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Hydrogen collision model: Quantitative description of metastability in amorphous silicon
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~Received 16 March 1998; revised manuscript received 2 October 1998!

The hydrogen collision model of light-induced metastability in hydrogenated amorphous silicon is described
in detail. Recombination of photogenerated carriers excites mobile H from Si-H bonds, leaving threefold-
coordinated Si dangling-bond defects. When two mobile H atoms collide and associate in a metastable two-H
complex, the two dangling bonds from which H was emitted also become metastable. The proposed micro-
scopic mechanism is consistent with electron-spin-resonance experiments. Comprehensive rate equations for
the dangling-bond and mobile-H densities are presented; these equations include light-induced creation and
annealing. Important regimes are solved analytically and numerically. The model provides explanations for
both thet1/3 time dependence of the rise of defect density during continuous illumination and thet1/2 time-
dependence during intense laser-pulse illumination. Other consequences and predictions of the H collision
model are described.@S0163-1829~99!04308-8#
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I. INTRODUCTION

Semiconducting hydrogenated amorphous silic
(a-Si:H) thin films can be grown with fewer than 1015-cm23

neutral threefold-coordinated Si dangling-bond~DB! defects.
However, the introduction of excess carriers through mod
ate illumination or electronic injection increases the dens
of DB’s to nearly 1017cm23, even in the most degradation
resistant materials.1–5 These excess carrier-induced DB’s a
metastable; they are annealed out in a few hours at a
150 °C. However, their rapid formation sharply limits app
cation of a-Si:H as an inexpensive material for phot
voltaic and electronic applications. The source of the carr
induced metastability has been elusive; since its discover
Staebler and Wronski6 ~SW! in 1976, dozens of models hav
been published, but no previous model is satisfactory.7,8

Recently, I published a preliminary report9 of a ‘‘hydro-
gen collision’’ model that explains the main experimen
observations of the SW effect, both quantitatively and qu
tatively. Recombination-induced emission of H from Si-
bonds creates both mobile H in transport and DB’s. T
newly created DB’s become metastable when the mobil
collide to form metastable complexes containing two S
bonds. The term ‘‘collision’’ is not intended to connote d
rect contact between the two H atoms; rather, it describes
association of two mobile H into a metastable paired c
figuration. In this paper, I develop the model and its con
quences, in detail.

Section II presents a microscopic description of the
collision model and summarizes its advantages compare
previous models. Section III introduces the differential eq
tions describing light-induced defect creation and anneal
Section IV presents several asymptotic closed-form soluti
of the model, including a model of high-intensity pulse
laser degradation. Section V shows numerical solutions
support the asymptotic solutions. Section VI treats therm
equilibrium and dark thermal equilibration of DB’s. The Ap
pendix examines the recombination-induced emission of
bile H. This exploration of the H collision model will perm
researchers to devise experimental tests of model predict
PRB 590163-1829/99/59~8!/5498~15!/$15.00
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II. MICROSCOPIC MODELS

A. H collision model

Hydrogenated amorphous silicon contains from 1- to 2
at. % hydrogen. Most device qualitya-Si:H contains about
10 at. % of H; almost every H forms a Si-H bond with a
that is bonded to only three other Si atoms. In the H collis
model9 of the SW effect, DB’s are created when recombin
tion of light-induced carriers stimulates emission of mob
H from Si-H bonds according to:

Si-H→DB1Si-H/DB. ~1!

The mobile H, notated here by Si-H/DB, is usually model
as a mobile Si-H-Si bond-centered H configuration. Ho
ever, it is useful to visualize mobile H as a mobile Si-H bo
accompanied by a mobile DB. The tight-binding molecula
dynamics simulations of Biswaset al.10 support this view;
they showed that mobile H’s break Si-Si bonds and fo
Si-H bonds as they hop between Si-Si sites. Each bro
Si-Si bond reforms as the mobile H hops away. Mobile H
weakly bound compared to H in normal Si-H bonds; t
mobile H diffuses rapidly througha-Si:H.11

Mobile H retraps to Si-H through one of two mechanism
Normal retrapping to an immobile DB is given by

Si-H/DB1DB→Si-H, ~2!

the inverse process to Eq.~1!. This trapping is usually envi-
sioned simply as H jumping to the ordinary DB. However,
can be understood instead as formation of a bond betw
the mobile DB and the immobile DB on the left of Eq.~2!. In
this case, the H remains bonded to a single Si atom as
immobilized by the process of Eq.~2!. No net DB’s are
created if H reconfigures only through the cyclical proces
of Eqs. ~1! and ~2!—this is the ‘‘normal’’ creation and re-
trapping of mobile H.

A second retrapping process

Si-H/DB1Si-H/DB→M ~Si-H!2 ~3!
5498 ©1999 The American Physical Society
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is far less frequent than normal retrapping, but is import
as a key step of SW defect creation. Equation~3! represents
a collision of two mobile H atoms that associate into a me
stable complex,M (Si-H)2 , containing a pair of Si-H bonds
in close proximity. This reaction begins when the two mob
DB’s ~traveling with mobile H! come close enough togethe
to form a Si-Si bond. The two mobile H’s are then immob
lized and formM (Si-H)2 . The reaction annihilates two mo
bile DB’s and forms no DB’s, consistent with bond-countin
constraints. Because energetic Si-H/DB’s are annihilated,
reaction of Eq.~3! is strongly exothermic.12 Combining Eqs.
~1! and~3!, the net reaction leaves DB defects at the sites
the original H excitation according to

2Si-H→2DB12Si-H/DB→2DB1M ~Si-H!2 . ~4!

The created SW DB’s appear on the rightmost side of
~4!. Figure 1 shows a configuration-coordinate diagram
the Eq.~4! reaction.

The first step of light-induced or thermal annealing of t
SW effect is the back reaction of Eq.~3!. Emission of one
mobile H from M (Si-H)2 leaves a DB and a Si-H bond i
close proximity to one another. By pairing with the DB, th
second H soon becomes mobile through a low-barrier p
cess. ThusM (Si-H)2 is a negative-U hydrogen pair of the
class described by Zafar and Schiff,13 although it may not
take the microscopic form they proposed. Under most c
ditions, the normal retrapping of mobile H to DB’s@Eq. ~2!#
will dominate the retrapping of any H emitted from
M (Si-H)2 . This second step completes the SW annealin

Figure 2 depicts the SW reaction of Eq.~4!. The distances
that the two mobile H’s travel before collision are actua
much greater than those illustrated. Inside the dashed ov
Fig. 2 is one of many conceivable structures ofM (Si-H)2 .
This particular structure is an asymmetric configuration
the two H atoms. Two other possibilities for the propos
M (Si-H)2 center are sketched in Fig. 3. Figure 3~a! illus-
trates the suggestion of Biswas and Pan12 thatM (Si-H)2 may
be theH2* center previously proposed for both crystalline14

and amorphous Si.15 Figure 3~b! illustrates a configuration o
the doubly hydrogenated Si-Si bond~Si-H H-Si! proposed as
a negative correlation energy two-H center by Zafar a
Schiff.13 None of the candidateM (Si-H)2 centers contain
DB’s.

FIG. 1. Configuration-coordinate diagram of the Staebl
Wronski DB creation reaction of Eq.~4!. Leftmost and rightmost
wells are the stable and metastable states, respectively. Only tw
many degenerate intermediate states with mobile H are represe
by the central wells. Hydrogen diffusion (EH) and metastability
annealing (Ea) energies are indicated.
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The most important constraint uponM (Si-H)2 is supplied
by the SW annealing data. While thermal emission of H fro
Si-H into transport requires aboutEH51.5 eV,11 annealing
of the SW requires only aboutEa51.1 eV.16 Figure 1 indi-
catesEH andEa , the energies required to surmount the b
rier to H transport from normal Si-H and fromM (Si-H)2 ,
respectively. Biswas and Pan12 show that either theH2* or a
configuration in which the two H’s face away from one a
other ~H-Si Si-H!, can have total energies per Si-H abo
0.37 eV higher than isolated Si-H, consistent with the co
straint thatEH-Ea;0.4 eV. However, they found the con
figuration of Fig. 3~b! ~Si-H H-Si!, was too energetic to iden
tify with M (Si-H)2 .

