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Light-induced metastable defects in hydrogenated amorphous silicon: A systematic study
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We study the magnitude of metastable light-induced changes in undoped hydrogenated amor-
phous silicon (the Staebler-Wronski effect) with electron-spin-resonance and photoconductivity mea-
surements. The influence of the following parameters is investigated in a systematic way: sample
thickness, impurity content, illumination time, light intensity, photon energy, and illumination and
annealing temperatures. The experimental results can be explained quantitatively by a model based
on the nonradiative recombination of photoexcited carriers as the defect-creating step. In the frame-
work of this model, the Staebler-Wronski effect is an intrinsic, self-limiting bulk process, character-
ized by a strongly sublinear dependence on the total light exposure of a sample. The experimental
results suggest that the metastable changes are caused by recombination-induced breaking of weak
Si—Si bonds, rather than by trapping of excess carriers in already existing defects. Hydrogen could
be involved in the microscopic mechanism as a stabilizing element. The main metastable defect
created by prolonged illumination is the silicon dangling bond. An analysis of the annealing
behavior shows that a broad distribution of metastable dangling bonds exists, characterized by a
variation of the energy barrier separating the metastable state from the stable ground state between
0.9 and 1.3 eV.

I. INTRODUCTION

The glassy or amorphous phase of a material may well
be characterized by the fact that the configurational
ground state is not given by an absolute and isolated
minimum of the total potential energy, but rather by a
more flexible arrangement of the atoms allowing configu-
rations with different local minima of the potential energy
separated by a more or less continuous distribution of po-
tential barriers. The possibility of transitions between ad-
jacent local potential minima in an amorphous solid leads
to a number of processes which, in quality or quantity, are
not commonly observed in their crystalline counterparts.
To be more specific, consider a situation as shown in Fig.
1, where two minima of the total energy exist as a func-
tion of a suitably chosen configurational coordinate q.
The minima differ by an energy hE and are separated by
a potential barrier ( Vo, bq) with Aq=

~ q~ —qo ~

. In this
picture, the crystalline state will be characterized by the
existence of relatively few, well-defined, and discrete pos-
sible values for the parameters b,E, Vo, and b,q. In the
amorphous case a continuous distribution of these quanti-
ties is possible, a fact that introduces a noticeable differ-
ence from the crystalline case: a nonzero density of atom-
ic configurations with sufficiently small values of AE, Vo,
and Aq, so that at any temperature tunneling transitions
between the two local minima in Fig. 1 can occur in the
amorphous material. This leads to a new class of
structural excitations known as two-level systems (TLS)
which do not exist in crystalline materials. The TLS are
thought to cause a variety of low-temperature anomalies
of amorphous solids. '

A second class of phenomena, both in crystalline and
amorphous solids, is observed under non-thermal-
equilibrium conditions, for example, during illumination

of a semiconductor. If the externally applied excitation is
E„&hE+ Vo, stimulated transitions between the config-
urational states qo and q~ become possible. As a conse-
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FIG. 1. Energy-configuration diagram used for a
phenomenological description of the two-level systems (TLS)
and metastable defects in a-Si:H. In the case of the TLS the en-

ergy barrier, Vo and bq =
~

q~ —qo ~, is small enough to allow
tunneling transitions between the configurational states qo and

q~. In the case of the metastable defects, Vo is of the order of 1

eV. Transitions from the ground state qo into the metastable
state q~ can then be stimulated by illumination. A decay of the
metastable state becomes possible at elevated temperatures.
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quence, the occupancy of the states qo and q& during the
external excitation will differ from that in thermal equili-
brium. After the excitation is turned off, all states q&
with Vo(q~ ) &&k~ T will be frozen into the corresponding
metastable configuration. A relaxation into the equilibri-
um ground state qo is possible, e.g. , by annealing of the
material. Depending on the magnitude of the available
external energy E„,in this second case the differences be-
tween a crystalline and an amorphous solid will be more
of a quantitative nature, reflecting the different numbers
of states with a given value of AE and Vo realized in the
system.

In recent years a popular material for the study of both
aspects mentioned above, i.e., of two-level systems and
externally induced metastable configurational changes,
has been hydrogenated amorphous silicon, a-Si:H.
Whereas the influence of TLS on the properties of this
material (e.g., Refs. 2 and 3) is of interest mostly from a
purely physical point of view, an understanding of the
metastable changes observed in a-Si:H appears to be cru-
cial for the optimization of properties related to its
present and future commercial applications. It is there-
fore this second point that has attracted much attention
and is also the subject of our investigation.

The observation of metastable changes in a-Si:H goes
back to the work of Staebler and Wronski, who found in
1977 that the dark conductivity and photoconductivity of
glow-discharge-deposited amorphous silicon can be re-
duced significantly by prolonged illumination with intense
light. The observed changes were found to be reversible
by annealing of the a-Si:H samples at elevated tempera-
tures (& 1SO'C), and were attributed to a reversible in-
crease of the density of gap states acting as recombination
centers for photoexcited carriers and leading to a shift of
the dark Fermi level EF toward midgap. Since this first
report, light-induced metastable changes in the properties
of hydrogenated amorphous silicon are referred to by the
name Staebler-Wronski effect (SWE) and have been stud-
ied quite intensively as reflected by a large number ( & 100
at present) of related publications.

The majority of these subsequent investigations has
been directed toward an understanding of the reversible
changes in the density of localized gap states of a-Si:H
and a documentation of resulting changes in the electron-
ic, optical, and magnetic properties of this material.
Direct evidence for the creation of states in the mobility

gap of a-Si:H by prolonged illumination comes from a
variety of experiments: reversible changes in the field ef-
fect, ' the deep-level transient spectroscopy response, de-
fect luminescence, subgap absorption, and, more specif-
ic, from an increase of the Si dangling-bond signal in
electron-spin resonance. ' '" Apart from these direct mea-
surements of the light-induced increase of the defect den-

sity in a-Si:H, an even larger number of studies has de-
duced a similar effect of illumination from the changes
observed in almost any macroscopic property of amor-
phous silicon. Most commonly, the reversible changes in
the transport properties of a-Si:H, measured with a
variety of experimental techniques on different diode
structures, are used to investigate the SWE. ' ' Addi-
tional information comes from time-resolved or steady-

state measurements of optical properties. ' '

It turns out to be very difficult to account for the large
amount of experimental data mentioned so far in a con-
sistent way. The conclusions of different authors agree
qualitatively in that illumination with intense light leads
to the creation of additional metastable states in the gap
of amorphous silicon which influence its electronic and
optical properties by decreasing the lifetime of excess car-
riers and shifting the position of the dark Fermi level in a
reversible manner. The quantitative conclusions from the
different experiments, however, do not agree at all.
Discrepancies exist as to the absolute density of the meta-
stable defects, their position in the mobility gap, and
whether one or more types of defects can be created by il-
lumination. Another important question that has
remained unanswered until now is whether the SWE is
mainly related to the bulk or to the surface properties of a
given a-Si:H sample. At present, experimental evidence
exists for either of the two extreme interpretations as well
as for models considering reversible changes both in the
bulk and the surface density of states. ' ' '

Given the small agreement between the different experi-
mental results, it is not astonishing that our understand-
ing of the microscopic mechanisms leading to the SWE is,
at best, rudimentary. In addition to the group of experi-
ments linking the SWE to reversible changes in the gap-
state density of a-Si:H, a number of experiments per-
formed on Schottky diodes, solar cells (p i ndio-d-es), or
on n-i-n and p-i-p structures have been very informative
as far as the origin of the SWE is concerned. ' ' It
follows conclusively from these experiments that the
recombination of excess carriers is responsible for the
creation of metastable defects in undoped ("intrinsic")
amorphous silicon, independent of whether the excess car-
riers are created by illumination or, for example, by dou-
ble injection in a forward-biased p i pdiod-e-. (It should be
mentioned, however, that recent results on p-i -p diodes
suggest the possibility of reversible changes to a small de-
gree by trapping of holes alone. )

Based on these experimental results, several microscop-
ic processes have been proposed to explain the SWE. The
first one involves the separation of weak Si—Si bonds into
one or two Si dangling bonds and is, therefore, known as
the "bond-breaking" model. This mechanism, together
with a possible rearrangement of hydrogen atoms in a-
Si:H, has been put forward by Elliott, Staebler and
Wronski, ' Morigaki et al. , Pankove and Berkeyheiser,
and, in more detail, by Dersch et at'. " A different picture
of the SWE involves reversible changes in the charge or
hybridization state of already existing dangling bonds.
This kind of mechanism has been proposed by Adler
and by Wautelet et al. Finally, there has been some ex-
perimental evidence that the magnitude of the SWE in-
creases with the concentration of impurities like oxygen,
nitrogen, or carbon in a-Si:H. ' This observation has
led to a model according to which the SWE is not intrin-
sic to a-Si:H, but rather linked to the presence of impuri-
ties in special microscopic configurations.

In addition to the experimental results mentioned so
far, there has been in recent years an increasing number of
investigations dealing with reversible changes in the prop-
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erties of doped and compensated amorphous silicon.
Among the interesting phenomena observed in doped ma-
terial are an increase of the induced metastable states with
increasing boron or phosphorus doping and the oc-
currence of a "negative Staebler-Wronski effect" in com-
pensated or lightly doped samples. ' However, in this
paper we will focus our attention on undoped a-Si:H, be-
cause we feel that doping introduces additional degrees of
freedom for structural changes in a-Si:H which will not
be available in undoped samples. Therefore, the conceptu-
ally safest approach towards the SWE seems to be an in-
depth study of undoped material.

We have undertaken such a systematic study using
electron-spin resonance (ESR) and photoconductivity (PC)
as the experimental tools to monitor reversible changes in
our samples both from a microscopic and macroscopic
point of view. According to the different aspects of the
SWE investigated here, the presentation and the discus-
sion of our experimental results will be divided into five
sections. In the first section we will briefly discuss the in-
fluence of the internal parameters —sample thickness and
impurity concentration. The largest portion of this paper
will be devoted to an investigation of the effect of the
external parameters —illumination time, light intensity,
photon energy, and illumination and annealing tempera-
ture, with special emphasis on the kinetics of the metasta-
ble defect creation and annealing in subsections B and C.
In the last section we will attempt to reconcile our experi-
mental results in a microscopic picture of the SWE.

II. EXPERIMENT

Undoped a-Si:H samples in the thickness range from
0.1 to 7 pm were deposited by rf glow discharge of pure
SiH4 either in a conventional, but baked system, or in an
ultrahigh-vacuum (UHV) deposition system. For a de-
tailed description of the latter system, see Ref. 50. The
deposition parameters used were a flowrate of 100—150
sccm pure silane, a rf power of 2 W, and a substrate tem-
perature of 230'C. Generally, Corning- 7059 substrates
(0.5X1 cm ) were used. The impurity content (carbon,
oxygen, nitrogen, chlorine) of the samples was determined
by secondary ion-mass spectroscopy (SIMS) profiling.

The electron-spin-resonance measurements were per-
formed with a Varian E201 X-band spectrometer in con-
junction with an Air Products cryostat for temperature-
dependent measurements in the range 10—500 K. The
modulation amplitude and microwave power of the spec-
trometer were optimized for detection of the silicon
dangling-bond signal (g =2.0055), resulting in a detection
limit of 6)&10" dangling bonds at room temperature.
This limit corresponds to a minimum detectable spin den-
sity of 10' cm in a typical sample (0.5 cmX1 cmX3
pm). To avoid errors introduced by varying the position
of a sample in the microwave cavity for consecutive mea-
surements, illumination and annealing were performed
mostly inside the cavity itself without removing the sam-
ple. Depending on the kind of experiment, two sampling
techniques were used. In cases where a measurement of
the ESR signal was not disturbed by time-dependent vari-
ations of the number of dangling bonds, the complete

spectral information was obtained by averaging three or
more scans of the static magnetic field H across the
dangling-bond resonance (H =Ho ). This conventional
ESR sampling mode is possible (and more accurate), for
example, during illumination of a sample at temperatures
below 100 C. In this case the illumination can be inter-
rupted and the number of dangling bonds will remain un-
changed during the time necessary for an accurate mea-
surement (15 min). This conventional method fails, how-
ever, at temperatures above 100'C because annealing of
the metastable dangling bonds leads to a noticeable de-
crease of the ESR signal during the time necessary for the
recording of a complete ESR spectrum. Therefore, in this
temperature regime, the following double-modulation
technique was employed. The static magnetic field H is
fixed at the resonant value Ho. Then 100-kHz modula-
tion of this static field is used to allow the usual lock-in
detection of the ESR signal. However, in addition a
second pair of modulation coils is operated with a low fre-
quency (typically 10 Hz) and a modulation amplitude
equal to AH„p/2, where AH~~ is the peak-to-peak
linewidth of the ESR signal to be detected. The output of
the first high-frequency lock-in stage is analyzed by a
second phase-sensitive detector locked to the second, low-
frequency modulation. This mode allows fast, continu-
ous, and accurate measurement of the amplitude of the
conventional single-modulation ESR signal, provided that
the line shape of this signal does not change significantly
with time. Fortunately, this is fulfilled in the case of the
SWE. The line shape of the stable dangling bonds is in
first order the same as that of the metastable dangling
bonds. Thus the line-shape information gained in a usual
ESR experiment becomes redundant and can be traded in
for a faster or more accurate intensity information. It
should be mentioned, however, that small but significant
differences between the line shapes of stable and metasta-
ble dangling bonds exist. These will be discussed in a later
publication.

