cm s '), and 0.065 W/cm (diamonds,
G = 1.5 X 10 ' cm s '). The dashed lines are guides for the
eye. The solid triangles represent the ESR spin density mea-
sured at room temperature after quenching a-Si:H films from
different temperatures (from Ref. 7).

tion intensity. An increase in the illumination intensity
by a factor of -30 at 400 K leads to only a doubling of
the steady-state density. If a power-law dependence of
the type X, -6' is assumed, the exponent e-0.2 at
400 K and decreases at lower temperatures. These re-
sults are in contrast with those reported recently by Park,
Liu, and Wagner, who reported a saturation density at
room temperature independent of the light-induced car-
rier generation rate.

IV. CHEMICAL MADEL FOR THE STEADY-STATE
DENSITY QF LIGHT-INDUCED DEFECTS

The dependence of the saturation density X, on the
illumination intensity and on temperature suggests that
saturation is due not to depletion of precursor sites for
defect formation, but rather to a balance between defect
generation and annealing, such as required by the chemi-
cal equilibrium model. In the following, we will first re-
view models for the equilibrium defect density in a-Si:H.
These models will then be extended to include defect for-
mation under illumination. In the last part of this section
the predictions of the model will be compared with the
experimental data presented above.

Recently, Winer and Street, ' examined thermo-
dynamic models for the equilibrium defect density in un-
doped a-Si:H based on a chemical equilibrium between
weak Si—Si bonds (SiSi) and neutral dangling bonds
(Si—) in the amorphous network. The defect density in
the dark is well explained by a chemical equilibrium reac-
tion expressed by

SiH+(SiSi)+E,„„„—(Si—)+(SiHSi—) .

Chemical equilibration at low temperatures takes place
through the motion of hydrogen atoms from bond ter-
minating sites (SiH) to weak-bond sites (SiSi) that make
the valence-band tail of localized states, leading to the
formation of two defects: (i) an isolated dangling bond
Si—in the original hydrogen site SiH and (ii) a complex
consisting of a dangling bond adjacent to a SiH bond,
which cannot be separated from each other. Both defects
have the same density XD so that the total defect density
is X,=2'.

Quantitative prediction of the equilibrium defect densi-
ty requires an estimate of the enthalpy change for the for-
ward reactions in Eq. (l), corresponding to the formation
energy 2Ufo of two neutral defects. In the framework of
the weak-bond model, Ufo is the energy necessary to pro-
mote an electron from the initial weak-bond state in the
valence-band tail (Eva) to the defect state in the gap
(ED ), i.e., Ufo(Evs ) =ED —EvB. ' The energy reference
is taken to be the valence-band mobility edge. In a more
realistic model that will not be considered here, a distri-
bution of defect energies ED can be taken into account. '

The weak bonds are assumed to have an exponential en-
ergy distribution given by X (EvB)=%&oexp( Evsl-
kT, ), where kr, is the exponential slope of the valence-
band tail. The equilibrium density of weak bonds con-
verted to defects XD can be shown to be the solution of
the following integral equation: '
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N„(EvB )dE
ND=

o 1+(ND/NH) exp[2Ufo(EvB)/kT]

N„(Eva )dEvB

o 1+exp[2(po —EvB ) /kT]
(2a)

In order to obtain the defect density using Eq. (5) it is
necessary to relate the quasi-Fermi levels EF„and EFp to
the defect density and to the carrier generation rates G.
We will assume the following simple relation between G,
N„and EFn:

where the integration is over the distribution of valence-
band tails states and nf =N, e

—(E —EF )/kT G rn —E /kT
+N, e

A„N, "
(6a)

kr ND kr ND
po = Ufo(EVB ) +EvB + ln

N
=ED + ln

N2 NH 2

(2b)

is an effective defect chemical potential describing the
equilibrium between defects and weak bonds. It is easy to
see from Eq. (2a) that at a given temperature most of the
weak bonds with energy above po are converted to de-
fects. Equation 2(a) satisfactorily explains the tempera-
ture dependence of the equilibrium defect density in a-
Si.H

In order to extend the chemical equilibrium model to
estimate the steady-state defect density under illumina-
tion, we must include the effects of carrier on the equilib-
rium between the two sides in reaction (1). The presence
of electrons and holes is assumed to increase the rate of
defect formation according to the reaction

SiH+(SiSi)+e+h —(Si—)+(SiHSi—) . (3)

2Uf(Evs ) =2(ED EvB) —(E~„—ED ) (ED E~p ) . — ——

In the modified reaction the presence of photogenerat-
ed carriers shifts the equilibrium to the right side thereby
giving rise to photogenerated defects. A quantitative es-
timate of the steady-state equilibrium of reaction (3) is
obtained by assuming that the carrier populations equili-
brate on a time scale much shorter than defect genera-
tion. The distributions of electrons and holes thermalize
within the bands and are described by electron (Ez„) and
hole (E~~) quasi-Fermi levels, respectively. The net de-
fect formation energy of reaction (3) is reduced by the en-
ergy gained by dropping an electron from EF„ to the de-
fect state and by raising a hole from EF to ED.