B. Comparison with previous models

A great many microscopic models of the SW effect ha
been proposed during the 20 years since its discovery. Th

-

of
ted

FIG. 2. Schematic diagram of the Staebler-Wronski DB creat
reaction of Eq.~4!. The dotted mobile H diffusion paths are short
than the actual distances normally traveled. One alternative for
metastable complexM ~Si-H!2 is indicated inside the dashed oval

FIG. 3. Schematic diagram of two alternatives to theM ~Si-H!2

complex illustrated in Fig. 2. They are~a! the H2* analog center
proposed by Biswas and Pan~Ref. 12! and ~b! a doubly hydroge-
nated Si-Si bond.
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are reviewed in detail elsewhere,7,8,17,18 and are discusse
here only in general terms. I describe previous models
provide a context for the H collision model and to highlig
the inability of previous models to account for we
established experimental observations. I also contrast
present model with several closely related models fr
which elements of the present model are taken.

The entire class of impurity-related microscopic mod
in which an impurity atom is associated with each SW DB
eliminated from serious consideration by the recent work
Kamei et al.19 By carefully controlling and measuring th
purity of their a-Si:H samples, they observed SW defe
densities orders of magnitude greater than the densities o
N, and O. Other impurities such as P and B are not prese
many deposition chambers, but the SW effect is quite u
versal. One can conclude that the SW effect isintrinsic to the
network of Si and H atoms.

Two main Si-only models of the SW effect have be
proposed. First, various authors discussed the possibility
the breaking of weak Si-Si bonds under illumination pr
duces the DB defects.20,21 However, the electron-spin
resonance~ESR! spectrum of the SW DB’s shows no sign
of the exchange narrowing that a neighboring pair of DB
would produce.22 Also, it is difficult to understand why the
broken bond would not simply reform. For these reasons,
bond-breaking model is thought to require a H hop to stabi-
lize the SW DB’s.23 However, this H stabilization of the
broken Si-Si bond appears to be excluded by ESR hyper
studies showing that SW DB’s are not spatially correla
with H atoms.8,24 In fact, this ESR data would exclude th
entire class of models involving local motion of H, as fir
proposed by Staebler and Wronski.25

Adler26 proposed a second Si-only model, in which pr
existing charged DB defects capture photogenerated ch
and reconfigure into metastable neutral DB’s. Howev
measured charged DB densities27 appear to be too low to
support this model, and the measured time dependence o
metastable DB density,Ndb(t)}t1/3,23 seems to be incompat
ible with a one-carrier creation mechanism.21 Also, recent
molecular-dynamics studies of DB relaxation in response
charge capture show no indications of the energy barr
that would be required to form metastable DB’s in th
model.28

With impurity, Si-only, and local-H models of the SW
effect rendered implausible by recent experimental resu
the most promising class of models involve long-range d
fusion of H. In nearly all of these models, a DB forms whe
light-induced carriers stimulate emission of H from Si-
bonds, as in Eq.~1! of the H collision model. The mobile H
then diffuses to another location where it retraps. The
emission@Eq. ~1!# leaves an isolated DB uncorrelated wi
H, consistent with the ESR data.8,24 A connection between
light-induced H emission and metastability is qualitative
supported by studies of light-induced H diffusion.29,30

Several other long-range H diffusion models preceded
H collision model. Carlson31 suggested that the diffusing H
atom finds its way to the internal surface of a microvoid, a
is metastable there after some reconstruction. Jackson
Zhang32 proposed that H is emitted from a Si-H bond of
H2* complex and traps at a strained Si-Si bond to form S
and a DB.~These authors also considered impurity trapp
to
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sites, but this is excluded by the experiments of Kam
et al.,19 described above.! Santos, Johnson and Street29 pro-
posed emission from Si-H followed by retrapping at a Si
bond to form Si-H and a second DB.

All of these long-range diffusion models suffer the sam
difficulty: the SW DB at the site of H retrapping is in clos
proximity to H. Topological~bond-counting! considerations
require that a DB is created whenever a single mobile H
trapped into a region comprised only of fourfold-coordinat
Si atoms and H bonded as Si-H. This DB should show a
hyperfine signature that is not found by the ESR studies8,24

The H collision model of Sec. II A overcomes the shortco
ings of these models by proposing a spin-inactive final s
for the two mobile H’s that were released from Si-H.

Godet and Rocai Cabarrocas33 ~GR! proposed a distinct
long-range H diffusion model of metastability. The first st
of this SW model is light-induced emission of H from
pre-existing doubly-hydrogenated Si-Si bond:

~Si-H H-Si!→Si-Si12Si-H/DB. ~5!

I have used my notation for the mobile H atoms in Eq.~5!. In
the GR model, SW DB’s are created when mobile H ato
retrap, according to

Si-H/DB1Si-H→DB1Si-H H-Si. ~6!

Light-induced annealing occurs when the mobile H ato
are retrapped according to the competing retrapping pro
of Eq. ~2!.

There are two problems with the GR model.33 First, Eq.
~6! implies that all SW-created DB’s are in close proximi
to H atoms. Again, this contradicts the ESR data.8,24 Second,
the SW capture process for the mobile H should be exoth
mic so it can~1! compete with the normal capture to the D
@Eq. ~2!#, and ~2! produce a metastable center. The SW
action of Eq.~6! conserves the total density of DB’s an
must therefore be nearly isoenergetic. The reaction may
even weakly endothermic if the mobile DB has lower to
energy than the immobile DB. In contrast, SW retrapping
the H collision model, as given by Eq.~3!, annihilates two
DB’s and is obviously exothermic. Therefore, the H’s
M (Si-H)2 are deeply bound, and SW DB’s can be me
stable in the H collision model.

Stutzmann, Jackson, and Tsai16,23 ~SJT! based a model of
defect creation kinetics upon the hypothesis that SW D
are created by direct electron-hole pair recombination,
are not created by DB-mediated recombination. This hypo
esis and the resulting creation kinetics need not be linke
any particular atomic model of the metastability. SJT deriv
the widely observedNdb(t)}G2/3t1/3 kinetics23 of SW DB
creation from the competition between the direct and D
mediated electron-hole pair recombination mechanis
However, several recent experiments are incompatible w
the proposed model. Stradins and Fritzsche34 showed that
Ndb(t)}t1/3 kinetics are observed down to a temperature
4.2 K at which DB’s have little influence upon photocarri
concentrations.35 In the SJT model,t1/3 kinetics are a conse
quence of dominant DB-mediated recombination. Therefo
Fritzsche7 argued that the SJT creation mechanism is
viable. Laser-pulse creation experiments provide further e
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dence that the SJT mechanism is invalid,36 an argument tha
is reviewed in detail in Sec. IV F 1.

The H collision model provides an alternative explanat
of theNdb(t)}G2/3t1/3 kinetics of SW DB creation near room
temperature~see Sec. IV A!. In the H collision model,
Ndb(t)}t1/3 remains valid at 4.2 K, under the assumption th
mobile H diffusion can be driven by photocarriers~see Sec.
IV E and Ref. 9!. Finally, the H collision model account
naturally for the laser-pulse experiments~see Sec. IV F!.

III. RATE EQUATIONS

In this section, I propose rate equations that govern
kinetics of the H collision model described in Sec. II A.
apply the simple ansatz that the emission rate of mobile
from Si-H bonds@Eq. ~1!# is proportional toG. The emission
rate of mobile H is thenRm5kHNHG, whereNH is the im-
mobile Si-H density,G is the generation rate of electron-ho
pairs, andkH is a proportionality constant~in cm3!. This form
is suggested by light-inducedD tracer diffusion experiments
at 250 °C,29 and should be taken as a zeroth-order appro
mation to more complicated physics of recombinatio
induced H emission. In the Appendix, I discuss this phys
and solve the H collision rate equations using a more gen
form for Rm .

I begin with the assumption thatNH is constant becaus
the mobile H andM (Si-H)2 densities are negligible at a
times compared to the density of Si-H bonds contributing
reaction~1!. The trapping rate of mobile H to ordinary DB’
@Eq. ~2!# is kdbNmNdb, and the collision rate of mobile H
@Eq. ~3!# is 2kcNm

2 . The factor of 2 arises because two H
are lost in each H collision.37 HereNdb is the dangling-bond
density,Nm is the mobile H density, andkdb andkc are rate
constants~in cm3 s21!. Because the retrapping processes
Eqs.~2! and~3! are similar,kdb andkc may be nearly equal
I first assume that the light-induced emission of H fro
M (Si-H)2 @the reverse of Eq.~3!# is negligible. Then the
coupled creation-only rate equations forNm , Ndb, andNHH ,
the density ofM (Si-H)2 , are

dNm /dt5kHNHG2kdbNmNdb22kcNm
2 , ~7a!

dNdb/dt5kHNHG2kdbNmNdb, ~7b!

and

dNHH /dt5kcNm
2 . ~7c!