Measurements of the photoconductivity in our samples
were performed by evaporating chromium co-planar bot-
tom electrodes with a gap of 0.5 mm on the substrates pri-
or to the glow-discharge deposition. Both, chopped il-
lumination combined with lock-in detection and continu-
ous illumination were used. The intensity dependence of
the PC was measured using neutral-density filters. For
direct comparison, the reversible change of the PC during
illumination together with that of the dangling-bond den-
sity was measured simultaneously while a sample was il-
luminated inside the microwave cavity.

Several light sources were employed for illumination of
the different samples. Reproducible transformation of
samples with various thickness from the annealed state A
to the light-soaked state 8 was obtained by prolonged il-
lumination ( ) 16 h) with unfiltered white light (350
mW/cm ) from a tungsten lamp in a fixed configuration.
Well-defined illumination conditions necessary for the in-
vestigation of the defect-creation kinetics were realized by
the use of monochromatic light from a Kr+ laser (647.1

nm, hv=1. 91 eV, or, for more homogeneous illumina-
tion, 676.4 nm, h v= 1.83 eV). For the investigation of
the photon-energy dependence of the SWE, we made use
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of monochromatized light from an arc lamp. In all cases
the sample heating resulting from the illumination was
determined and taken into account for the final analysis.

Finally, for the transformation of an illuminated sam-
ple from state B to state A, the sample was either an-
nealed on a hot plate in air at 165 'C for 1 h, or inside the
microwave cavity in N2 at various temperatures for up to
4 h. It was ascertained by SIMS measurements that an-
nealing of a high-purity sample for as much as 24 h in air
at 190'C did not lead to a significant increase of the oxy-
gen or nitrogen content in the surface or bulk of the sam-
ples. Therefore, the annealing procedures employed do
not alter the bulk composition of the sample.

III. RESULTS AND DISCUSSION
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Although our study is mainly concerned with the influ-
ence of externally variable parameters on the metastable
changes in a given sample, we will begin with a brief
description of our results concerning the influence of the
thickness and the impurity content of a sample. These ex-
periments address the questions of whether the SWE is
caused by impurities in a-Si:H and whether it is a surface
or a bulk effect. A detailed discussion of these two as-
pects of the SWE in amorphous silicon has been or will be
given elsewhere. '

For an investigation of the effect of varying sample
thickness on the magnitude of the SWE, the total number
of dangling bonds created in samples with thicknesses be-
tween 0.1 and 7 pm by prolonged illumination was deter-
mined by ESR measurements. The results are shown in
Fig. 2(a) for samples deposited in two different systems: a
baked conventional glow-discharge apparatus and an
UHV system. Following the straight line with slope 1 in
this double-logarithmic plot, the number of induced dan-
gling bonds first increases proportional to the sample
thickness d up to about d =0.5—0.6 pm for both sets of
samples. Thicker samples, however, do not show a fur-
ther increase of the observed ESR signal. Since the light
soaking in the case of Fig. 2(a) was performed with white
light in thicker samples. Therefore, the experiment was
repeated with weakly absorbed monochromatic light
(hv=1. 8 eV). Surprisingly, the results are the same [Fig.
2(b)]. In addition, the complete light soaking of the thick-
(hv=1. 8 eV). Surprisingly, the results are the same [Fig.
2(b)]. In addition, the complete light soaking of the thick-
er samples was checked by prolonged illumination from
both sides. Our data lead to the conclusion that a two-
phase model is necessary to describe the SWE in thick
samples. According to this model, one or more regions
with a combined thickness of approximately 0.5 pm exist,
which are highly susceptible for light-induced metastable
changes, whereas the rest of the sample is, by about an or-
der of magnitude, more insensitive to the same kind of il-
lumination. Similar results have been repeatedly reported
for the thickness dependence of a variety of electronic
properties both for the thermally equilibrated and the
light-soaked states of a-Si:H. ' ' Note as well that the
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thickness dependence of the ESR signal in the annealed
state for the present high-quality films according to Fig.
2(b) can be separated into a surface contribution of about
10' spins/cm and a bulk spin density of 3)& 10' cm
in accordance with previous measurements.

The present results suggest that there is both a surface
and a bulk contribution to the S%'E. Clearly, a purely
surface-related origin has to be excluded, since a highly
susceptible layer of about 0.5 pm thickness can hardly be
referred to as a surface. On the other hand, it is clear that
the bulk of the material is much less susceptible to the
metastable changes. All this shows that in the context of
the SWE (as well as in many other cases) amorphous sil-
icon films show a considerable nonuniformity. There are

I
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THICKNESS (~~)
FIG. 2. Variation of the number of dangling bonds observed

by ESR after prolonged illumination with sample thickness. (a)
Illumination with white light for UHV samples (solid squares)
and standard glow-discharge samples (open circles). (b) Il-
lumination with homogeneously absorbed monochromatic light
(1.83 eV) for UHV samples. The open squares show the number
of dangling bonds in the annealed state.
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several possible causes for the observed inhomogeneity in
the magnitude of the SWE. Nonuniform illumination
conditions have already been excluded as discussed above.
Thermal gradients caused by the illumination are negligi-
ble, as well, since due to the high thermal conductivity of
a-Si no significant thermal gradients can be sustained,
even in a 10-pm-thick sample. The next step, therefore, is
to look for more structure-related inhomogeneities like
profiles of hydrogen or impurity concentrations. Al-
though it is known from SIMS or nuclear activation
analysis that such profiles exist in a-Si:H, they are re-
stricted to a total sample thickness of typically less than
0.1 pm, ' and thus do not appear to be the cause for the
inhomogeneous SWE. More promising candidates for an
explanation of the measured thickness dependence are the
existence of sample regions with considerable band bend-
ing near the free surface or the substrate/sample inter-
face ' ' and the high mechanical stresses reported for
glow-discharge a-Si:H samples deposited on various sub-
strates. Band bending could affect the efficiency of
metastable defect creation via changes in the recombina-
tion processes as discussed further below, and a possible
negative influence of stress on the stability of bonds. is
conceptually easy to understand, even if detailed mecha-
nisms are far from being positively identified. Both possi-
bilities for an explanation of the observed thickness
dependence are currently the subject of detailed investiga-
tions.

The second internal parameter that we have studied
more closely is the concentration of the major impurities,
oxygen and nitrogen, in the a-Si:H films. Again, the
magnitude of the light-induced changes can be measured
conveniently by comparing the intensity of the dangling-
bond ESR signal in the annealed state, 3, and after light

soaking, state 8, for samples with comparable thicknesses.
In Fig. 3, the obtained spin densities are plotted as a func-
tion of the N and 0 concentration in the films. It can be
seen that the SWE is independent of the impurity concen-
tration below about a tenth of an atomic percent, with a
typical increase of the defect density by about 1 order of
magnitude from 10' to 10' cm after prolonged il-
lumination. This result shows quite conclusively that the
SWE is intrinsic to a-Si:H, and not related to defect states
created by incorporation of oxygen or nitrogen. Although
not shown explicitly, similar conclusions are valid for a
third major impurity, carbon. An influence of the incor-
porated impurities is only observed for higher concentra-
tions of nitrogen or oxygen. In this range both the density
of stable and metastable defects increases strongly with
the impurity content. Previous studies reporting an in-
crease of metastable changes with impurity concentration,
actually, were performed always in this high-impurity-
concentration region ' and are therefore in accordance
with the present results. The low-impurity-concentration
regime has only recently become accessible by the use of
UHV systems. It follows from Fig. 3, however, that the
large investments connected with an UHV deposition sys-
tem will not be rewarded by a better stability of the a-
Si:H films, once the critical impurity concentration of
about 10' cm has been reached. The detailed mecha-
nisms for the enhancement of the reversible changes in the
high-impurity-concentration regime are not known at this
point, but it is plausible that high contents of impurities
will result in significant changes of the bonding structure
in a-Si:H. This could lead to a greater susceptibility of
the material for light-induced structural reactions. Such a
"softening" of the Si network is also suggested by the ob-
served increase of stable dangling bonds with increasing
nitrogen or oxygen content above 10 cm
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FIG. 3. Dependence of the ESR spin density in the annealed
state ( 2}and the light-soaked state (B) on the concentration of
nitrogen (upper part) and oxygen (lower part) present in a-Si:H.

The results of the preceding subsection indicate that the
SWE is most likely intrinsic to hydrogenated amorphous
silicon. The final goal in understanding the creation of
metastable defects is, therefore, to identify one (or maybe
more) microscopic process(es) possible in pure a-Si:H, i.e.,
processes not involving impurity atoms other than hydro-
gen, which are compatible with the various experimental
results. Ultimately, any serious model for the SWE espe-
cially has to be able to explain the kinetics of the defect-
creation process, i.e., the dependence of the number of
created metastable defects on the external parameters—
illumination time and illumination intensity. Surprising-
ly, there have only been very few investigations dealing
with this kinetic behavior of the SWE in a quantitative
way. ' In this section, we will discuss in detail a kinet-
ic model for the SWE recently proposed by us. ' For
the sake of clarity, we will first develop the kinetic theory,
and then compare the predictions of this model for the
metastable changes of the PC and ESR response with the
experimental data. This will be followed by a discussion
of our model in the context of other existing theoretical or
experimental investigations.
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I. Theory of kinetic behauior

In our model the defect creation in an a-Si:H sample
under steady-state illumination occurs by nonradiative
recombination between optically excited electrons (n) and
holes (p). Therefore, it is imperative for an understanding
of the effect to develop a sufficient description of the ex-
cess carrier distribution under these conditions. To obtain
such a description in detail has been impossible up to date.
Fortunately, the details of the carrier distribution turn out
to be relatively unimportant for the kinetic modeling of
the SWE if one restricts the validity of such a model to
the high-temperature regime, T ~ 200 K. In this case the
lifetime of excited carriers is sufficiently short (r & 1 ms),
and the thermal energy k&T is comparable to the decay
constant Eo-50 meV of the exponential band tails, so
that thermal equilibrium between the band tails and ex-
tended states is readily achieved. It is then possible and
useful for the following to define the integral concentra-
tions n and p of excited electrons and holes by the two
(coupled) equations

n = „E,T, G,N„,p p E dE, (la)

p= f f~(E, T, G,N„,n)p(E)dE . (lb)

Here, CB denotes the energy region of the (shallow)
conduction-band-tail states and above, VB the correspond-
ing region of the valence band, p(E) is the electronic den-
sity of states, and the occupation functions f„and f» for
electrons and holes are functions of the energy E, the tem-
perature T, the generation rate G, and the density N„of
recombination centers. In a-Si:H, a large number of ex-
periments (e.g., Refs. 67—73) has shown conclusively that
the main and possibly only type of recombination center is
given by the three different charge states of the Si dan-
gling bond,

N„=N++N +N
N+ and N are the densities of the charged configura-

tions of a dangling bond occupied by two holes (N+ ) or
two electrons (N ) and are both diamagnetic. The usual-

ly observed ESR signal at g=2.0055 ascribed to the
dangling-bond defect originates from the neutral, singly
occupied configuration N . Therefore, the number or
density of dangling bonds or spins, N„always refers to
this later concentration, N, =N . Since it is known that
the spin density N, increases during illumination of a-
Si:H, the SWE will influence the integral concentrations n

and p via a variable density of recombination centers,
N„=N„(t;~~), where t;~& is the illumination time. The tem-
perature T, the light intensity I ~ 6 (generation rate), and
the illumination time t;~& are the external parameters af-
fecting the steady-state concentrations n and p. However,
for now we will assume a constant temperature and con-
centrate on the kinetic parameters G and t;jI.