The total net enthalpy change 2Uf (Evn ) in reaction (3)
for the conversion of a weak bond with electronic energy
Eva into two defects can be written as

with y„—1, n~ is the free-electron density, and
0.6 (6„&1.2. ' ' Here, E, is the mobility gap,
N, = 1.25 X 10 ( T/300 K) cm (Ref. 16) is the
effective density of states at the mobility edge, E, is the
activation energy for the dark conductivity, and 3„ is the
effective electron capture probability of the recombina-
tion centers. The first term on the right-hand side is the
photogenerated free carrier density and the second term
is the density of thermally generated carriers. The corre-
sponding relation between the free hole density pf and

EFp ss

—E~/kT G ~r
pf =N, e ~ = +N, e

—(E —E )/IcT

2T2
N=2 ks 2~ Z

vO
V

2/g
2ED —E,

exp
gkT„

with

(r„+r, )
- P/g

X
4A„N, ApN,

g =2+P( 1+5„+5~ ) (7b)

and the temperature dependence is included in the vari-
able P defined by

The saturation defect density N, under illumination
follows from the self-consistent solution of Eqs. (2) and
(5) using Eq. (6). A useful analytical approximation is ob-
tained by noting that for temperatures low enough for the
thermal generation rate to be negligible [factor contain-
ing the activation energy in Eq. (6)] the integrand in Eq.
(2) is equal to N, (EvB ) for EvB ))p, and to
N, (EvB) exp[ 2(p Evn—)/kT] —for Evn (p. This leads
to the following analytical approximation for the satura-
tion defect density N, :

(4)
p=T/T, . (7c)

1 ND
p =—2E (E E) kT—ln— —

D F Fp (5)

p depends on the quasi-Fermi levels and therefore on the
generation rate G. With increasing illumination levels, p
moves closer to the valence-band edge, and more weak
bonds are transformed into defects. The newly created
recombination centers reduce the quasi-Fermi level sepa-
ration EF„—EF, inhibiting further defect formation.

The equilibrium defect density under illumination, still
given by Eq. (2), is obtained by substituting Uf from Eq.
(4) for Ufo. The defect chemical potential p under il-
lumination becomes

Equation (7) predicts a power-law dependence of the
saturation defect density on the general rage G with
a temperature-dependent exponent e=(y„+y~)p/[2
+p(1+5, +5~ ) ). Assuming that T, =550 K, y„=y
=1, @=0.27, 0.30, and 0.35 at 250, 300, and 400 K, re-
spectively, which approximately agrees with the experi-
mental results.

In order to test the chemical equilibrium model de-
scribed above more thoroughly, the steady-state defect
density under illumination was calculated from Eqs. (2)
and (5) [without using the suppositions that led to Eq.
(7)]. The parameters used in the calculations, summa-
rized in Table I, are similar to the ones used by Street and
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TABLE I. Parameters used in the calculations. I I i
l

R I I
1

I I l ~ l
I

/
I I j T 1 I

Parameter

EG

T.
Uc
X„o
A~

n

A,'b

Description

Band gap
Defect level
VB temperature
Correlation energy
Density of VB tail states
Electron capture probability
Hole capture probability
Hydrogen density

Value'

1.6 eV
0.6 eV
550 K
0.3 ev
2X 10 cm eV
3X10 cm /s
0.8 X 10 cm'/s
5.0X10 ' cm

'Energy values measured with respect to the valence-band mo-
bility edge.
From Ref. 2. These capture probabilities were scaled to obtain

the results in Fig. 3 (see discussion in text).
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Winer to describe the temperature dependence of the
equilibrium defect density in the dark. Other parameters
necessary for the determination of the defect density un-
der illumination like 6„and y„are not well known
and may in fact depend on the defect density. We as-
sumed 6„=y„=1and E, =E,—ED, i.e., the defect
equilibrium Fermi level to coincide with the defect level
ED. In order to shift the curves vertically to superpose
with the experimental data, the capture probabilities A„
and A were scaled by a factor of 1.5X10. Such large
capture probabilities are unrealistic and probably arise
from an overestimation of the carrier-induced reduction
in formation energy. No scaling of A and A„ is neces-
sary if either the quasi-Fermi level shifts are reduced by-0.25 eV or the defect level ED increased by the same
amount. A more accurate relation between the photo-
generated carrier concentration 6 and the defect density
X, is needed to resolve the absolute magnitude of the cal-
culated values. The approximate expression given by Eq.
(7) reproduces the more exact numerical results to within
10%%uo below -400 K.