To derive rate equations including light-induced anne
ing, I assume the emission of H fromM (Si-H)2 @the reverse
of Eq. ~3!# is also proportional toG, and define the emissio
proportionality constant,kHH , to be analogous tokH . The
product GkHH is then defined as the rate of emission of
particular H from M (Si-H)2—this rate describes only th
first H emitted. I assume that the second H is immediat
mobile, due to its proximity to the remaining DB. This emi
sion of the second mobile H atom completes the annealin
a M (Si-H)2 . The emission rate of mobile H fromM (Si-H)2
is therefore 4kHHNHHG, and the annealing rate ofM (Si-H)2
is 2kHHNHHG, because there are two different H’s that c
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be the first emitted. Inclusion of light-induced annealing au
ments Eqs.~7a! and ~7c! with a new term, and leaves Eq
~7b! unchanged, to yield

dNm /dt5kHNHG2kdbNmNdb22kcNm
2 14kHHNHHG,

~8a!

dNdb/dt5kHNHG2kdbNmNdb, ~8b!

and

dNHH /dt522kHHNHHG1kcNm
2 . ~8c!

Experiments suggest that thermal annealing terms are
portant during illumination only under certain condition
~e.g., a temperature above 100 °C, a low light level, an
high defect density!. Thermal emission of H fromM (Si-H)2
adds additional terms to Eqs.~8a! and ~8c!, respectively, as
described in Sec. VI B 1.

I have assumed, above, that the immobile isolated S
density,NH , is constant. For completeness, I relax this a
sumption and augment Eqs.~7! and ~8! with

dNH /dt52kHNHG1kdbNmNdb, ~9!

an equation that could become importantonly in cases in
which NH is significantly reduced through creation of oth
H-containing species, i.e.,NHH or Nm become very high.

The rate equations given by Eqs.~7!, ~8! and ~9! apply
only when mobile H diffusion is driven thermally. Their de
pendence uponG is altered if photogenerated electron-ho
pairs drive mobile H diffusion, as discussed in Sec. IV E.

IV. ASYMPTOTIC SOLUTIONS AND MODEL
CONSEQUENCES

A. G2/3t1/3 creation kinetics

Equations~7! are a system of coupled nonlinear differe
tial equations that exhibit a variety of solutions in differe
regimes. In this section, asymptotic solutions for long-tim
continuous illumination are obtained. The approximations
this section are valid over a wide range of realistic init
conditions and parameters. The asymptotic solutions are
firmed by computer numerical solution in Sec. V B. The tra
sient behavior is complex, and is treated in more detai
Sec. IV B below.

Each H emission from Si-H leaves a DB@Eq. ~1!#, so
Ndb.Nm at all times. In this section, I assume a slight
more stringent condition of low mobile H density,

Nm!Ndb, ~10!

that is met under most experimental conditions.
Two different timescales are normally important in th

SW creation solutions of Eqs.~7!. Nm reaches quasiequilib
rium rapidly with Ndb, through mobile H emission from
Si-H and retrapping to DB’s@Eqs. ~1! and ~2!#. Creation of
DB’s by mobile H collision@Eq. ~3!# is a much slower pro-
cess. The quasiequilibrium reached betweenNm andNdb im-
plies thatNdb/dt anddNm /dt both fall nearly to zero after
an initial transient in both quantities. SettingdNdb/dt50 in
Eq. ~7b! yields the the density of mobile H in quasiequilib
rium with Ndb,
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5502 PRB 59HOWARD M. BRANZ
Nm5~kHNHG!/~kdbNdb!. ~11!

Equation~11! can also be obtained by settingdNm /dt50 in
Eq. ~7a! in the low mobile H limit @Eq. ~10!#.

Eventually,Ndb begins to rise through H collisions@Eq.
~4!#, while Nm falls in quasiequilibrium withNdb @Eq. ~11!#.
The quasiequilibrium condition of Eq.~11! implies that the
productNmNdb is constant andd(NmNdb)/dt50. Expanding
this derivative, NmudNdb/dtu5NdbudNm /dtu. Since Nm
!Ndb @Eq. ~10!#, udNm /dtu!udNdb/dtu. Subtracting Eq.
~7a! from Eq. ~7b!, and neglectingdNm /dt with respect to
dNdb/dt, implies

dNdb/dt52kcNm
2 ~12!

at long times. Inspection of Eqs.~7c! and ~12! shows
dNdb/dt52dNHH /dt. As expected, the the long-time in
crease in DB density results from creation ofM (Si-H)2 cen-
ters @Eq. ~4!#.

Substituting Eq.~11! into Eq. ~12! yields

dNdb/dt5CswG2/Ndb
2 , ~13a!

with

Csw5
2kckH

2NH
2

kdb
2

. ~13b!

In the limit Ndb(t)>2Ndb(0), the long-time solution of
Eq. ~13a! is23

Ndb~ t !5~3Csw!1/3G2/3t1/3. ~14!

Substituting Eq.~14! into Eq.~11! gives the long-time decay
of the mobile H density due to the rise ofNdb:

Nm~ t !5
kHNH

kdb
S G

3Csw
D 1/3

t21/3. ~15!

Equation~14! gives the well-documentedG2/3t1/3 creation
kinetics first observed in Ref. 23. SJT derived Eq.~13a! from
different physics, and obtained a completely different e
pression than Eq.~13b! for the Staebler-Wronski coefficien
Csw. They obtained Eqs.~13a! and ~14! by assuming SW
DB formation through bimolecular recombination of ele
trons and holes with densities proportional toG/Ndb. How-
ever, experiments show that this form for the carrier densi
is less general than thet1/3 kinetics of Eq.~14!, and that there
are other problems with the recombination model,7,34 as re-
viewed in Sec. II B.

The H collision model yieldsG2/3t1/3 kinetics because SW
DB’s are created through bimolecular recombination of m
bile H that has a density proportional toG/Ndb. The math-
ematics are analogous to the SJT model because both
bimolecular recombination models for entities with dens
proportional toG/Ndb. However, the H collision model pro
vides an alternate derivation oft1/3 creation kinetics free of
the contradictions with experiment described above.

B. Transient solutions

We next consider the transient solutions of Eqs.~7! in the
limit of Nm!Ndb @Eq. ~10!#. Equations~1! and~2! imply that
-

s

-

are

mobile H and immobile DB’s are normally created and a
nihilated in pairs. Therefore, the relative change ofNm is
much greater than that ofNdb.

When illumination suddenly begins att50, Eq. ~7a! can
be solved for the rise ofNm :

Nm~ t !5~kHNHG/kdbNdb!@12e2t/tr#

1Nm~0!e2t/tr ~16a!

with

t r5~kdbNdb!
21. ~16b!

Here I assume a near-constantNdb and ignore H collisions.
The response time (t r) of Nm given by Eq.~16! is also the
trapping time for mobile H to DB’s@Eq. ~2!#.

Equation ~16a! shows that whenNm(0) is small, Nm
grows toward the quasiequilibrium value given by Eq.~11!.
H collisions between mobile H lead eventually to a
asymptotict21/3 decay ofNm @Eq. ~15!#. The competing pro-
cesses produce anNm maximum shown clearly by the nu
merical solutions of Sec. V B. The rise ofNm normally
causes a latency time of at leastt r for significant light-
induced creation of metastable DB’s.

If illumination is suddenly extinguished att50, Nm de-
cays primarily through trapping at DB’s@Eq. ~2!#. The solu-
tion of Eq. ~7a! is

Nm~ t !5Nm~0!e2t/tr5Nm~0!e2kdbNdbt, ~17!

where I again assume a near-constant value ofNdb and ig-
nore H collisions@Eq. ~10! limit #. If the waiting time before
measurement is less than a fewt r , a decaying population o
excess DB’s that are not actually SW defects may be
served. These defects are simply DB’s that have not yet b
‘‘found’’ by an excess photoexcited mobile H atom. Finall
the remnantNm population can cause some creation of me
stable SW DB’s even after illumination is extinguished,
phenomenon that is important during pulsed laser illumi
tion of a-Si:H ~see Sec. IV F!.

C. Light-induced annealing and saturation

Light-induced annealing is the photocarrier-induced em
sion of H atoms into transport fromM (Si-H)2 and their re-
capture into DB defects according to the reverse proces
Eq. ~4!. This process is insignificant compared to defect p
duction during the early stages of light soaking. It becom
important when theM (Si-H)2 population rises to make th
term 2kHHNHHG a significant fraction of the creation term
kcNm

2 in Eq. ~8c!. Saturation of the defect density occu
when all derivatives in Eqs.~8! are identically zero.