The relationship between n, p, and the population of
the recombination centers N, under steady-state illumina-
tion is governed by the detailed balance between the tran-
sitions shown in Fig. 4. Excess electrons and holes are
created with a constant generation rate G. After the exci-
tation, they thermalize rapidly into the shallow band-tail

states and contribute to the PC via a multiple-trapping
mechanism duririg a mean lifetime ~. This lifetime is lim-
ited by the recombination of the excess carriers. In the
present picture a recombination is any event that removes
an electron or hole from the integral populations n or p.
This is possible by sequential deep trapping of a hole by a
negatively charged (D ) or neutral (D ) dangling bond
and of an electron by a neutral or positively charged (D+ )

dangling bond. In addition, direct tail-to-tail transitions
between excess electrons and holes are possible. The tran-
sition probabilities per final state for the various transi-
tions are given by the (temperature-dependent) quantities
Az, A&, A„, A„+, and A, as specified in Fig. 4. In princi-
ple, all of the recombinant transitions shown can occur ra-
diatively, i.e., by emission of a photon (luminescence), or
nonradiatively, that is, by a multiphonon process. The
branching ratio between these two possible channels de-
pends critically on the electron-phonon coupling of the in-
itial states. At room temperature or above, the transitions
are predominantly nonradiative.

Independent of the type of transitions prevailing, the
dynamic situation in the model described by Fig. 4 will be
completely characterized by the following set of rate
equations:

dn/dt=G n(A„N—+A„+N++A,p),
dN /dt =nA„N —pAp N

dN /dt=n(A„+N+ A„N )+p—(A~ N A~N ), —

d N+ /dt =pAp N —n A„+N+,

dp/dt=G p(A&N +A—z N +A, n) .

(3a)

(3b)

(3c)

(3d)

(3e)

dn/dt =G n(A„N„+A—,p),
dN„/dt =0,

(4a)

(4b)

Ec

An

A
P A' (SW3

FICr. 4. Schematic diagram for the generation and recorn-
bination of excess electrons (n) and holes (p) in hydrogenated
amorphous silicon. D+, D, and D refer to the charge state
of the dangling bonds prior to the electronic transition. See text
for details.

This set of equations is simplified in so far as optically
excited transitions from localized to localized and local-
ized to extended states have been neglected in comparison
to extended-extended absorption. Moreover, it will be
shown in the Appendix that within certain limits the dis-
tinction between the different dangling-bond charge states
D+, D, and D can be omitted, leading to
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dp/dt=G —p(A&N„+A, n);
where

A„X„—:A„1V +A„X+

(4c) and that of purely monomolecular recombination at low
intensities and/or high densities N„of recombination
centers:

n =6 I(A„N„), p =6 l(A~N„) .
and

AplV, =Aug +Ap X
According to Eqs. (6a) and (6b), the transition between
these two extremes is characterized by

are effective transition rates for excess electrons and holes
being trapped by dangling bonds of all possible charge
states. Note, however, that the simplification leading to
(4) is only possible if the ratios n + =N+ /N„
n =N IN„, and n =N IN„do not depend on the
external parameters 6 and t;]~, as discussed in the Appen-
dix. Moreover, for Eq. (4b) to be a valid approximation,
one has to make sure that the increase dN„/dt;~& of the
dangling-bond density resulting from the SWE occurs on
a much longer time scale than the equilibration between
the different populations in Fig. 4, as described by the rate
equations above. This is the main reason why the follow-
ing kinetic model is only valid in the high-temperature re-
gime ( T & 200 K), where the equilibration between the dif-
ferent occupancies will not be disturbed by the slowly in-
creasing number of dangling bonds. In this case, a quasi-
steady-state approach to the rate equations (4) is possible:
dn/dt=dp/dt=0. Thus, one obtains the integral popu-
lations n and p as

n =6/(A„N„+A,p),
p =6 /(A~N„+ A, )n. (5b)

This pair of coupled equations can be solved by substitu-
tion and leads to the following expressions for n and p:

n =6/I(A„N„/2)+[(A„N„/2) +A, A„G/Ap)' I,
(6a)

(A„N„/2) =A, A„G/A

(A~N„/2) =A,A~6/A„,
and occurs around

6/X, =A„Ap/4A, . (9)

We are now in the position to derive the kinetic
behavior of the metastable defect creation. As indicated
in Fig. 4, our model is based on the assumption that new
metastable dangling bonds are created by the fraction of
nonradiative, direct tail-to-tail recombination transitions.
This is suggested by the experimentally observed dom-
inant role of recombination in the defect-creation mecha-
nism and by the fact that nonradiative transitions can
provide, in the form of local phonons, the energy neces-
sary to surmount the potential barrier of about 1 eV
separating the stable ground state from the metastable de-
fect state (cf. Fig. 1). At this point we will not try to
describe a detailed microscopic process for the metastable
defect creation. This will be the subject of subsection E.
We rather continue with the development of the kinetic
behavior resulting from such a model. Therefore, if we
accept that new dangling bonds are created by (nonradia-
tive) tail-to-tail transitions, we are led to the following
equation for the change of the dangling-bond density X,
with illumination time t;]].

p =6/I(A~N„/2)+[(AqN„/2) +A, A~G/A„]' dN„/dt;s csw Atnp——. (10)

(6b)

Neglecting possible small variations of 3& and A„as
described in the Appendix, these equations are generally
valid and comprise both the limiting cases of purely bi-
molecular recombination at high intensities with

(A /A A )'nG'n p=(A /A A )'~'6

Here, A, np is the number of tail-to-tail transitions per
unit time and volume, and csw is a constant describing
the average efficiency of these transitions for the creation
of new dangling bonds.

Using the expressions for n and p given in Eqs. (6a) and
(6b), we obtain the following differential equation for
N„(t;s ):

dN„/dt;s (cswA, A„G /A——~)I(A„N„) /2+A„N„[(A, A„GIA~)+(A„N„/2) ]'~ +(A, A„GIAN)I ' . (ll)

This equation can be integrated easily by separation of the variables, yielding the final relation for the illumination time
and intensity dependence of the dangling-bond density:

[N„(t j)—N„(0)]+(2/A„) {[A~N„(t~))/4+(GA, A„/Aq)] ~ —[A N„(0)/4+. (GA, A /Aq)]

+6GA, [N„(t;H) —N„(0)]/(A„Ap)=6cswA, G t; /(AH„Ap) . (12)

Equation (12) is exact, except for the introduction of
the effective transition' probabilities A„and Az as dis-
cussed in the Appendix. However, although an exact
solution of the present problem is possible, this somewhat
obscures the physical processes behind the characteristic

kinetic behavior exhibited by the SWE because of the
complex analytical expressions obtained. We will, there-
fore, discuss briefly the more transparent case of low il-
lumination intensities, which, as shown in the Appendix,
is a good approximation for the range of external parame-
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ters used in this study. In this case, Eqs. (6a) and (6b) are
approximated by Eq. (8), i.e., by a purely monomolecular
behavior of the integral free-carrier densities n and p. If
we insert Eq. (8) into Eq. (10), we obtain a simplified ver-
sion of Eq. (11):

dN„/dt;» csw——(Ai/An Ap )(G/Nr )

Equation (11') reveals an important characteristic of the
SWE, which is somewhat buried in the exact equation
(11). The rate of creation of new dangling bonds,
dN, /dt;]], decreases with the square of the density of al-
ready existing dangling bonds. The physical reason for
this decrease is that the tail-to-tail transitions leading to
the creation of metastable dangling bonds are effectively
shunted by the recombination events via the main recom-
bination centers, the existing stable or metastable dangling
bonds. In this sense, the SWE is self-limiting, since the
creation of new dangling bonds is inhibited by the already
existing dangling bonds. This self-limiting behavior is the
main reason why the metastable changes connected with
the SWE are not simply proportional to the exposure It;]]

of a given sample. This becomes evident when (11') is in-
tegrated, yielding

N„(t;„)—N„(0)=3csw(A, /A„Ap)G t;» . (12')

For sufficiently long illumination times t;]~, when
N„(t;„)&2N„(0), N„(0) can be neglected compared to
N„(t;~~ ), and one can simplify

N„(t;ii)=[3csw(At/A~Ap)] ~ G2~3t;~( (13)

Equation (13) shows that the increase in the density of
metastable dangling bonds is expected to be sublinear both
in illumination intensity (G ~

) and illumination time
(tI( ). The same relation is also obtained easily as the
limit of Eq. (12) for long illumination times.

A second interesting case is the initial increase of N„
for weak exposure, i.e., the -case of short illumination
times t;~~ and low light intensities I ~ G. As long as
G t;» is sufficiently small, it is clear from Eq. (12) that
N„(t;„)=N„(0). In this case, (12) can be approximated by
the following linear relationship:

[N„(t;» ) —N„(0)] I N„(0)+N„(0)[N„(0)+4GA,/(A„Ap )]' +2GA, /(A„Ap ) I =2csw A, G t;»/(A„Ap ) .

Again, for low generation rates G one can simplify, thus
obtaining

Ev &E &Ec, and p„(E)=p„o,pp(E) =pp o otherwise.
Equation (15) then reduces to

[N„(t;» ) —N„(0)]= csw A, [G/N, (0)] t,»/(A„Ap ), (14') ash =e (Pn, on o+Pp, OPO ) .

which also follows directly from Eq. (11') by replacing
the derivative dN, /dt;~& with its difference quotient,
AN, /'At;H. We note for the following discussion that in
this regime the density of dangling-bond defects increases
linearly in illumination time with a slope proportional to
the efficiency constant cs~.

2. Kinetics of metastable changes of the photoconductivity

In this subsection we will use our theory for the meta-
stable defect creation as developed in subsection B 1 to
describe the reversible changes of the steady-state photo-
conductivity during illumination. A general expression
for the PC, o.~I„can be obtained similar to the definition
of the integral densities n and p in Eqs. (la) and (lb):

T

o&h ——e f p„(E)f„p(E)dE+ f pp(E)f&p(E)dE

o.
ph e(Pnn +PpP——) (15')

where p„and pp are the average (drift) mobilities for elec-
trons and holes,

p„=(1/n ) f p„(E)f„(E,T, G, N„,p )p(E)dE (16)

(analogous for pp). In the case of amorphous silicon, it is
possible to assume relatively sharp mobility edges E& and
Ez for electrons and holes with p„(E)=pp(E)=0 for

(15)

Here, p„~p~(E) are the effective mobilities of electrons
(holes) with energy E. Equation (15) can also be written
in the form

no and po are the densities of carriers in extended states.
In this approximation, the dependence of the PC on the
generation rate G and the density N„of recombination
centers is only given by the dependence of no and po on
these external parameters, since to first order the
extended-state mobilities p„o and p& o can be regarded as
constant. In addition, because we have restricted our
analysis to the high-temperature regime, the densities no
and po of carriers in extended states will be simply pro-
portional to the total densities n and p of optically excited
electrons and holes. This allows us to express the PC as

~ph e(Pn, 013n n +Pp, OPpP ) (18)

where I3„=noln and 13p =go/p. The metastable changes
of n and p during prolonged illumination have been de-
rived in the preceding section and are given by Eqs. (6a)
and (6b). Equation (18), therefore, allows us to relate the
changes in the PC to the metastable changes of the
dangling-bond density N„as given implicitly by Eq. (12).
The resulting expressions can easily be evaluated numeri-
cally, but are somewhat complicated to discuss. We will,
therefore, restrict our discussion of the PC to the case of
low illumination intensities and/or high dangling-bond.
densities. Then n and p in Eq. (18) can be approximated
by the monomolecular limits given in (8), leading to

o.
ph

——B(G/N„),
where

(19)

B=e(p„o/3„/A„+pp ogp/Ap )

is a constant independent of G. Combining Eq. (19) with
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Eqs. (12') and (14') we thus obtain the asymptotic varia-
tion of the PC with illumination time and intensity given
by

[o„„(t;())] —[omah(0)] =3(cswA, /A„A~A )(r;t)/G)

(20)

in the long-time limit, and by

[I/o~h(0)] I [I/O' h(t;]1)]—[I/o h(0) ]I

=cswtinAt/[AnAqB Nr(0)] (21)

for short illumination times and/or small generation rates.
Note that in both equations, (20) and (21), the expressions
on the left-hand side are proportional to the product
csw till ~t.