The model is consistent with the observed intensity and
temperature dependence of the steady-state defect densi-
ty. In Fig. 4, the steady-state defect density from the
model under illumination for two different intensities
(dot-dashed lines) and in the annealed state (solid line) is
superimposed on the experimental data of Fig. 3. Above
450 K the defect density increases as a function of tem-
perature both under illumination and in the annealed
state. This occurs because the thermally generated car-
rier density, which increases with temperature, dominates
the optically induced carrier density. The defect density
does not depend on light intensity and increases with an
effective activation energy of 0.2 —0.3 eV. There is essen-
tially no light-induced defect formation above this tem-
perature. This agrees well with the annealed CPM data
(solid circles) as well as ESR data on rapidly quenched
samples (triangles, Fig. 3).

Below 450 K the density of optically generated carriers
dominates that of thermally generated carriers, which de-
creases with temperature. The model predicts the ob-
served weak intensity dependence of the steady-state de-
fect density rather well. A large increase in light intensi-
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FICi. 4. Steady-state defect density under illumination for de-
fect formation reaction involving an electron-hole pair
(—-.—) and one electron (

———}. In each case, the upper
and lower curves are for generation rates of 4.0X10 and
1.5 X 10 ' cm ' s ', respectively. The solid line is the calculat-
ed defect density in the dark. The curves are superposed on the
experimental data of Fig. 3.

ty increases the electron and hole densities thereby in-
creasing the defect generation rate. An increased defect
density greatly reduced the electron and hole densities,
suppressing defect generation. Furthermore, the number
of potential defect sites increases exponentially with
EF E+p As a consequence of al 1 these factors working
against a defect density increase, even a large increase in
light intensity does not greatly alter the defect density re-
sulting in a weak dependence of the equilibrium defect
density on light intensity. The dependence is so weak
that at 6rst it appears to be independent of intensity.

The model also does a fair job in accounting for the
weak temperature dependence of the steady-state defect
density. The steady-state defect density decreases with
increasing temperature because the generation rate, pro-
portional to the density of photogenerated electrons and
holes, is temperature independent but the annealing rate
increases with temperature. The temperature depen-
dence can be easily understood by recalling that X, is
determined by the steady-state quasi-Fermi levels
EF„and EFp. In the low-temperature regime, the
density of photogenerated carriers is much larger
than that of thermally excited carriers and
EF„=Ec—kT in[ A„X,(T)X, /6], with a similar ex-
pression for EF~. Neglecting the weak (logarithmic)
dependence of EF„and EFp on X, , it is easy to see that
with increasing temperature the quasi-Fermi levels shift
toward midgap, decreasing the saturation defect density.
The eft'ective activation energy for N, is small (0.1 —0.15
eV). The agreement of the model with experiment below
450 K would even be better if a clear steady-state defect
density could be obtained at low temperatures. The
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points with the arrows indicate the higher obtained de-
fect density and therefore represent lower limits for the
steady-state values. The expected saturation values are
2 —3 times larger.

Finally, we investigated other defect formation reac-
tions involving one or two carriers. A reaction similar to
Eq. (3) but involving just one electron (not discussed in
detail here) gives rise to the dashed line in Fig. 4, which
does not seem to be consistent with experiment. Reac-
tions involving two electrons (or two holes) lead to results
similar to those obtained for the electron-hole reaction
displayed in Fig. 4, and can in principle not be discarded
as a possible formation mechanism for light-induced de-
fects. The important point is that these equilibration
models involving the conversion of weak bonds into de-
fects can account for both the weak temperature and
light-intensity dependence of the steady-state density of
light-induced defects.

range of illumination intensities and temperatures. The
weak temperature and light-intensity dependence of the
steady-state defect density can be accounted for by a
chemical equilibrium model for the defect density under
illumination, similar to the one used to account for the
equilibrium defect density in the dark and carrier induced
defect generation. The increased defect density under il-
lumination is due to a decrease in the e6'ective defect for-
mation energy, when the electron (or hole) quasi-Fermi
energy is moved towards the conduction (valence) band.
Defect generation under illumination is a self-limiting
process and the defect density reaches a saturation value
at long illumination time despite the existence of an ex-
tended distribution of weak bonds, which can be convert-
ed into defects.
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