In this section, I derive closed-form solutions of Eqs.~8!
in this steady-state, light-induced DB saturation limit. In t
high-NHH regime for which light-induced annealing is im
portant, metastable DB’s dominate the DB population b
causeNm and the initial DB density are both negligible
Therefore, 2NHH'Ndb. SettingdNHH /dt50 and substitut-
ing Ndb/2 for NHH in Eq. ~8c!,

kcNm
2 5kHHNdbG. ~18!
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SettingdNdb/dt50 in Eq. ~8b!, I again obtain Eq.~11! for
Nm . Substituting Eqs.~11! and~13b! into Eq.~18!, and solv-
ing for Ndb, gives the steady-state or saturated DB dens

Nsat5~GCsw/2kHH!1/3. ~19!

To calculate the saturation timetsat, I assume that light-
induced annealing remains unimportant during the appro
to saturation. Then Eq.~14! implies Nsat5Ndb(tsat)
'(3Csw)1/3G2/3tsat

1/3, and substitution of Eq.~19! yields

tsat5~6kHHG!21. ~20!

The G dependences of Eqs.~19! and~20! were derived phe-
nomenologically in Ref. 38. A weak dependence ofNsatupon
G, consistent with Eq.~19!, is observed.38,39 The predicted
dependence,Csw}Nsat

3 , is also observed.40 The saturated mo
bile H density,Nm

sat, is obtained by substituting Eq.~19! into
Eq. ~11!:

Nm
sat5S kHHkHNH

kckdb
D 1/3

G2/3. ~21!

The numerical simulations of Sec. V C exhibit the saturat
behavior implicit in Eqs.~8! and outlined above.

D. Experimental bounds on model parameters

Both kc andkdb are parameters describing diffusion of th
mobile Si-H/DB and annihilation of a mobile DB with an
other DB@e.g., in Eq.~7!#. The sole difference is in the typ
of DB with which the annihilation occurs@Eqs. ~2! or ~3!#,
and this should matter little. Therefore, I assume thatkc
'kdb, and Eq.~13b! becomes

Csw52kH
2NH

2 /kdb. ~22!

Even with this simplification, considerable difficult
arises in estimating the parameters because broad rang
Csw, kH , andkdb are consistent with the few experiment
data available. Most SW data in the literature is taken
tween room temperature andT565 °C, the temperature to
which a strongly illuminated sample rises. The only availa
H emission data at temperatures below the SW annea
temperature are from light-induced D tracer diffusi
experiments30 at 65 and 135 °C. I summarize the experime
tal constraints in this section, and I calculate 65 °C upper
lower bounds tokH , kdb, andt r . These bounds are listed i
Table I.

Experimentally,Csw510 s cm23 for a high-quality sample
illuminated with about 1 sun at 20–30 °C andCsw
5300 s cm23 for 3-W/cm2 illumination at 50–70 °C.41 I use
100.Csw.10 s cm23 to estimate parameters of Table I b

TABLE I. Upper and lower bounds to model parameters, c
sistent with 65 °C experiments. Choice of one parameter limits
range of the other parameters~see text!.

65 °C kH ~cm3 s21! kdb ~cm3 s21! t r ~s!

Upper bound 10227 5310212 10
Lower bound 5310230 10217 231025
ch

n

of

-

e
g

-
d

cause the lower illumination levels are relevant to most D
creation experiments. TheH density, NH , is taken to be
about 531021cm23.

Light-induced D tracer diffusion measurements estab
rough limits of 2310231,kH(135 °C),4310228cm3 and
kH(65 °C),3310228cm3, under the assumption that H an
D behave identically.30 However, recent hot-electron degra
dation studies inc-Si transistors suggest that D emission
10 to 50 times less efficient than the corresponding
emission.42 Van de Walle and Jackson43 propose that this
results from comparatively inefficient coupling of the Si-
bending modes to the Si-Si lattice phonon modes, a hyp
esis that is supported by recent infra red-absorption meas
ments ina-Si:H.44 This poor coupling could enable the Si-
bond to store vibrational energy for emission better than
well-coupled Si-D bond.

Given this resistance of the Si-D bond to D emission,
estimate ofkH from D tracer experiments may be somewh
low. A better upper bound consistent with the D tracer m
surements might bekH(65 °C),10227cm3. Measured early-
time defect creation implies30 ~within the present model! that
the H emission rate is greater than 531027 s21 per H atom
at G51023cm23 s21 and 65 °C. This result gives a
stricter lower bound and implies 10227.kH(65 °C).5
310230cm3.

Substitution of the bounds tokH (65 °C) andCsw into
Eq. ~22! gives 5310212.kdb(65 °C).10217cm3 s21. Sub-
stitution of Ndb'1016cm23 into Eq. ~16b! gives a range for
the mobile H rise and fall times of 10s.t r(65 °C).2
31025 s. Through Eqs.~16! and~17!, this time governs the
rise and fall ofNm . The metastable DB density appears
rise rather quickly during as little as 60 s of ligh
soaking,16,34and the rate of creation has not been observe
depend upon the waiting time before DB measurement, c
sistent with this range fort r .

The mobile H diffusion coefficientDm is proportional to
the parameterkdb and can be estimated as follows. Mobile
hops between Si-Si bonds at a rate given byDm /a2, wherea
is the Si-Si bond distance of about 2.331028 cm. Because a
mobile H has a retrapping probability at each hop
Ndb/NSi , the retrapping rate per H is roughly (Dm /
a2)(Ndb/NSi). HereNSi'a23 is the density of Si-Si bonds
Equating this retrapping rate tokdbNdb @see Eq. 7~a!#, kdb
'aDm . More rigorously,45 one obtains

kdb54paDm ~23!

for this diffusion-limited or Langevin capture process. T
bounds on kdb in Table I imply 4310211.Dm(65 °C)
.1025 cm2 s21. Elsewhere, I will show this value is reason
able for H diffusion in a-Si:H and describe some
implications.46

Isomura et al.41 reported Csw5300 s cm23 for a high-
quality sample light soaked atG5331022cm23 s21 between
50 and 70 °C. The saturation DB density for that light so
was Nsat'231017cm23.41 Substitution in Eq.~19! gives
kHH'10227cm3, equal to the upper bound tokH (65 °C)
found in Table I. Because the reaction of Eq.~1! and the
reverse reaction of Eq.~3! both involve emission of mobile

-
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H from Si-H, one might expectkHH'kH . However, the
higher energy of H inM ~Si-H!2 may destabilize the H, giv-
ing kHH.kH .

Obviously, with such weak experimental constraints
the parameters, only qualitative conclusions can be dra
from any numerical work. To compute the numerical so
tions of the model in Sec. V, I have usedkH510229cm3,
kdb5kc510216cm3 s21, andkHH510228cm3.

E. Photocarrier-driven diffusion of mobile H

At low temperature or high illumination intensity, the di
fusion of the mobile H must be driven by photocarrie
rather than by thermal excitation.47 Carrier trapping at the
mobile Si-H/DB complex is a likely candidate to drive th
diffusion because the complex has a level within the ene
gap. The electron~n! or hole~p! densities are normally given
by n,p}Gx, where 0,x,1. If Dm is proportional to carrier
density, substitution ofDm in Eq. ~23! yields

kdb}Dm}Gx. ~24!

In a previous paper,9 I used the form of Eq.~24! for both
kdb and kc to show that the long-time creation kinetics a
Ndb(t)}G2(12x)/3t1/3 when mobile H diffusion is carrier
driven. Thet1/3-dependence of Eq.~14! is preserved becaus
the branching ratio for H trapping between the reactions
Eqs.~2! and~3! is unaffected by the mechanism of mobile
diffusion. At 4.2 K, where thermal diffusion of mobile H i
obviously negligible, Stradins and Fritzsche34 obtainedt1/3

creation kinetics and aG dependence that implies9 x'0.3, a
value compatible with theG dependence ofn measured by
light-induced ESR.48 In contrast, thet1/3 creation kinetics at
4.2 K are incompatible with the SJT derivation23 of Eq. ~14!
because DB’s do not participate significantly in carr
recombination.9,34,35

When the photogenerated carrier density is high, the
~24! limit may also apply at room temperature and abo
Because thet1/3 creation kinetics do not depend upon t
mechanism of mobile H diffusion, detailed studies of theG
andT dependences of DB creation are required to determ
conditions for the transition between thermal and carr
driven H diffusion. In the following section, I develop ap
proximate closed-form solutions for pulsed-laser illumin
tion, high-intensity conditions for which it is reasonable
assume that mobile H diffusion is carrier driven.