3. Comparison between kinetic theory and experiment

In this section, we will use the experimentally observed
metastable changes of the ESR spin density and of the
steady-state PC to test the validity of our theoretical ap-
proach described above. The raw data for the number of
light-induced, metastable dangling bonds, N;„d, in a sam-
ple with a volume of 1.5& 10 " cm, are shown in Fig. 5
as a function of illumination time for various intensities
of the monochromatic illumination. All measurements
were performed on the same sample. The number N, (0)
of stable dangling bonds at t;&~ ——0 (after annealing) is indi-
cated by the dotted line. Annealing restores this value of
N, (0) within the experimental accuracy. The different
curves in Fig. 5 show a common behavior in that the
number of induced spins first increases rapidly with il-
lumination time. For longer times, however, N;„d seems
to reach a saturated value, which, in turn, depends on the
illumination intensity I.

In the context of our kinetic model, the dependence of
the dangling-bond density on t;11 and I is given by Eq.
(12). We first note that according to the Appendix the
density (or number) of metastable and stable paramagnetic

dangling bonds, E, =X, is expected to be a constant
fraction n of the total density (or number) of dangling
bonds, N„appearing in Eq. (12) [cf. Eq. (A11)]. Second-
ly, for a comparison with Eq. (12), we should not plot the
number of induced dangling bonds, N;„d, as in Fig. 5, but
the total number of dangling-bond related spins,
N, =N;„d+N, (0), as a function of the illumination time.
This has been done in Fig. 6, using a double-logarithmic
plot. Figure 6 nicely shows the long-time behavior of the
total spin density. When N, (t;~~) & 2N, (0), as indicated by
the dashed line, all curves exhibit a t' dependence on il-
lumination time within the experimental accuracy. More-
over, the inset in Fig. 6 shows that the intensity depen-
dence of N, for a fixed length of illumination is close to
I in this long-time limit. This dependence of

~ tll/13I06 compares very favorably with the kinetic
model, which according to Eq. (13) predicts a dependence
as t 11 I . For a more detailed comparison over the
whole time range, a numerical analysis of Eq. (12) is
necessary. The results of such a comparison are shown in
Fig. 7—9. %'e would like to stress the point that for a fit
between the experimental results and theoretical predic-
tions only one free parameter is available, namely the
product cswA, of the dangling-bond creation efficiency
and the tail-to-tail transition probability. All other quan-
tities in Eq. (12) are determined from other experiments
and, therefore, are not free fitting parameters. cswAt can
be evaluated most easily by fitting the theoretical curves
to the actual data points for a sufficiently high illumina-
tion intensity in the t ' regime. Figure 7 demonstrates
this for an illumination intensity of 400 mW/cm, assum-
ing a value of cs~ ——5 X 10 . Then, At =3)& 10
cm s ' is obtained from the fitting procedure, consistent
with the experimentally observed transition from a
monomolecular to a bimolecular recombination according
to Eq. (9). This gives us cswA, =1.5X10 ' cm s ', and
we will use this value throughout the rest of this paper.
Note that in Fig. 7 the spin-density values at short times
deviate somewhat from the theoretical curve that fits the

a-Si:H, UNOOr EO I I I

2 X 3 ~ ~
00mW/em 2

a~ = 1.9 eV P~
~
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T=310 KR

U

200 mW/cm

100 mW/cm2

50 mW/cm2
~ ~ ~ 4 ~ ~ » i ~ ~ ~ e „,~~~~ ~ ~ ~ ~
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FIG. 5. Increase of the number of light-induced metastable
dangling bonds (determined by ESR) as a function of illumina-
tion time for various light intensities. Experiments were done
on the same sample at room temperature using monochromatic
laser light (1.9 eV). The dotted line X,(0) indicates the level of
stable dangling bonds measured after annealing of the sample.
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FIG. 6. Double-logarithmic plot of the data in Fig. 5. Note
that instead of the number of induced dangling bonds the total
number of dangling bonds has been plotted here. For
X, ~2%,(0) (dashed line) all curves follow within the experi-
mental error a t' time dependence. The inset shows that the
dependence on light intensity in this regime is given by I
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FIG. 7. Theoretical variation of the total spin density with il-
lumination time for different tail-to-tail transition probabilities

Here a creation efficiency of cs~ ——5&10 ' has been as-
sumed. The open squares are the experimental points for an il-
lumination intensity of 400 mW/cm taken from Fig. 6. The
best fit to the long-time behavior is obtained for 2, =3&&10
cm' s-'.

same set of data at long illumination times. This
disagreement is partly due to the relatively larger error
bars for the low-spin-density points. On the other hand,
the short-time regime is strongly dependent on the start-
ing dangling-bond density X,(0). This can be seen in Fig.
8, where theoretical curves are shown for cs~3, as de-
duced above, however, allowing some variations in X,(0).
A nearly perfect fit is obtained for N, (0) = 1&& 10' cm
which, indeed, is closer to the experimentally obtained
value of X,= (9+3)&& 10' cm than the density of
7& 10' cm used in Fig. 7. For a single illumination in-
tensity, therefore, the agreement between Eq. (12) and the
experimental data is excellent. The same is true if we ex-
tend our comparison over a wide range of different il-
lumination intensities, although now no free parameters
are available. The comparison between the complete set
of experimental results (of Fig. 6) and the kinetic model is
shown in Fig. 9. For intensities up to 400 mW/cm, any
deviation from the theoretical predictions would be small-

FIG. 9. Comparison between the theoretically predicted ki-
netic behavior of the spin density (solid lines) and the expen-
mental data from Fig. 6. [X,(0}= 1 X 10' cm
cs~A, =?.5 ~ 10 "cm s '.]

er than the experimental uncertainty. Significant differ-
ences are only present for the highest intensity, I=700
mW/cm . The most likely reason for this disagreement is
that sample heating due to the illumination is no longer
negligible here (see the discussion of the temperature
dependence below). Nevertheless, the conclusion from
Fig. 9 is that the proposed kinetic model of the SWE can
quantitatively explain our ESR results over 1 order of
magnitude in illumination intensity and nearly 3 orders of
magnitude in illumination time.

The applicability of the kinetic model is not limited to
an explanation of the ESR data alone. In the following
we will show that the kinetic behavior of the PC, too, can
be explained in the framework of the theoretical descrip-
tion developed in subsection B2, above. The decrease of
the photoconductivity with illumination time for three
different light intensities is summarized in Fig. 10. The
observed variation is similar to the kinetics of the ESR
spin density in Fig. 5 in that the metastable changes are
relatively large for short illumination and seem to saturate
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FIG. 8. Dependence of the short-time spin-density increase
on the initial spin density N, (0). (cs~A, =1.5)&10 ' cm s '.)
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FIG. 10. Time dependence of the photocurrent hi in undoped
a-Si:H for three different illumination intensities (mono-
chromatic illumination, h v=1.9 eV, Io ——170 mW/cm ).
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at longer times. Moreover, the absolute level of the PC as
well as the magnitude of the reversible changes both de-
crease with decreasing illumination intensity. The de-
crease in the PC occurs parallel to the increase of the
dangling-bond density, as predicted by Eq. (19). Before
analyzing this behavior in more detail, it is useful to
ascertain the validity of this central equation, i.e., the pro-
portionality of the PC to the illumination intensity I and
to the inverse dangling-bond density 1/X, . Figure 11
shows that the PC, indeed, is nearly proportional to the
incident light intensity over 6 orders of magnitude. The
observed dependences are o.

ph ~ I in the annealed state,
and o.

ph
0- I' after prolonged illumination with the

strongest intensity (Io ——200 mW/cm ) employed in the
measurements shown.

These results are somewhat in disagreement with a
large number of similar investigations reporting intensity
dependences of the PC as Ir, with y varying typically be-
tween 0.5 and 1.' ' The reasons for this largely vary-
ing intensity dependence are still not fully understood.
We would like to point out, however, that special care has
to be taken to avoid the introduction of experimental ar-
tifacts into the intensity dependence of the PC. A com-
mon source of error is the use of light sources leading to
nonuniform illumination of the sample, especially in com-
bination with gap contacts on the illuminated top surface.
In this study we have, therefore, used monochromatic
light with sufficiently long wavelength, and bottom con-
tacts to reduce contact-related irreversible changes during
the thermal anneals of our samples. A second source of
error is the influence of surface band bending on the ob-
tained intensity dependence. In particular, thin films

.(d (0.5 pm) are dominated by surface effects and exhibit
values of y significantly smaller than 1. Therefore, we
used only thick films (d =3 Ium) for the investigation of
the kinetic behavior. A third problem in measuring the
exponent y for a low-defect-concentration a-Si:H sample
in the annealed state is the change of the dangling-bond
density N, during the PC measurement itself at higher il-
lumination intensities. This complication cannot be
avoided completely, but can be minimized by starting a

10 2
0
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CL, 10-'
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A
2

measurement at the highest intensities and limiting the il-
lumination to a period just long enough to reach steady
state. Otherwise, y will appear smaller than it actually is,
because the induced dangling bonds reduce the photocon-
ductivity for all subsequent points. For example, the in-
tensity dependence in the annealed state could show a
transition to a I behavior, if one were to measure up-
wards in intensity.

The dependence a~h ~ 1/X, in Eq. (19) has been veri-
fied by using the same sample, provided with bottom
chromium gap electrodes, for the PC and ESR measure-
ments. The increase of the dangling-bond density and the
resulting decrease of the photocurrent were monitored
simultaneously while the sample was illuminated inside
the microwave cavity with monochromatic light of inten-
sity Io ——300 mW/cm . The decay of the PC at this high
intensity was recorded continuously and results in the
curve labeled "dc" in Fig. 12. At certain intervals, the il-
lumination was interrupted for typically 10 min to allow
an accurate measurement of the dangling-bond density X,
and, at the same time, a determination of the PC at lower
intensities, Io/100=3 mW/cm, using lock-in detection.
These later results led to curve "ac" in Fig. 12. It can
been seen from this curve that the low-intensity PC actu-
ally follows the monomolecular behavior of Eq. (19)
within experimental accuracy. The high-intensity PC ex-
hibits a slightly weaker %, dependence, cr~h(dc).
~ X, . This dependence of 0 ph ~ X has also been

observed experimentally by other investigators, at least for
high dangling-bond densities () 10' cm ) (e.g., Ref. 63).
However, for lower spin densities, oph has been found to
be nearly independent of X„in contrast to the present re-
sults which show the proportionality between o.

ph and
X, ' down to a density of about 10' cm (cf. Fig. 12).
Again, there are several possible reasons for this apparent

10 20

610„6 I

1O-4

I/t

FIG. 11. Intensity dependence of the steady-state photocon-
ductivity in the light-soaked state (I' ) and the annealed state
(I0.92)

NUMBER OF DANGLING BONDS (X 10 )

FICx. 12. Variation for the photoconductivity and the number
of dangling bonds measured simultaneously during illumination
of a sample inside the microwave cavity. ac: photoconductivity
at low light intensities obtained with chopped light and lock-in
amplifier. dc: high-intensity photoconductivity for continuous
illumination.
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FIG. 13. Photoconductivity data of Fig. 10 plotted according
to Eq. (20). For better comparison the curves have been scaled
by 1/I. The slopes of the unscaled curves are shown in the inset
as a function of illumination intensity.

discrepancy. We have already mentioned above experi-
mental artifacts that can explain differences in the values
obtained for o.

ph under supposedly identical conditions. In
addition, the dependence of o» is subject to errors intro-
duced via the determination of the dangling-bond density
by ESR. Here a problem is the large density of surface
spins in a-Si:H, which typically lies between 1X 10' and
5X10' cm [see, for example, Fig. 2(b)]. In thin sam-
ples, the surface spins can dominate the ESR spectra up
to bulk densities of 10' cm . So, in order to obtain the
correct dependence of cr~h on N, one has to use sufficient-
ly thick samples.