F. Intense pulsed laser irradiation

1. Phenomenology and previous theory

Several groups have studied SW defect creation using
tense pulsed-laser sources to accelerate DB production.36,49,50

For 100-fs pulses repeating at 7 kHz, Stutzmannet al.49 ob-
served a rise of defect densityNdb(Np)}Np

1/2 in undoped
a-Si:H. HereNp is the number of laser pulses and is prop
tional to the total illumination time. Tzanetakiset al.36 irra-
diated undopeda-Si:H using intense 2-eV light from a dy
laser with a pulse time oftp530 ns and a repetition rate o
7–10 Hz, and observed

Ndb~Np!}GNp
1/2. ~25!
n
n

-

,

y

f

r

q.
.

e
-

-

n-

-

This result confirmed theNp
1/2 dependence of Ref. 49 fo

undopeda-Si:H.
In doped and compensateda-Si:H, however, Tzanetakis

et al.36 observed roughly

Ndb~Np!}G1/2Np
1/4, ~26!

instead of Eq.~25!. Here theG dependence is derived from
measurement at only two different intensities, and theref
the exponent ofG is approximate. Given experimental un
certainty, the data could also be fit with the continuou
illumination G2/3Np

1/3 limit @Eq. ~14!#.
Stutzmannet al.49 explained theNp

1/2 dependence in un
doped samples within the SJT hypothesis framework. T
assume that most DB production is due to slowly decay
carrier densities that create defects by their recombina
during the dark-time between pulses. However, the auth
of Ref. 51 measured about 1-nsec decay time of carrier d
sity between pulses, and found that creation between t
30-nsec pulses must be negligible if proportional tonp.
They51 concluded that another explanation of Eq.~25! is
needed. This section outlines an alternative approach b
upon the H collision model of the SW effect.

2. H collision theory

The rise and decay times ofNm are given byt r , which
depends upon whether the laser is on or off. Combining E
~16b! and ~23! yields

t r5~4paDmNdb!
21, ~27!

where useful for clarity, I will notatet r by t r
d in the dark and

by t r
p during the laser pulse. In the dark time between puls

I assume thatt r
d , Dm , andkdb are little changed from their

low-light values estimated in Sec. IV D. During the pulse
assume the high carrier densities increaseDm as in Eq.~24!,
and thereforet r

p!t r
d . However, directt r

p , Dm , andkdb data
are unavailable for the laser-irradiation carrier densities.

Table I then gives approximate limits of of 10
.t r

d(65 °C).231025 s. Metastable defect creation by
collision will continue for times of ordert r

d after illumina-
tion is extinguished, and long after the decay of photocarr
is complete. For the two experiments described in S
IV E36,49 and yielding Eq.~25!, the laser pulse times are 0.
and 30 ns, laser-induced photocarriers decay in about 1 n51

and the dark times between pulses,td , are 0.1 s and 0.1 ms
The duty cycletp /(td1tp) is tiny, from 1028 to 1026, for
these experiments. Most importantly,t r

d@tp . We must
therefore consider the possibility that SW defect creation
tween pulses dominates over creation during the pulse.

In fact, the critical assumptions for modeling degradati
are the relative magnitudest r

p , t r
d , tp , and td . There are

then four easily calculated limits (A-D) for pulsed illumina-
tion of undoped films. Schematic diagrams of the time d
pendences ofNm during the first few laser cycles are show
in Figs. 4~a!–4~d!, for the corresponding limitsA–D. The
diagrams of Fig. 4 are not drawn to scale, nor do they in
cate any long-term effect uponNm of SW defect creation.
Limit A is defined byt r

p@tp andt r
d!td . Limit B is t r

p!tp

and t r
d!td . Limit C is t r

p@tp and t r
d@td . Limit D is t r

p

!tp andt r
d@td . In each limit,A–D, t r

d@tp , implying the
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dominance of dark creation. For simplicity, boundary
gimes between these limits are not treated here.

In doped or compensated films, no estimate oft r
d is avail-

able. Thus, a limitE for which t r
d!tp , must be considered

Of course,t r
p!tp and t r

d!td , also. The resulting time de
pendence ofNm is indicated schematically in Fig. 4~e!. Only
in this limit does creation during the laser pulse domin
over dark creation. The assumption thatt r

d!tp requires that
t r

d be far smaller in compensateda-Si:H than in undoped
a-Si:H. If so, this could be due to high densities of dopa
traps for mobile H. In doped or compensated material,
~27! would be replaced by

t r5@4paDm~Nd1Ndb!#
21, ~28!

whereNd is the total dopant density.
In all limits, I assume that mobile H emission is given b

kHGNH , as in Sec. III~see the discussion in the Appendix!.
Becausen,p}G1/2 during laser pulses,51 this corresponds to
emission proportional to thenp product or electron-hole re
combination rate. I ignore light-induced annealing. Theory
developed for all five limits in this subsection, and is co
pared to the experimental result in the following Sec. IV F

Limit A ~t r
p@tp andt r

d!td!, Fig. 4(a).Mobile H does not
build up over time, becauseNm decays completely duringtd .
Equation~16a! implies thatkHGNHtp of mobile H are cre-
ated during each pulse. Therefore,Nm(0)5kHGNHtp is the
same at the end of each pulse and at the start of each
decay. Heret50 indicates the beginning of theNm decay
between pulses. Substitution in Eq.~17! gives the decay afte
each pulse,

Nm~ t !5kHGNHtp e2t/tr
d
. ~29!

Substituting Eq.~29! into Eq. ~12!, and time integrating
~at constantt r

d! yields (kHGNHtp)2kct r
d new metastable de

fects per pulse. Although Eq.~29! may be incorrect in detail
the approximate scaling of defect creation withG2t r

d and the
other quantities should be valid. Substitutingkc'kdb ~see
Sec. IV D! andt r given by Eq.~16b! for t r

d , the increase of
Ndb(Np) during the pulse numberedNp is

FIG. 4. Schematic time-dependence curves for the mobile
density during intense laser-pulse illumination.~a!–~e! correspond
to limits A–E, respectively~see text!. ~f! indicates the incident
laser intensity.
-

e

t
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dNdb~Np!

dNp
5

~kHNHGtp!2

Ndb~Np!
. ~30!

Integration of Eq. ~30! over Np in the limit Ndb(Np)
>2Ndb(0) gives the long-time rise ofNdb ,

Ndb~Np!5&kHNHtpGNp
1/2. ~31!

Limit B ~t r
p!tp and t r

d!td!, Fig. 4(b). Equation ~16b!
implies that the mobile H density saturates during ea
pulse. The quasiequilbrium mobile H population at the pu
end is thenNm(0)5kHNHG/kdb

p Ndb in analogy with Eq.~11!.
Here, thekdb value during the pulse,kdb

p (G), is likely given
by Eq.~24!. As in limit A, all mobile H is retrapped betwee
laser pulses, so thatNm does not build up with time. The
decay in the dark is

Nm5~kHNHG/kdb
p Ndb!e

2t/tr
d

~32!

by substitution ofNm(0) into Eq. ~17!. Because most cre
ation occurs during the time between pulses, the increas
Ndb(Np) with the pulse numberedNp is obtained by substi-
tuting Eq.~32! into Eq. ~12!, and time integrating. Then

dNdb~Np!

dNp
5

kc~kHNHG!2t r
d

@kdb
p Ndb~Np!#2 5

~kHNHG!2

~kdb
p !2@Ndb~Np!#3 , ~33!

where the rightmost form is obtained by substitutingkc

'kdb in the dark andt r given by Eq.~16b! for t r
d . Integra-

tion of Eq. ~33! over Np gives the long-time rise ofNdb,

Ndb~Np!5@2kHNH /kdb
p ~G!#1/2G1/2Np

1/4. ~34!

Tzanetakis, Kopidakis, and Fritzsche51 found n,p}G1/2 dur-
ing their laser pulses, sokdb

p (G)}G1/2 would be the relevant
form of Eq. ~24! for mobile H diffusion driven by the elec
tron or hole density. Substitution into Eq.~34! yields

Ndb~Np!}~GNp!1/4. ~35!

Limit C ~t r
p@tp and t r

d@td!, Fig. 4(c). Mobile H is cre-
ated during the laser pulse at a rate,kHGNH . In the dark,
mobile H and DB’s recombine according to Eq.~2! at a rate
kdbNmNdb, wherekdb is the dark value. Figure 4~c! shows
only the first few illumination pulses, and is therefore som
what misleading. At long times,Nm actually rises to a qua
siequilibrium value common to both the pulse and dark
tervals; the cyclic variation inNm is then small compared to
Nm . A quasiequilibrium betweenNm and Ndb is reached
when the creation and recombination of mobile H balance
each cycle

kHNHGtp5kdbNmNdbtd , ~36a!

implying

Nm5kHNHGtp /kdbNdbtd . ~36b!

Equation ~36b! is identical to Eq.~11!, except thatNm is
reduced by the factortp /td . This corresponds to an effectiv
constant mobile H generation rate of (tp /td)G!G. During
the dark time between each pulse,Nm is nearly constant, as
is the DB creation rate given by Eq.~12!. Following the

H
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mathematics of Sec. IV A, and substitutingt'tdNp because
nearly all creation occurs in the dark, the long-time rise
Ndb is

Ndb~ t !5tp
2/3td

21/3~3Csw!1/3G2/3Np
1/3. ~37!

Here I have substitutedCsw from Eq. ~13b!.
Limit D (t r

p!tp andt r
d@td), Fig. 4(d). A quasiequilibrium

mobile H population

Nm5kHNHG/kdb
p Ndb ~38!

is reached during each laser pulse, in analogy with Eq.~11!.
This value depends uponkdb

p (G) during the pulse, again
from Eq.~24!. During the dark time between each pulse,Nm
is nearly constant, as is the DB creation rate obtained
substituting Eq.~38! into Eq. ~12!. Following the mathemat-
ics of Sec. IV A, and substitutingt'tdNp because nearly al
creation occurs in the dark, the long-time rise ofNdb is

Ndb~ t !5td
1/3@kdb/kdb

p ~G!#2/3~3Csw!1/3G2/3Np
1/3, ~39!

wherekdb and Csw take their dark values. Assuming~as in
limit B! that kdb

p (G)}G1/2, and substituting into Eq.~39!
yields

Ndb~Np!}~ tdGNp!1/3. ~40!

Limit E (t r
d!tp , t r

d!td and t r
p!tp), Fig. 4(e). Nm rises

so rapidly during the laser pulse it can be approximated
Eq. ~38! during the entire pulse.Nm falls so rapidly in the
dark that creation during the pulse dominates. The DB c
ation rate is given by substituting Eq.~38! into Eq.~12!, with
kc replaced by its value during the pulse,kc

p . Following the
mathematics of Sec. IV A, the long-time rise ofNdb is

Ndb~ t !5tp
1/3~3Csw

p !1/3G2/3Np
1/3, ~41a!

with

Csw
p 5

2kc
pkH

2NH
2

~kdb
p !2 . ~41b!

Assumingkdb
p (G) andkc

p(G)}G1/2 from Eq. ~24!, and sub-
stituting into Eqs.~41!, yields

Ndb~Np!}G1/2~ tpNp!1/3. ~42!

3. Experiment-theory comparison

For undopeda-Si:H, only the Eq.~31! result of Sec. II F 2
agrees well with the experimental result36 given by Eq.~25!.
I conclude that the physically reasonable limitA is applicable
to the laser-pulse creation of SW defects in undopeda-Si:H.
In this limit, each laser pulse creates an identical density
mobile H, and all this mobile H decays completely duri
the dark time between pulses. SW defect creation occ
primarily in the dark. The experiments of Tzanetakiset al.36

then imply thatt r
p@30 ns andt r

d!0.1 s, consistent with the
bounds ont r in Table I. The mathematics leading to Eq.~31!
are similar to those used by Stutzmannet al. under that as-
sumption of slowphotocarrierdecay and SW defect creatio
in the dark,49 but the physics of the two derivations are com
pletely different.
f

y

y

-

f

rs

It is more difficult to identify the limit that obtains during
laser-pulse illumination of doped and compensateda-Si:H.36

Limits B–E are all reasonable candidatesa priori because
they haveNdb(Np)}Np

1/4 or Np
1/3. More experimental study

of the dependence ofNdb(Np) upon tp and td could help
settle the issue. It is not helpful that Eqs.~35!, ~40!, and~42!
all depend upon the assumption thatkdb

p (G)}G1/2, which is
reasonable but has no independent experimental suppor

However, Eq.~37! of limit C and Eq. ~42! of limit E
appear to represent the best approximations to the data a
the approximate form36 represented by Eq.~26!. Assuming
that limit A describes the undoped data, limitC would re-
quire that t r

d is much greater in doped than in undop
a-Si:H. This appears unlikely. Therefore, I speculate th
Eq. ~42! of limit E applies, withG1/2Np

1/3 kinetics governing
the experiments on doped and compensateda-Si:H. Botht r

p

andt r
d must then be much smaller in doped than in undop

a-Si:H, consistent with Eq.~28!. The experiments of
Tzanetakiset al.36 would imply thatt r

p!30 ns, shorter than
Table I’s 20-ms lower bound ont r in undoped films. In
doped and compensateda-Si:H, Nm would saturate rapidly
during the laser pulse, and would decay rapidly in the da
SW DB creation would occur mainly during the laser puls
in contrast to the case of undopeda-Si:H.

G. Compensation, doping, and electric-field-induced recovery

Compared with undopeda-Si:H, the light-induced DB
creation rate is greatly decreased in compensateda-Si:H, but
is increased in doped films.52 Section IV F 3 above shows
that Eq.~28! accounts for the laser-pulse creation kinetics
doped and compensateda-Si:H. Equation~28! implies that
Eq. ~11! for the quasiequilibrium between mobile H and d
fects is replaced by

Nm5~kHNHG!/@kdb~Nd1Ndb!# ~43!

in doped and compensateda-Si:H. HereNd is the density of
dopants that act as mobile H traps and reduceNm . Accord-
ing to Eq.~12!, the defect creation rate is proportional toNm

2 .
When dopants are added to amorphous silicon, there

be two competing effects uponNm . First, there is an increas
of Nd1Ndb in the denominator that causes a reduction of
mobile H population, according to Eq.~43!. Second, there
can be a movement of the Fermi level away from midg
that reduces the formation energy of DB defects.

Skumanich, Amer, and Jackson52 proposed that meta
stable DB formation is made easier by this shift of Fer
level. In the present model, the Fermi-level effect would
expected to increase the mobile H emission rate; that iskH
will be greater in doped than undoped films. This increase
kH causes an increase ofNm , according to Eq.~43!. Of
course, compensated films will exhibit no such increase
mobile H emission.

I propose that in compensateda-Si:H, an increase inNd
1Ndb in the denominator of Eq.~43! reduces the mobile H
population and therefore lowers the creation rate of S
DB’s by H collision. However, in doped films, the increas
of kH in the numerator dominates over theNd1Ndb increase;
both Nm and the defect creation rate increases.
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Alternatively, the low-creation efficiency in compensat
a-Si:H may be due to high internal electric fields which pr
vent formation ofM (Si-H)2 . Biswas and Pan12 suggested
that high electric fields would destabilizeM (Si-H)2 , because
their proposedH2* analog model of the complex has a lar
dipole moment.

These authors12 pointed out that their proposal would als
account for the high-electric-field annealing of SW DB’s.53,54

I add that electric-field induced destabilization ofM (Si-H)2
may account for the quenching of the SW effect under h
fields observed by Stradins and Fritzsche4 at 4.2 K.

H. Irreversibility and molecular H formation

With minor modification, the H collision model accom
modates the small irreversible component of light-induc
defect creation that is observed. Irreversible defects
formed whenever photoexcited mobile H leaves a sam
before retrapping at a DB according to Eq.~2!. Carlson and
Rajan55 observed this effect inp- i -n devices illuminated un-
der high reverse bias at elevated temperature. They fo
clear evidence that H had moved from the sample into
transparent conductive oxide contacts.56

A related source of irreversible DB creation would
formation of a H2 molecule by collision of mobile H. The
DB’s left at the site of photoexcitation@Eq. ~1!# become
irreversible defects because of the strong H-H bond. Irrev
ible H2 formation must be rare compared to metasta
M (Si-H)2 creation, because H2 formation requires simulta
neous breaking of two Si-H bonds, while SW creation
quires only the annihilation of two mobile DB’s@Eq. ~3!#.