We conclude from Figs. 11 and 12 that the monomolec-
ular approximation, Eq. (19), is sufficient to describe the
spin density and intensity dependence of the Pc in the
range of illumination intensities used for this study.
Therefore, Eqs. (20) and (21) should describe the long- and
short-time kinetic behavior of the PC accurately. To test
this, in Fig. 13 the raw data of Fig. 10 have been plotted
according to Eq. (20). For the sake of comparability, the
three curves in Fig. 13 have been scaled by the factor 1/6
in Eq. (20). As expected, straight lines are obtained for
the higher intensities Io ——170 mW/cm and Io/10=17
mW/cm . For the curve obtained at the lowest intensity,
Io/100=1. 7 mW/cm, however, Eq. (20) is no longer
valid, since it is based on the long-time limit, Eq. (13), of
the spin-density variation. Indeed, a straight line is ob-
tained for the low-intensity data if we use a linear plot ac-
cording to Eq. (21), which describes more accurately the
case of small total exposure. We will come back to this
limit when d'iscussing the photon-energy dependence of
the metastable changes in subsection D. Note also that
the intensity dependence of the slopes for the straight
lines in Fig. 13 is close to the 1/6 dependence as predict-
ed by Eq. (19). This is shown in the inset of Fig. 13.

As mentioned above, we can obtain an exact description
of the kinetic behavior of the PC by combining Eq. (18)
with Eqs. (6a), (6b), and (12). However, this leads to im-
plicit relations between o-zh, 6, and t;~t which no longer
can be handled analytically. To conclude this comparison
between experiment and kinetic theory, we therefore give

10

20 40 60 80
ILLUMINATION TIME (min3

100

FIG. 14. Comparison of the experimental decay of the photo-
conductivity upon prolonged illumination {data points) with the
theoretically predicted behavior (solid lines) for three illumina-
tion intensities.

in Fig. 14 the results of a numerical fit of the PC raw data
in Fig. 10 to the general case of our theory. For this fit
we have used the value of cswA, =1.5&(10 ' cm s
obtained from the ESR data. Therefore, no adjustable pa-
rameters are available for the fit in Fig. 14. As shown,
small variations of the incident light intensities have to be
allowed for a quantitative agreement. Note, however, that
these differences mainly affect the absolute level of the
PC, and not the relative time-dependent changes for a
given intensity.

We can, therefore, summarize by saying that the
present model provides a consistent, quantitative descrip-
tion of the metastable changes of both the photoconduc-
tivity and the dangling-bond density in undoped a-Si:H.
In the next subsection, we will discuss this model in the
context of other experimental and theoretical investiga-
tions.

4. Comparison uuth existing experimental
and theoretical inuestigations

Although a detailed understanding of the defect-
creation kinetics is an important aspect of the SWE,
surprisingly few investigations have tried to dea1 with this
problem in a quantitative way. Dersch reports an increase
of the induced spin density, N;„d N, (t) —N, (0), prop——or-
tional to I and t;~~ upon illumination with white light
for two samples with thicknesses around 1 pm. These
data can easily be reconciled with the present model by
considering N, (t) =N;„d+N, (0) rather than N;„d alone, as
suggested by the common ability of both stable and meta-
stable dangling bonds to act as recombination centers. A
second set of data for the dependence of N, (t) on il-
lumination time at different intensities similar to the re-
sults in Fig. 6 has recently been obtained by Lee et al.
These authors claim the observation of two time regimes:
a t' behavior at high intensities and long illumination
times, and a somewhat smaller time dependence for weak
exposure. Again the data can be explained in the context
of our kinetic model. The t' regime is in agreement
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with Eq. (13), and the weaker time dependence for low il-
lumination intensities, as long as N, (t) &2N, (0), also is
evident from Fig. 9.

As far as the PC is concerned, the only quantitative ap-
proach toward a description of the kinetics of the meta-
stable changes is given by Nitta et al. ,

' who use a super-
position of a slow and a fast exponential decay component
to quantify the PC decay. A fit is easily obtained because
of the large number (four) of adjustable parameters.
However, no physical justification for such a double-
exponential decay of the PC was given. Moreover, the
same experimental data can be fitted without difficulties
to Eq. (19) in the present model. An interesting point
mentioned by Nitta et al. is the degree of reversibility of
the metastable defect creation. In the course of our ESR
experiments, some samples were subjected to more than
ten Staebler-Wronski cycles without showing any signs of
irreversibility. On the other hand, Nitta reports irreversi-
ble changes of the conductivity already after one cycle.
We believe, however, that these irreversible effects are
caused by aging of the electrical contacts during the
thermal anneal rather than by an incomplete anneal of
created dangling bonds, since the latter ought to be ob-
servable in contactless experimental techniques such as
ESR, luminescence, or optical absorption.

Finally, we would like to discuss how the kinetic model
presented above fits into the two major microscopic
theories proposed for the SWE, i.e., the bond-breaking
model and the model involving negative- U dangling-bond
sites. The specific kinetic behavior of the defect creation
as discussed so far results from Eq. (10), which links the
rate of creation, dN„/dt, to the density N„of existing
dangling bonds via the product np of photoexcited car-
riers. As explained above, this relationship follows natur-
ally from a bond-breaking model which assumes that new
dangling bonds are created by tail-to-tail transitions
occurring with a rate proportional to np. In the negative-
U model, on the other hand, the total density N„of
dangling-bond sites is supposed to be constant, and only
the hybridization and the charge state (D+, D, D ) are
changed as a consequence of excess carrier capture. It is
worthwhile to examine the kinetic behavior in the context
of such a model, since this will allow us to determine the
compatibility of the negative-U model with the experi-
mental data.

The negative- U model as proposed by Adler assumes
that the majority of the dangling bonds can lower their to-
tal energy by the reaction 2D ~D++D . The energy
gain comes from the additional attractive Coulomb in-
teraction between the charged dangling bonds if their spa-
tial separation is sufficiently small, and from possible
charge-induced local lattice relaxation: This leads to an
overall negative effective correlation energy U. Isolated
dangling bonds still can have a positive correlation energy,
and can, therefore, be regarded as the origin of the usual
ESR signal, since they are stable in the neutral, paramag-
netic state. The SWE, then, arises from the capture of ex-
cess electrons or holes by the negative- U complexes, ac-
cording to the reactions D++D + n~+—D +D and
D+.+D +p~~D++D, which lead to the observed in-
crease of the neutral dangling bonds, D . The creation of

Equation (23) should represent a good approximation as
long as N„ is small compared to the density T of
negative-U centers. Near saturation (N, =T), Eq. (23)
has to be replaced by a more complicated expression, how-
ever, again with the functional form

N„(t;ii)=F(Gt;ii) . (24)

This single dependence of X, on exposure, Gt, is a conse-
quence of the monomolecular trapping process leading to
the metastable defect creation in the negative- U model, in
contrast to the bimolecular tail-to-tail recombination in
the bond-breaking model.

The kinetic behavior as predicted by Eqs. (23) or (24)
for the negative-U model does not explain the available
experimental data. We are therefore led to conclude that
the correct kinetic description of the SWE is provided by
the bond-breaking model as developed above. The impli-
cations of this result for the microscopic mechanisms
governing the SWE will be discussed in the last section.
Before we turn to this topic, however, it is useful to have
a closer look at the annealing behavior of the metastable
defects.

C. Annealing kinetics of metastable dangling bonds

In the experimental studies of the SWE published so
far, relatively little importance has been attached to the
annealing of the metastable dangling bonds. Usually the
complete disappearance of the reversible changes at
elevated temperatures is only mentioned in a semiquanti-
tative manner. However, the kinetics and temperature
dependence of the annealing step can be expected to be of
similar importance for a detailed understanding of the
SWE as the creation of the metastable defects. The more
quantitative results known today show that the annealing
of the SWE occurs with an activation energy between typ-

dangling-bond states with positive correlation energy, X„
out of the reservoir of dangling bonds with negative corre-
lation energy, T= T++T, is then given by the differen-
tial equation

dN„/dt =C(a+T+n +a T p ),
where a+ (a ) are the transition probabilities for trap-
ping of an electron (hole) at the negative-U centers, and
C « I is the probability that such a trapping event results
in the formation of a positive- U center. Since the
negative-U defects are believed to be shallow traps near
the respective mobility edges, rather than deep recombina-
tion centers like the positive- U dangling bonds, the
steady-state concentrations n and p of excess carriers, to
first order, should be independent of T. This is in agree-
ment with our results in subsection 8 2, where the PC has
been found to depend only on the density N„of positive-
U dangling bonds. We can, therefore, replace n and p in
Eq. (22) by the expressions derived previously [Eq. (8) in
the low-intensity regime] and obtain

N„(t;s) —N„(0)=2C[(a+T+/A„)+(a T /Ap) JGt;g .
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tion of activation energies will affect the decay constant v
in an exponential way, whereas vo only enters linearly. In
the following it will be assumed, therefore, that vo is ap-
proximately constant compared to exp( E—, /k~ T~ ).

Because of the existing distribution of decay rates for
the metastable dangling bonds, it cannot be decided
directly from Figs. 16 or 17 whether the annealing process
is monomolecular or bimolecular. We note, however, that
for a monomolecular process according to Eq. (25a) the
decay of the relatiue induced spin density, N;„d(t)/
N;„d(0), should be independent of the initial density,
N;„d(0). In contrast, for a bimolecular mechanism, ac-
cording to Eq. (26a) the decay of N;„d(t)/N;„d(0) should
slow down significantly with decreasing N;„d(0). We
have examined the decay of N;„„(t)/N;„d(0) for two dif-
ferent initial densities, N;„d(0)=3&&10' and 1.1X10'
cm, using the same sample and identical illumination
and annealing conditions. The observed decays were in
full agreement with the rnonomolecular behavior in Eqs.
(25) and clearly did not follow a bimolecular process.

Therefore, for further analysis we will assume a
monomolecular mechanism. Then, the deviation of the
experimental curves in Fig. 16 from the expected straight
lines yields some information about the distribution
P(E, ) of activation energies separating the metastable
from the stable SWE state. This information can be ex-
tracted using an approximation commonly employed in
the analysis of deep-level transient spectroscopy data.
After a prolonged illumination, metastable states separat-
ed from the ground state by an energy barrier E, will
have become populated by a fraction N (E, )

=N;„d(0)P(E, ) of all the created metastable states,
N;„d(0). The probability distribution P(E, ) is propor-
tional to the density of possible sites with a barrier E, and
the probability of such a state to become occupied during
a given illumination procedure. In the following analysis,
it is assumed that a metastable state with an energy bar-
rier E, will have an average lifetime ~ given by

0
C

a
C

'~ ~.—~I~~ I I I

(&)

I I I I I

~„( c)
110
130
140
160

annealing decays by requiring that the different curves
coincide when plotted versus ks T~ 1n(vot). This is
demonstrated in Fig. 18(a), where for the data in Fig. 16
an attempt-to-escape frequency vo ——10' s ' has been
found, a value that is consistent with frequencies mea-
sured for the diffusion of hydrogen in crystalline silicon.

The underlying distribution P(E, ) can now be obtained
by taking the derivative of the curves in Fig. 18(a) with
respect to kz T~ ln( vot):

dN;„d(t)/d[ks T~ ln(vot)] = —N;„d(0)P(E~ ) .