V. NUMERICAL SOLUTIONS

A. Algorithm, parameters, and initial conditions

Equations~7! and ~9! and ~8! and ~9! are two sets of
coupled differential equations forNm(t), Ndb(t), andNHH(t)
under illumination and in the absence of thermal anneal
To study the H collision model, we have performed co
puter integration of these equations using the fourth-or
Runge-Kutta algorithm with an adaptive time-step-s
control.57 Selected solutions were verified using a simp
iterative solution algorithm. Various parameter sets and
tial conditions were investigated, and no convergence d
culties have been observed.

My emphasis here is placed on confirming the appro
mate closed-form solutions presented above and on exh
ing the qualitative behavior of the H collision model sol
tions. The qualitative features I describe are observed f
wide range of realistic initial conditions, light intensities, a
parameters. More detailed comparison of the model with
data will be presented elsewhere.58

In Section IV D, I describe the weak experimental co
straints on the model parameters and generate the uppe
lower bounds of Table I. Here, I show solutions for only
single parameter set: kH510229cm3, kc5kdb
510216cm3 s21, and kHH510228cm3. The Si-H density is
taken asNH5531021cm23. Substitution in Eq.~13b! gives
Csw550 s cm23. Initial DB densitiesNdb(0) vary from 1015

to 1016cm23 and substitution in Eq.~16b! gives t r near its
Table I upper bound of 10 s. The initial mobile H conce
-
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tration isNm(0)50 for the cases reported below. Howeve
solutions were found to be extremely insensitive to t
choice ofNm(0) becauseNm quickly equilibrates withNdb.
The other initial condition,NHH(0)5Ndb(0)/2, corresponds
to the assumption that equilibrium DB’s form together wi
equilibrium M (Si-H)2 defects~see Sec. VI!.

B. Creation at 1 sun

Figure 5 shows solutions of Eqs.~7! and~9! for a genera-
tion rate ofG51021cm23 s21, corresponding roughly to il-
lumination with terrestrial solar irradiation~1 sun!. 2NHH(t)
andNm(t) are presented for three different initial DB dens
ties. In Fig. 5, the curves corresponding to the same ini
conditions are indicated with the same line type. For e
ample, the upper solid curve is 2NHH(t), and the lower solid
curve isNm(t), both for Ndb(0)51015cm23. 2NHH(t) cor-
responds to the sum of initial and SW metastable DB’s in
sample. 2NHH(t) is therefore the measured DB density in t
sample after the incident light is extinguished at timet ~as-
suming all the photoexcited mobile H’s are retrapped
DB’s!. Figure 6 shows the actual DB density during illum
nation, Ndb(t), and also 2NHH(t) for the Ndb(0)
51015cm23 solution of Fig. 5.

The solidNdb(0)51015cm23 curves of Fig. 5 exhibit the
important qualitative features of the solutions. When t
light is turned on, there is a rapid initial rise ofNm in accord
with Eq. ~16a!. The duration of this rise is about 10 s, co
sistent witht r given by Eq.~16b!. BecauseNm approaches
Ndb, H collision retrapping soon competes with DB trappin
and NHH begins to rise. The increase in metastable DB
eventually reducesNm . The asymptotic solution ofNdb(t)
}t1/3 is approached at long times, as predicted by Eqs.~14!
and ~15!. In general,Nm approachesNdb only for extremely
high values ofG or low values ofNdb(0), and then only
briefly. Even in these cases, metastable defect creation
restoresNdb@Nm @Eq. ~10!#.

FIG. 5. Numerical solutions of Eqs.~7! and~9!. 2NHH(t) curves
~upper! show the total density of DB’s observed after illuminatio
ceases. CorrespondingNm(t) curves~lower! are indicated by their
line type. Parameters arekdb5kc510216 cm3 s21, kH510229 cm3,
NH5531021 cm23, andG51021 cm23 s21. Ndb(0)52NHH(0)/2 is
indicated for each curve, andNm(0)50. The dotted line indicates
the slope of aNdb(t)}t1/3 line.
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Comparing the three solutions of Fig. 5, it is clear th
low initial defect density results in a higher peak ofNm and
therefore a more rapid onset of degradation.Nm begins to
decay sooner asNdb(0) is reduced. For the highestNdb(0)
51016cm23, there is a 103-s period of approximately con
stant mobile H density, consistent with Eq.~16a!. Because
most mobile H’s retrap at the copious DB’s, some time
required for H collisions to raiseNHH(t) and thereby reduce
Nm . In Fig. 5, all curves converge after about 10 h of ill
mination; at long times, no memory of the initial defect de
sity remains.

Figure 6 shows the solution forNdb(t), the actual DB
density in the sample during illumination, for the case
Ndb(0)51015cm23. Ndb is equal to 2NHH at t50, but imme-
diately grows larger as mobile H is excited out of Si-
bonds.Ndb remains larger than 2NHH for nearly an hour—
until metastable DB’s dominateNdb. If the light is extin-
guished during this hour, mobile H will retrap rapidly
DB’s and the DB density will fall after aboutt r to 2NHH ; an
insignificant number of mobile H’s will collide to form meta
stable two-H complexes during the decay. In the long-ti
limit, metastable DB’s dominate andNdb52NHH once again.

The inset to Fig. 6 displays the same rise and fall
Nm(t), but on linear scales. To observeNm(t) in the dark,
the sample would have to be cooled in much less thant r
after illumination ceases. Rapid cooling would prevent
combination of mobile H with DB’s, and would freeze i
Nm(t). As discussed previously,9 Darwichet al.59 observed a
rise and fall in infrared transmission spectroscopy lines u
light soaking and cooling which they attributed to mobile
It is tempting to identify their observation withNm(t), but IR
observation would require densities that are many order
magnitude greater thanNm(t) in Fig. 6.

Figure 6 also shows the sumNdb1Nm during illumina-
tion. Because the mobile Si-H/DB complex likely contri
utes a gap state due to its mobile DB, this quantity m
govern the measured defect density and the photocarrier
sity during the illumination.Ndb1Nm exceeds 2NHH for
nearly an hour, but in the long-time limit metastable DB
also dominateNdb1Nm . The mobile DB’s may have differ-
ent electronic or optical properties than ordinary DB’s.

FIG. 6. Numerical solutions of Eqs.~7! and ~9! for the param-
eter set of Fig. 5 andNdb(0)51015 cm23. Quantities plotted are
indicated in the legend, and discussed in detail in the text.
dotted line indicates the slope of aNdb(t)}t1/3 line. Inset shows the
sameNm(t) data on linear scales with units of 1014 cm23 s.
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C. High-intensity illumination with saturation

Figure 7 shows solutions of Eqs.~8! and~9! for a genera-
tion rate ofG51022cm23 s21, corresponding roughly to 10
sun. 2NHH(t), Ndb(t), and Nm(t) are shown forNdb(0)
51015cm23. Compared to 1-sum illumination~Fig. 6!, there
is a very rapid rise ofNm , until it is roughlyNdb/2 for a few
seconds aftert52 s. Ndb increases together withNm at the
end of this rise, simply because DB’s and mobile H’s a
created in pairs@Eq. ~1!#. Only after about 2 s does the meta
stable DB density, 2NHH , begin to increase significantly
Both Ndb and 2NHH show roughly at1/3 rise before saturation
at Ndb'1.431017cm23, exactly the value predicted by Eq
~19!. The saturation time is in good agreement with the va
of 23105 s predicted by the approximate equation~20!.

VI. EQUILIBRIUM AND DARK EQUILIBRATION

A. Equilibrium

In the dark, H equilibrates between Si-H bonds a
M ~Si-H!2 complexes~the two deepest well bottoms in Fig
1!, unless slow kinetics prevents it. Above an equilibrati
temperature (T* ) at which H from Si-H bonds can transpo
freely between the configurations of Fig. 1, therefore, the
density reaches its equilibrium value. The temperature
pendence ofNdb will be activated withDE5EH2Ea , the
difference between the H diffusion activation energy and
onset energy for metastable DB annealing. The measure
diffusion energy is 1.4 to 1.5 eV,11,60 and the DB annealing
energy is about 1.1 eV.16 Subtracting these measured qua
tities yieldsDE'0.3– 0.4 eV.