This leads to Fig. 18(b), showing P(E ) as a function of
energy-barrier height, E, . The fact that consistent curves
are obtained for the whole range of annealing tempera-
tures covered in this study lends further support to the
monomolecular annealing mechanism expected for the
bond-breaking model for the SWE. The range of activa-
tion energies, E, =0.9—1.3 eV, for the annealing of the
metastable changes, moreover, is in good agreement with
the previously published experimental results. The range
of E, cited here depends weakly on the attempt-to-escape
frequency vo used in the analysis. For example, if we use
a phonon-like frequency, vo-10' s ', the distribution
would be shifted by about 0.2 eV to higher energies, but
the curves for different annealing temperatures would not
overlap as well.

r=1/v=1/voexp(E, /k&T&) . (27') 0
0.8

I I I I I

1.0
I I I I I

1.2 1.4

Here, Tz is the annealing temperature and vo some
reasonable attempt-to-escape frequency. We now make
the approximation that after an annealing time t all meta-
stable centers with ~( t, i.e.,

E, k(g Tg 1 (vnt)o,

will have relaxed into the stable ground state. Then the
number N;„d(t) of remaining metastable states will be
given by
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N;„d(t) = Jk N;„d(0)P(Eg )dE, . (28)

Therefore if we plot N;„d(t)/N;„d(0) as a function of
k~ T~ ln(vot), we should obtain the fraction,

of metastable states remaining after an annealing time t.
Thus, if the illumination conditions are unchanged and
the correct value for vo is used, the resulting curves should
be independent of the annealing temperature Tz. Alter-
natively, the magnitude of vo may be determined from the

0.8
I

I' ~
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FIG. 18. (a) Fraction N;„d(t)/N;„d(0) of metastable dangling
bonds rem'aining after an annealing time t as a function of
k&T&ln(vot) for varying annealing temperatures T~. (b) Distri-
bution of activation energies E, for the annealing process ob-
tained as the derivative of the curves in (a) (solid line). The
dashed curve shows the distribution of activation energies
remaining after a preceding low-temperature anneal. The dot-
ted line is the sum of these two distributions.
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This concept of a distribution of possible decay con-
stants v can be tested further by performing the following
two-step experiment. After prolonged illumination, a
sample is first annealed at a low temperature (110 C) for a
sufficiently long time. If initially a distribution of activa-
tion energies E, has been present for the sample, this
low-temperature anneal should heal all the metastable de-
fects with sufficiently small activation energies, but
should leave all defects with larger activation energies E,
unaffected. The net result of a preceding low-temperature
anneal is, therefore, a narrowing of the distribution P(E, )

and a shift of the average activation energy (,E, ) toward
larger values. Thus, a following high-temperature anneal
should exhibit a more exponential and slower decay of
N;„d than the same annealing process without a preceding
low-temperature anneal. Both effects are observed for the
curve marked "170 C after 110'C" in Fig. 16. The distri-
bution P(E, ) remaining after the low-temperature anneal
is shown by the dashed line in Fig. 18(b). This confirms
our earlier conclusion that, indeed, the metastable state in
the SWE is not well defined, but that rather a fairly wide
distribution of metastable dangling-bond states exist.
This experimental result is consistent with the fact that
the stable dangling-bond defect in a-Si:H, too, is not well
defined, but subject to environmental variations. Finally,
it seems likely that, as a consequence of the existing distri-
bution, the identification of the metastable defect(s) caus-
ing the SWE will remain, to some extent, ambiguous.

D. The influence of other external parameters:
Photon energy and illumination temperature

In this section we will present experimental results con-
cerning the influence of two other external parameters on
the kinetic behavior of the SWE. These parameters are
the energy h v of the photons used for the illumination of
the a-Si:H samples and the temperature T at which this
illumination occurs. We will first discuss the influence of
the photon energy hv. In determining the dependence of
the metastable changes on h v, special care has to be taken
to correctly account for the large changes in the genera-
tion rate 6 that result from the strong dependence of the
absorption on hv. The following discussion can be based
on. Eq. (21) (see subsection B2). This equation states that
in the limit of low total exposure the dependence of the
PC on illumination time can be written as

[I ~o ph(0) ][ [ I lo'pQ( t;~~ )]—[1 /a ~b(0) ]I ~ csw

t'ai

(21')

Note especially that the right-hand side of this expression
is independent of the generation rate G, so that any com-
plications due to changes of 6 as mentioned above can be
avoided. Moreover, for these experiments, the intensity of
the monochromatic illumination was adjusted to always
give approximately the same initial value o„q(0) of the
PC, and was kept low enough to make Eq. (21') a valid ex-
pression. If one then plots the photoconductivity data ac-
cordingly, straight lines with a slope proportional to the
defect-creation efficiency cs~ are to be expected. Typical
experimental curves are shown in Fig. 19. The inset in
this figure summarizes the dependence of the slope of the
straight lines and therefore of the defect-creation efficien-
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FICi. 19. Dependence of the defect-creation efficiency on the
photon energy. The experimental results have been plotted ac-
cording to Eq. (21) for photon energies between 1.2 and 2. 1 eV.
The inset shows the slopes of the obtained straight lines as a
function of photon energy.

cy as a function of the photon energy between hv=2. 1

and 1.2 eV. The data points are average values obtained
from a variety of runs such as shown in Fig. 19. Below
1.2 eV no metastable changes in the PC could be induced
with the available light sources even after illumination for
longer than 8 h. These experiments show that the effi-
ciency for creating metastable dangling bonds is, within
the experimental accuracy of about 50%, independent of
the photon energy down to hv=1. 2 eV. At first sight
this result is surprising, since intuitively one would expect
high-energy photons to be much more effective in creating
structural changes than sub-band-gap photons. However,
one has to keep in mind that the radiative tail-to-tail
recombination in a-Si:H occurs with a luminescence ener-
gy of about 1.2 to 1.3 eV, independent of the exciting pho-
ton energy. The explanation for this experimental fact
is based on the assumption that photoexcited carriers first
lose energy in excess of the tail separation ( =1.3 eV) by a
multiphonon thermalization process and/or by a possible
Stokes shift during recombination. In the case of the non-
radiative tail-to-tail recombination events responsible for
the metastable defect creation, similar energy losses are
likely to occur prior to the final, defect-inducing transi-
tion. This, then, would provide a natural explanation for
the rgissing influence of hv on the magnitude of the
SWE.

For the discussion of the second parameter, i.e., the
temperature T at which the illumination takes place, it is
useful to divide the range of temperatures into two re-
gions. The first region is that of T(90 C, for which it is
possible to neglect the effects of simultaneous annealing
of the light-induced defects on the kinetic behavior for
short times. The increase of the ESR signal due to meta-
stable dangling bonds in this regime is shown in Fig. 20(a)
for three different temperatures. Again the t'~ depen-
dence on illumination time is observed as soon as
X,(t) )2%, (0) (cf. Fig. 6). However, the spin density
measured at a given time increases slightly with increasing
temperature. More precisely, the inset in Fig. 20(a) shows
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FIG. 20. (a) Temperature dependence of the defect creation
in the low-temperature regime. The inset shows that the
creation is thermally activated with an energy of 0.04 eV. (b)
Saturation of the ESR spin density for different illumination
temperatures. According to the inset the saturation level is
thermally activated with E, =0.13 eV.

that the obtainable spin density in the t ' regime is
thermally activated with an activation energy of 0.04 eV.
This result agrees quantitatively with previous measure-
ments by Pankove and Berkeyheiser and by Dersch.
Vr'e'can easily implement this experimental fact into the
kinetic theory by assuming the efficiency constant csw to
be thermally activated according to

csw(T)=csw(0)exp[( —0.04 eV)/k~T)] .

The physical reason for Eq. (30) is still not clear. We
would like to comment, however, that the same activation
energy has been reported for the pr product of electrons
in a-Si:H, and that a similar energy describes the ex-
ponential decay of the tail states in a-Si:H. One possible
explanation of Eq. (30), for example, could be the decrease
of the thermalization depth of photoexcited carriers with
increasing temperature due to thermal reemission into
higher tail states. A different mechanism could involve
an increase of the probability of excess carriers to recom-
bine at sites more susceptible for photostructural changes,
because of the changes in the lifetime-mobility product.

The defect creation for illumination in the high-
temperature regime, T ~ 90 C, is characterized by the sa-

turation of the ESR spin density at a constant value seen
in Fig. 20(b). As evident from the strong temperature
dependence of this saturated spin density, the steady-state
condition is given by a detailed balance between the rate
of light-induced dangling-bond creation and the thermal
annealing rate. For an approximate qualitative analysis,
we can combine Eqs. (11'), (25a), (27), and (30) to yield the
following differential equation that combines both
creation and annealing of the metastable defects together
with the adequate temperature dependence:

dN, /dt = Cexp[( —0.04 eV/ktt T)](G/N, )

—exp( E, /k—&T)[N, —N, (0)] . (31)

To the extent that N,„„»N(0) and E, »0.04 eV, Eq.
(32) can be approximated by

N„„G ~ e px(E, /3k~T) . (32')

The inset of Fig. 20(b) shows an experimental value of
0.13 eV for E, /3. The resulting E, =0.4 eV is signifi-
cantly smaller than the range 0.9(E, & 1.3 eV obtained
in subsection C. Apart from the limited validity of the
approximations leading to Eq. (32'), the reason for this
discrepancy can be sought in Eq. (31), where we have
combined rates for processes occurring at thermal equili-
brium (annealing) with those for processes requiring large
deviations from thermal equilibrium (defect creation).
Nevertheless, the present description agrees at least quali-
tatively with the overall kinetic model for the SWE in this
paper.

We would like to finish this section by briefly com-
menting on the question concerning the saturation of the
SWE. The first comment is that the strongly sublinear
time dependence (t '~

) of the defect creation can easily be
mistaken for an approach towards a limiting value when
plotted on a linear timescale. For example, according to
Fig. 6 it takes about 5 h of 400-mW/cm illumination to
increase the spin density in undoped a-Si:H from 2& 10'
to 6&10' cm . Following the t' time dependence, it
would take about 2 d of the same illumination to reach a
density of 2&& 10' cm, and nearly one year for a defect
density of 1 &(10' cm

A real saturation of the effect will be observed in two
cases. At high enough temperatures saturation occurs
when creation and annealing rates become comparable, as
discussed above. The second, more interesting case is that
of saturation due to the depletion of accessible metastable
sites, since this could yield additional information about
the microscopic origin of the SWE. However, we do not
know of any study in which a metastable defect density
larger than 10' cm has been reported for undqped amor-
phous silicon. Typical increases of the dangling-bond
density in undoped a-Si:H are of the order of 10' cm
Most likely these numbers do not reflect the depletion of
metastable states, but rather kinetic limitations as dis-

The long-time limit of the spin density, X,t t follows
from the steady-state condition dN, /dt =0 as

N„„[N„„—N(0)] =CG exp[(E, —0.04 eV)/k+T] .

(32)
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cussed in this paper. In order to better establish the max-
imum density of metastable dangling bonds possible in a-
Si:H, a long-time experiment under carefully controlled
temperature conditions would be necessary.

E. The microscopic origin of the Staebler-Wronski effect

So far we have given a description of the SWE in mac-
roscopic, phenomenological terms. In this last subsection
we use our experimental results to speculate on possible
microscopic mechanisms responsible for the reversible de-
fect creation in a-Si:H. However, as our present
knowledge about the microscopic structure of amorphous
silicon is still very limited, so is our understanding of
structural changes in this material. This can be regarded
as the main reason why, despite the extensive experimen-
tal efforts, no conclusive picture of the SWE has emerged
so far. Even basic questions are still the subject of contro-
versial discussion, e.g., whether the SWE is caused by im-
purities, whether one or more species of metastable de-
fects exist, or whether actually new defects are caused at
all during illumination, rather than the charge state of al-
ready existing defects being changed by predominantly
electronic processes. At the beginning of this discussion,
it is therefore useful to clearly state our answer to these
questions, as we think it follows from the experimental re-
sults presented here:

The SWE in pure, undoped a-Si:H is caused by the
self-limiting creation of dangling-bond-like defect states,
resulting from the breaking of bonds intrinsic to the
amorphous network.

This statement contains four major points that need
further elaboration.

(1) Our conclusion that the SWE is intrinsic to the a-Si
network, as opposed to an impurity related origin, is based
on the results presented in subsection A. There it was
demonstrated that the magnitude of the SWE is constant
over 2—3 orders of magnitude in impurity concentration,
once a critical value of [O],[N]&10' —10 cm has
been achieved. Further below we will discuss the creation
of metastable defects on the basis of the breaking of weak
Si—Si bonds. Such bonds exist in a-Si:H with an intrinsic
density of about 10' —10' cm . A plausible explanation
for the critical impurity concentrations cited above is,
therefore, given by the condition that the density of
impurity-related bonding configurations susceptible to (or
enhancing) light-induced dangling-bond creation has to be
significantly larger than the density of intrinsic sites de-
rived from strained Si—Si bonds, before the SWE will be
dominated by the impurity-derived sites. This implies
also that the magnitude and kinetic behavior of the SWE
can be expected to be different in the case of large impuri-
ty contents, in accordance with the experimental evidence.
In particular, the activation energy of the annealing step is
found to drop significantly with increasing impurity con-
tent. ' In this sense, .the SWE is an intrinsic
phenomenon, but is enhanced by the presence of high im-
purity concentrations.

(2) The self-limiting character of the SWE is caused by
the fact that the defect-inducing step, i.e., the nonradia-
tive tail-to-tail recombination, is quenched by the previ-

ously induced metastable defects. This specific property
leads to the characteristic sublinearity (I ~ r'~ ) of the
SWE in light exposure and is a natural consequence of a
microscopic process based on bond breaking via tail-to-
tail recombination. In contrast, rather stringent assump-
tions have to be made in order to fit the observed behavior
to other microscopic models (cf. discussion in subsection
8 4).

(3) The main metastable defect state is the silicon dan-
gling bond. Here, the comment we would like to make
concerns the work "main. " To a large extent the experi-
mental results in this study are based on ESR measure-
ments. In this case, the only significant defect state near
midgap detected is the neutral dangling bond, D . On the
other hand, the dangling-bond state is known to dominate
the optoelectronic properties of undoped a-Si:H. Since
the photoconductivity is especially sensitive to any change
in the density of deep defect levels, it is safe to conclude
from the quantitative agreement between the analysis of
the ESR intensity and the PC in subsection B3 that meta-
stable changes other than those of the dangling-bond den-
sity have relatively little influence on the macroscopic
properties of undoped a-Si:H. Furthermore, one has to
keep in mind that the dangling-bond defect in a-Si:H is by
no means well defined. A broad distribution (width
0.2—0.3 eV) of defect states in amorphous silicon is re-
ferred to by this name. It is conceivable that different ex-
periments will weigh this distribution or changes in it dif-
ferently, giving rise to some ambiguity as far as the posi-
tion of the defect states in the gap causing the metastable
changes is concerned. The present situation can best be
summarized by saying that there is no forcing evidence
for the existence of defect states other than dangling
bonds, but that the presence of such states at lower densi-
ties can not be excluded.

(4) The last point to discuss is whether prolonged il-
lumination leads to the creation of new dangling bonds by
bond breaking, or whether preexisting negative- U centers
(D++D ) are transformed into neutral dangling bonds
by preferential capture of excess electrons or holes. Both
assumptions would, in principle, explain the increase in
the density X of neutral dangling bonds, which is one of
the few experimental facts established beyond any doubt
so far. However, the bond-breaking model is capable of
explaining a variety of experimental results that are incon-
sistent with or difficult to understand in the context of the
negative-U model. We have already mentioned the ex-
planation of the kinetic behavior of the SWE, which
emerges naturally from the bond-breaking model, but is in
qualitative disagreement with the negative- U model. A
second point is that the SWE is generally not observed in
materials with dangling-bond densities in excess of 10'
cm, like a-Ge:H or high-defect-density a-Si.
Again, in the context of the bond-breaking model these
experimental results are easily explained. The large num-
ber of dangling bonds already existing in these materials
shorts out any direct recombination events very effective-
ly. So, the t' dependence derived in subsection B 1

predicts that it would take of the order of five years (!) of
intense illumination (0.5 W/cm ) to increase the spin den-
sity of a-Si:H from 1&(10' to 2)&10' cm . On the oth-
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er hand, the density of' negative- U dangling-bond centers
should increase in a manner similar to the concentration
of positive- U dangling bonds. Moreover, the defect-
creation rate in the negative- U model is much less depen-
dent on the density of recombination centers, X„[cf.Eq.
(22)]. Thus, one would expect a noticeable SWE in sam-
ples with higher defect densities, which is clearly not ob-
served.

Some support for the negative- U model has been drawn
from a conjecture by Dersch et al." that the metastable
dangling bonds created during the illumination must be
separated by a distance of more than 10 A, in order to
avoid changes in the ESR line shape (exchange narrowing)
not seen experimentally. Dersch and co-workers used the
observation of similar line shapes for the stable and meta-
stable dangling bonds to argue that the dangling-bond
pairs created by Si—Si bond breaking have to become spa-
tially separated on the basis of hydrogen diffusion. How-
ever, macroscopic diffusion of hydrogen in a-Si:H is
known to be activated with an energy of 1.5 eV, ' a
value that is incompatible with the small activation ener-

gy (0.04 eV) of the SWE (see subsection D). In the
negative- U model, on the other hand, separation of meta-
stable dangling bonds can be achieved fairly easily, since
only electronic diffusion is required. Thus, the notion
that the metastable dangling bonds have to be spatially
separated to avoid exchange narrowing of the ESR signal
has been regarded as an important point in favor of the
negative- U model.

However, in a strongly disordered material like a-Si:H
the interpretation of the ESR line shape is not so straight-
forward. Here the linewidth AHpp of the dangling-bond
signal is determined by the convolution of two distribu-
tions. The first component, the powder pattern, arises
from the random orientation of the dangling-bond sym-
metry axis with respect to the external magnetic field in
any macroscopically isotropic material. The second com-
ponent, the environmental broadening, reflects the fact
that even dangling bonds with the same orientation will
still couple to slightly different crystal fields because of
the missing long-range order in a-Si:H. Exchange nar-
rowing, then, results from the spatial overlap of the wave
functions of neighboring spin states, leading to an averag-
ing of the random orientations and fluctuating environ-
ments. In amorphous silicon this is observed by a de-
crease of the ESR linewidth from typically 8 to 4 G, when
the spin density is larger than 10' —10' cm, depending
somewhat on the homogeneity of the spin distribution.
For the low spin densities encountered in good a-Si:H
films (10' cm ) the dangling bonds can be regarded as
spatially isolated and, therefore, the ESR linewidth re-
flects the full disorder of the material. Now, in the bond-
breaking model of the SWE, closely related pairs of meta-
stable dangling bonds are created. This could, in princi-
ple, lead to observable effects on the ESR line shape, due
to the strong interactions between the two spins in each
pair, as proposed by Dersch et al. , but the exchange in-
teraction occurring inside each of these pairs is not suffi-
cient to produce an exchange narrowing of the whole ESR
line. For such a narrowing it is essential that a large
number of spins occupying a reasonably large portion of

the amorphous sample interact strongly with each other.
In all other cases no drastic effect on an inhomogeneous
resonance spectrum is to be expected. If we consider, for
example, a system of close pairs of dangling bonds, each
of which is isolated from the neighboring pairs, the situa-
tion will be very similar to that of a dilute spin system, as
long as no diamagnetic spin pairing occurs. The system
of isolated spin pairs will be affected by the broadening
due to orientational and environmental disorder in much
the same way as a system of isolated single spins would
be. As a consequence, contrary to the earlier conjecture,
the creation of metastable dangling bonds by bond break-
ing is not at variance with the similarity between the ESR
signals obtained for stable and metastable defects and does
not require any subsequent separation of pairs. Consider-
ing all this, we feel that the experimental evidence favors
the bond-breaking model of the SWE over the negative- U
model.

The question concerning the microscopic origin of the
SWE is then reduced to finding atomic configurations
that allow the metastable formation of dangling bonds in
accordance with the existigg experimental data. Since the
effect seems to be intrinsic to the pure a-Si:H network (cf.
subsection A), it can only involve the breaking of Si—H or
Si—Si bonds. The first al ternative, i.e., Si—H bond
separation, seems unlikely because of energy considera-
tions. Breaking of the Si—H bond requires an energy of
about 3.5 eV, and can occur when a-Si:H is irradiated
with energetic particles ' or when the material is annealed
at temperatures above 400'C. ' In the first case enough
energy is available to actually create dangling bonds and
interstitial atomic hydrogen. Both defects can be detected
by ESR after the irradiation. ' However, a similar pro-
cess is very unlikely to be caused by illumination with
low-energy photons, hv&3 eV. Furthermore, no ESR
signal due to atomic hydrogen has been observed in the
light-soaked state. In the case of Si—H bond breaking
by annealing, the process is made possible by the
enhanced mobility of atomic hydrogen in a-Si at high
temperatures. Then, the energy needed to break a Si—H
bond can be recovered by the formation of H2 molecules.
This buildup of molecular hydrogen in a-Si:H has recent-
ly been detected in a variety of experiments. For an
explanation of the SWE, however, a similar mechanism is
not possible, since it would lead very quickly to irreversi-
ble light-induced changes.

So the most probable microscopic explanation for the
SWE is that of Si—Si bond breaking. This process has al-
ready been proposed in several versions by a number of
authors (e.g., Refs. 8, 11, 13, 22, 37, 39, 97, and 98). An
important question unanswered until now is whether local
rearrangements of hydrogen atoms are necessary to ex-
plain the observed metastability of the light-induced de-
fects, or whether structural relaxation of silicon atoms
alone is sufficient. A solution to this problem could be
obtained, for example, by theoretically calculating
energy-configuration diagrams like the one in Fig. 1 for
various simple atomic configurations likely to occur in
hydrogenated amorphous silicon, and then comparing the
obtained potential' barriers Vo and energy differences AE
with their experimental values.
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We would like to give an example of one possible mi-
croscopic mechanism for the SWE. Figure 21 shows an
atomic configuration that should be fairly common in a-
Si:H. In the annealed state, A, the atomic arrangement is
that of a weak Si—Si bond with a hydrogen atom bonded
by at least one of the three remaining "backbonds" of one
of the two silicon atoms forming the weak bond. Since
the hydrogen concentration in a-Si:H is typically of the
order of 10 at. %%uo, statisticall yever y fift hwea kbon d
would exist in such a configuration. Therefore, in pure
a-Si:H about 10' cm atomic clusters like the one
shown in Fig. 21(a) should be present.

Under steady-state illimination, holes will be trapped
preferentially by the weak Si—Si bonding states. Trap-
ping of a hole will lead to further weakening of the Si—Si
bond, since an electron has been optically excited out of a
bonding orbital. Depending on the initial distance and/or
bond angle of the two silicon atoms forming the weak
bond, this bond could actually break after the hole-
trapping event because of the attractive forces exerted by
the backbonds. The hole trapping would thus give rise to
a reconstruction of the form Si Si~D +—D++e, i.e.,
to dangling-bond formation without hydrogen being
directly involved in the process. Whether this would actu-
ally lead to metastable dangling bonds that are separated
from the ground state (i.e., the original weak bond) by an
energy barrier of about 1 eV has to be decided by model
calculations.

The preceding scenario might be possible for a small
number of sufficiently weak bonds. The observation of a
stable hole resonance by light-induced ESR or ESR mea-

(a)

FICi. 21. A possible microscopic process leading to the
creation of metastable dangling bonds. See text for a discussion.

surements in undoped and boron-doped a-Si:H samples
shows, however, that for the majority of the weak Si—Si
bonds trapping of an optically excited hole does not lead
to bond breaking. For these bonds the additional vibra-
tional energy set free by a nonradiative direct electron-
hole recombination is necessary to break the weak bond.
This additional energy will be available in the form of lo-
cal Si—Si and Si—H phonon modes, depending on the
specific electron-phonon coupling of the cluster in Fig.
21(a). Once this local vibrational energy has dissipated
the weak bond can reform, and no formation of metasta-
ble dangling bonds would have resulted. This reformation
of the bond can be prevented by the presence of an addi-
tional atomic rearrangement acting as a stabilizing pro-
cess. This additional process could, for example, involve
the switching of the backbonded hydrogen atom into the
broken weak bond, as shown in Fig. 21(b), and would be
favored by the fact that the Si—H vibrational energy is
about 4 times larger than that of the Si—Si bond, so that
only a relatively small number (6) of Si—H phonons have
to be emitted. Moreover, the switching of the Si—H bond
requires much less energy than 3 eV, because the bond is
never actually broken. As indicated in Fig. 21(b), this
process would result in the formation of two silicon dan-
gling bonds, or one dangling bond plus a Si—H—Si hybrid
state. For both processes presented here the reversibility
by annealing is evident, since only local atomic reconfigu-
rations are required.

It is worthwhile to consider the characteristic energies
(cf. Fig. 1) involved in a process like the one presented in
Fig. 21 in comparison with the experimental results dis-
cussed previously. These energies are the recombination
energy E~ available for the formation of metastable
states, the energy barrier Vo that has to be overcome for
transitions between the stable and metastable state, and
the energy difference bE between these states. For pho-
ton energies h v larger than the band gap, Eg -1.9 eV, one
can write Ez ——hv —E,h, where E,h is the thermalization
energy lost by an electron-hole pair prior to the defect-
inducing recombination event. For lower-energy photons,
h v & Eg, two absorption events may be necessary to form
an electron-hole pair capable of defect creation, so that
Ez ——2hv —E,h. We can combine these two cases to a
good approximation by letting Ez Es —E,h. As far as-—
Vp is concerned, the annealing results in subsection C sug-
gest quite conclusively values around Vo ——1.1+0.2 eV.
Note that this is similar to the activation energy for hy-
drogen diffusion in a-Si:H (Refs. 11 and 13, and refer-
ences therein). This lends some support to a microscopic
process like the one in Fig. 21, since the bond-switching
motion of the hydrogen atom can be regarded as the ele-
mentary step for the long-range diffusion of hydrogen in
the Si network. To obtain an estimate for AE, we first
consider the increase in electronic energy resulting from
the promotion of two electrons out of a weak Si—Si bond-
ing state into a singly occupied dangling-bond state. As-
suming a width of about 0.3 eV for the valence-band tail
and a 0.2-eV-wide dangling-bond band centered slightly
below midgap, this gives a possible range of AE between
2&0.3 and 2&0.7 eV. In addition to this purely electron-
ic energy, one has to allow for a certain degree of
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structural relaxation, E„&, so that finally b,E=(0.6—1.4
eV) —E„~. According to the static potential-energy dia-
gram in Fig. 1, the recombination-induced creation of
metastable dangling bonds becomes possible for all transi-
tions with Ez & Vo+AE. Using the values estimated
above, there will be a reasonable range of initial and final
states satisfying this inequality, provided that the
thermalization losses E,h are small enough and/or the en-

ergy gain by structural relaxation, E„& is large enough.
From this standpoint, then, the process shown in Fig. 21
would be energetically possible. Qn the other hand, one
can envisage a more unfavorable situation, with thermali-
zation into deep tail states, giving Ez -1.4 eV, and no en-
ergy gain by relaxation. Then, for most cases, Ez will be,
by about 1 eV, smaller than Vo+AE, and, consequently,
transitions into the metastable state would appear impos-
sible. However, this is not necessarily true. The argu-
ment is that the value for the energy barrier Vo has been
measured by annealing of the metastable states, i.e., Vo
constitutes the barrier for thermal transitions between the
metastable and the stable states. It is a priori not clear
whether the same value applies to the strongly localized,
nonequilibrium creation event, or whether in the case of
the local excitation the energy barrier for the transition
between the two states can be effectively )ower. A more
detailed investigation of this question is desirable but
beyond the scope of this paper.

A final remark concerns the source of the energy ER
driving the creation of the metastable dangling bonds.
Experimental support exists for the trapping- and the
recombination-induced origin of the SWE. As far as the
mechanism caused by nonradiative recombination is con-
cerned, it has been the basis for the explanation of our ex-
perimental data. In the case of the trapping-related origin
of the SWE, evidence comes from the fact that the small
metastable changes can be induced by current soaking of
p-i-p structures ' without illumination. However, the
interpretation of these experimental results has to be taken
with some caution, since the occurrence of recombination
due to double-carrier injection and/or thermal exitation
cannot be excluded with certainty.

IV. CONCLUSIONS

We have undertaken a systematic study of the
Staebler-Wronski effect (SWE) in undoped hydrogenated
amorphous silicon, using electron-spin-resonance and pho-
toconductivity measurements. The influence of impurity
concentration, sample thickness, illumination time and in-
tensity, photon energy, and temperature on the creation of
metastable defects as well as the variation of the annealing
behavior with annealing temperature has been studied in
detail. The results of this study can be summarized as
follows:

(1) The SWE is intrinsic to hydrogenated amorphous
silicon and does not depend on the concentration of the
major impurities, nitrogen and oxygen, below a critical
value of about 10' cm . . For higher impurity contents
an enhancement of the metastable changes with increasing
N or O concentration is observed.

(2) The SWE is a bulk effect. However, the probability

of creating metastable defects is, by about 1 order of mag-
nitude, larger in a surface/interface layer with a total
thickness of about O.S pm than in the rest of a sample.
Possible reasons for this inhomogeneity are the existence
of band bending and/or mechanical stress near the surface
or interface.

(3) The kinetic behavior of the metastable dangling-
bond density and of the photoconductivity, i.e., the depen-
dence of these quantities on illumination time t;~~ and
light intensity I, can be described quantitatively by a
model based on the nonradiative direct tail-to-tail recom-
bination of optically excited electrons and holes. The ki-
netic behavior is sublinear in total exposure, It;&&. For ex-
ample, at long times the dangling-bond density increases
as I t,'j~ . The physical reason for this functional depen-
dence of the spin density on the kinetic parameters is the
major role of the dangling bonds as recombination centers
in a-Si:H. This results in a self-limiting character of the
SWE, confining the densities of metastable dangling
bonds to typically 10' cm . Moreover, the comparison
of the metastable changes observed in the ESR spin densi-

ty and the photoconductivity shows that the predominant
metastable defect caused by prolonged illumination is the
silicon dangling bond, at least as far as the optoelectronic

. properties of a-Si:H are concerned.
(4) The annealing behavior of the metastable defects can

be described consistently by a monomolecular, exponential
decay with a thermally activated decay constant. The ac-
tivation energy of this decay constant is not well defined.
A distribution of activation energies between 0.9 and 1.3
eV is obtained from the annealing experiments. This
shows that the metastable dangling bond is subject to local
variations.

(5) The efficiency for the creation of metastable defects
is found to be independent of the photon energy h v in the
range hv=1. 2—2. 1 eV. This suggests that the defect-
inducing step, like the radiative, luminescent recombina-
tion, occurs after thermalization of the optically excited
carriers into deep tail states. Consistent with previous ex-
perimental results, the defect-creation rate is found to be
thermally activated with a small energy of 0.04 eV. To-
gether with the results summarized in point (4), this al-
lows the determination of the steady-state defect density
reached asymptotically under illumination at elevated
temperatures.

(6) Our experimental data are consistent with a micro-
scopic model of the SWE based on the breaking of weak
Si—Si bonds, in contrast to the negative- U model, which
postulates the capture of excess electrons and holes as the
origin of the SWE. Moreover, it seems likely that the
complete microscopic mechanism involves the reconfigu-
ration of Si—H bonds as a stabilizing element.
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APPENDIX: OCCUPANCY OF THE DIFFERENT
CHARGE STATES OF DANGLING BONDS

IN a-Si:H DURING ILLUMINATION

The recombination scheme for a-Si:H based on the de-
tailed balance between the possible transitions in the as-
sumed quasi-steady-state conditions during illumination
(Sec. III B 1) can be used to determine the relative occu-
pancies n += N+ /N„, n =N /N„, and n =N /N„of
the different dangling-bond charge states (D+, D, and
D ). Here the total number (or spatial density), N„, of
dangling bonds is given by

0.8

0.6
C

1a

0.4

X++X'+X—=X„. (A 1) 0.2

A„N +A„+N+=G/n —A,p,
A~ N /A„N =n/p,

(Aq N Ap~N )/(A—„N A„+N+)=—n/p,

ApN /A„+N+ =n/p,

ApN +Ap N =G/p A, n . —

(A2)

(A3)

(A4)

(A5)

(A6)

Finally, charge neutrality gives the additional condition

Moreover, we obtain, from Eqs. (3a)—(3e) in the quasi-
steady-state approximation, '0

I .

n

L .V--I-
0.2 0.4 " 0.6"

0
max

n I
n

FIG. 22. Phase diagram for the different dangling-bond
charge states under illumination. n, n+, and n are the frac-
tions of neutral, positively, and negatively charged dangling
bonds; I and II refer to the cases of weak and strong illumina-

tion, respectively.

(N ) /(N+N )=(Ap A„+)/(ApA„)=P . (A8)

This relationship links the ratio of neutral and charged
dangling bonds to the ratio P of the relevant cross sections
for excess carrier capture. [The same result follows from
the combination of Eqs. (A2), (A4), and (A6).] Equation
(A8) can be combined with Eq. (Al) to yield the allowed
occupancies n+, n, and n compatible with the recom-
bination model of Fig. 4:

=
&

(1—& )+[—„(1 n) (—n ) /P]—' (A9)

The corresponding "phase diagram" for n+, n, and
n is shown in Fig. 22 for a value of P=15. The max-
imum proportion n „ofneutral dangling bonds is given
by

n =/3 /(2+ P' ) (A 10)

According to (A3)—(AS), the ratio n/p of excited elec-
trons and holes is the parameter determining at which
point of Fig. 22 the system will be for a given generation
rate G and total dangling-bond density %„.

So far, our analysis is exact. To proceed further, how-
ever, we will need some information about the transition

A detailed solution of this system of coupled equations
is only possible numerically, and the quantitative results
are not very meaningful because of the large number of
only approximately known transition probabilities in-
volved. We will, therefore, use a more qualitative picture,
which is, however, sufficient to provide the necessary in-
formation about the relative occupancies n +, n, and n

of the dangling-bond states used in Sec. III 8 1.
First of all, Eqs. (A3) and (AS) can be combined to give

a law-of-mass-action relation:

probabilities A~, Az, 3„,and 2„+ of the optically excited
electrons and holes. This is necessary, for example, to de-
cide which one of the two branches in Eq. (A9) should be
assigned to n + and which to n . It can be expected that
the transition probabilities Az and 3„ for the charged
carriers into oppositely charged dangling bonds will be
larger than the probabilities Az and 3„ for transitions
into neutral states. A quantitative estimate for the dif-
ferent transition probabilities can be deduced from recent
time-of-flight measurements by Street. Approximate
values for room temperature are compiled in Table I.
From these numbers one can deduce a value of P = 15, as
used in Fig. 22.

We are now able to derive the relative occupancies n+,
n, and n of the dangling bonds for the following two
limiting cases.

1. Case I: Weak illumination ( n, p «N, )

This is the case of very small, but nevertheless nonzero,
concentrations of excited carriers n and p. n,p&0 is
necessary to make sure that Eqs. (A3) and (AS) are mean-

Symbol

Ap

A„+

Transition

h+D' D+
h+D ~D
e+D ~D
e+D+—+D

Probability
(10 cm s ')

0.7
2
2

10

TABLE I. Approximate values of the room-temperature
transition probabilities for capture of electrons and holes in a-
Si:H by different charge states of dangling bonds. (Probabilities
are given per volume density of initial and final states. )
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ingful and not singular. This can be achieved by weak
steady-state illumination or, perhaps, already by the small
number of thermally excited carriers at room temperature.
Equation (A10) implies that under these conditions
(n,@&0) at least X„(1 n— ,„) dangling bonds will be
charged. For the value of 13= 15 given above, the fraction
of charged bonds is at least n +n + ) 1 —n

Note that the value of n, „only depends on the different
transition probabilities and, in particular, is independent
of the generation rate G. It is, therefore, always possible
to choose an illumination intensity low enough so that
max(n, p) «X, (1 n—,„). In this weak-illumination case,
the neutrality condition (A7) can only be satisfied if
X =X+ (n =n +). The only region in the phase dia-
gram of Fig. 22 satisfying this condition is the region near
n =n „.The occupancy in the weak-illumination case
is therefore given by

n =f3' /(2+P' ), n+=n =I/(2+P' ) . (A 1 1)

n =[1+(A„/Ap )+(Aq/A„+)]

n+ =(Aq/A„+)n

n =(A„/A~ )n

(A12)

2. Case II: Strong illumination ( n, p »N„)
In this case the neutrality condition (A7) can only be sa-

tisfied if n=p. The equalization between n and p is a
consequence of the bimolecular terms A,p and A, n in
(A2) and (A6), which will shunt the recombination traffic
through the dangling bonds for high enough illumination
intensities. In this case the steady-state values for n+, n, ,
and n can be calculated directly from Eqs. (A 1), (A3),
and (A5), since n/p = 1 is now known. One easily obtains

The two limiting cases I and II are indicated in Fig. 22
for the transition probabilities listed in Table I.

It is evident that the occupancy of the neutral
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treme range of illumination intensities spanned by the dis-
cussion above. The dangling-bond system reacts to the in-
crease in excess carriers mainly by a population transfer
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state. This reflects the larger capture cross section of the
dangling bonds for electrons seen in Table I.
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(A6), using the smallest capture cross sections and
neglecting the additional bimolecular recombination chan-
nel. This means that case I is a valid approximation
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