These consequences of Fig. 1 are consistent with exp
ment. Thermal equilibrium DB densities are observe61

above an equilibration temperature,T* 5200 °C.62 Direct
measurements ofDE, by temperature-dependentin situ elec-
tron spin resonance, and by ESR after rapid quenching f
elevatedT, yield values of about 0.3 eV.45,63

Identifying of the Staebler-Wronski initial and final state
as those governing defect equilibration explains a crucial

e FIG. 7. Numerical solutions of Eqs.~8! and~9!. Parameters are
kdb5kc510216 cm3 s21, kH510229 cm3, kHH510228 cm3, NH55
31021 cm23, and G51022 cm23 s21. Initial conditions areNm(0)
50 andNdb(0)51015 cm23. The dotted line indicates the slope of
Ndb(t)}t1/3 line.
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servation abouta-Si:H metastability: although ‘‘native’’ and
light-induced DB’s are indistinguishable experimentally, it
impossible to anneal away all DB’s ina-Si:H. In the present
model, there is no distinction made between native and lig
induced defects. During light soaking, some pre-existing
fects are annihilated by the reverse reaction of Eq.~4!, but
new DB’s are formed at the same time. Some of the D
created during a light soak will survive even after an ann
that removes excess SW defects. Each anneal of a sa
restores the value ofNdb, but the DB’s can be at differen
sites following each anneal.

This model of thermal equilibrium defect formation is
specific realization of the proposal of Streetet al.64 that a
‘‘hydrogen glass’’ mediates defect equilibrium reactions
a-Si:H. The present model also has parallels to the ‘‘ne
tive H correlation energy’’~negativeU! model of Zafar and
Schiff ~ZS!.13 ZS proposed their model to explain both th
rise of the DB density during H evolution and the therm
equilibrium DB density. However, ZS required that rough
half the H in a-Si:H is in negative-U pairs; they therefore
identified the negative-U hydrogen with the clustered H
phase observed by nuclear magnetic resonance.65

It may be possible to identifyM ~Si-H!2 with the clustered
H of ZS and thereby unify the H collision and ZS mode
However, theM ~Si-H!2 center can only be identified with th
copious clustered H sites (NHH'NH/2) if the vast majority
of these sites are resistant to emission of mobile H by lig
Otherwise, the last term on the right-hand side of Eq.~8a! is
larger than the first term, and illumination produces mob
H without DB’s. Photoexcited mobile H would then annih
late all the DB’s by light-induced annealing, in contradictio
to the experimental observation of SW DB creation by lig

B. Dark equilibration

If Ndb, Nm , and/orNHH are not equal to their equilibrium
value and the sample is above its equilibration tempera
(T.T* ), the approach to equilibrium is governed by ra
equations modified from Eqs.~8!. In Sec. V B 1, I present
appropriately modified equations. In Sec. V B 2, I discuss
thermal annealing of light-induced defects. In Sec. V B 3
derive an expression for thermal creation of defects a
rapid heating of a sample aboveT* .

1. Rate equations

In the dark, light-induced mobile H emission is replac
by thermal emission.RH is the rate per isolated Si-H of the
mal H emission by the process of Eq.~2!. RHH is the rate of
thermal H emission of the first H atom fromM ~Si-H!2.
Emission of either H atom fromM ~Si-H!2 always creates
two mobile H atoms by the reverse process of Eq.~3!, as
described in Sec. II A. The total emission rate of mobile
from M ~Si-H!2 is 4RHHNHH , and the annealing rate o
M ~Si-H!2 is 2RHHNHH , by analogy with the discussion pre
ceding Eq.~8!. The rate equations in the dark are

dNm /dt5RHNH2kdbNmNdb22kcNm
2 14RHHNHH ,

~44a!

dNdb/dt5RHNH2kdbNmNdb, ~44b!

and
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dNHH /dt522RHHNHH1kcNm
2 . ~44c!

Here, I have replaced all terms by which illumination gen
ates mobile H in Eq.~8!. When thermal creation, therma
annealing, light-induced creation, and light-induced anne
ing are all important, the rate equations must be furt
modified to include each unique term from both Eqs.~8! and
~44!.

2. Thermal annealing

Thermal annealing causes restoration of the equilibri
DB density after light soaking. In this subsection, I descr
this process within the present model. During annealing,NHH
and Ndb are well above their equilibrium values, andNm is
small. Normally, 4RHHNHH@RHNH andkdbNmNdb@RHNH ,
so the thermal emission of mobile H from Si-H can be n
glected in Eqs.~44!. Then 2RHHNHH@kcNm

2 also, and emis-
sion of mobile H from the right-hand well of Fig. 1 is cru
cial. Equation~44c! reduces todNHHdt522RHHNHH , and
the rate of thermal annealing is the simply the rate of
emission from M ~Si-H!2. Every mobile H emitted from
M ~Si-H!2 is retrapped according to Eq.~2!, and each one
anneals a DB.

SJT16 found that the thermal annealing energyEa is nor-
mally 1.0–1.1 eV. However, after a 110 °C anneal, they
ported that the annealing energy above 170 °C increase
more than 1.2 eV. SJT interpreted this increase as a pa
annealing at 110 °C of a static population of metastable s
with a distribution of annealing energies.

Although a distribution ofM ~Si-H!2 sites could exist, I
propose an alternative explanation of the observed incre
in annealing energy. EachM ~Si-H!2 site is formed by colli-
sion of two mobile H’s. These H’s bond to Si atoms in
locale that previously contained only satisfied Si-Si bond
postulate that the addition of two H atoms raises the lo
strain energy and accounts, in part, for the reduced H em
sion energy to transport~;1.1 eV! compared to emission
from a normal Si-H bond~;1.5 eV!. Local relaxation re-
duces this strain energy. Therefore, low-temperature ann
ing increases the thermal energy required to emit mobile
to transport and anneal SW DB’s, as observed by SJT.16

During long or intense illumination, light-induced annea
ing means thatM ~Si-H!2 is repeatedly created and anneale
The least relaxed complexes are the most likely to be
nealed, and a population of well-relaxed complexes w
slowly build up. This accounts for the gradual increase of
thermal annealing energy of SW DB’s with increasing ill
mination time.62,66

3. Thermal creation

Thermal creation of DBs is observed61 upon heating~to
T.T* ! a sample that was cooled slowly. In this subsecti
I derive an expression for the kinetics of DB creation. Aft
slow cooling, there is a low density of DB’s, correspondi
to equilibrium atT* . Upon heating,NHH andNdb are below
their equilibrium value atT, so thermal creation dominate
over thermal annealing. In this limit, 4RHHNHH!RHNH and
2RHHNHH!kcNm

2 in Eqs. ~44!. The emission of mobile H
from the right-hand well of Fig. 1 can be neglected. Equ
tions ~44! become
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dNm /dt5RHNH2kdbNmNdb22kcNm
2 , ~45a!

dNdb/dt5RHNH2kdbNmNdb, ~45b!

and

dNHH /dt5kcNm
2 , ~45c!

identical to Eqs.~7!, except that the rate of light-induce
emission of mobile H (kHNHG) is replaced by its rate o
thermal emission (RHNH). The solution of Eqs.~45!, there-
fore, follows the solution described in Sec. IV A. After
time t r , quasiequilibrium inNm is reached, and the DB den
sity increases as

Ndb~ t !}t1/3, ~46!

by analogy with the derivation leading to Eq.~14!. I am not
aware of experiments directly testing Eq.~46!.

VII. CONCLUSIONS

This paper, and a previous short paper on the H collis
model,9 create a framework for understanding light-induc
metastability ina-Si:H. Photocarrier recombination excite
mobile H from Si-H bonds, leaving behind DB’s. Mobile
‘‘collisions’’ ~associations! create metastable two-H com
plexes and metastable DB’s. In contrast to most previ
microscopic models of the SW effect, the H collision mech
nism is consistent with ESR experiments and does not
volve impurities.

Rate equations for the production of mobile H, DB’s a
M ~Si-H!2 complexes are solved for quantitative prediction
The branching ratio between mobile H collisions and mob
H trapping to DB’s yieldsG2/3t1/3 DB creation kinetics dur-
ing continuous illumination. This branching ratio and thet1/3

kinetics are unchanged down to 4.2 K, but at low tempe
tures the photocarriers must drive mobile H diffusion. T
defect density increases asGt1/2 during intense laser-puls
illumination of undopeda-Si:H, because slowly decayin
mobile H creates most SW DB’s during the dark time b
tween pulses. Earlier electron-hole pair recombination m
els of continuous and pulsed illumination kinetics lead
similar mathematical forms, but are inconsistent with oth
experimental results. The H collision model also descri
thermal equilibrium and equilibration phenomena ina-Si:H.
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APPENDIX

Equations~7!–~9! apply the zeroth-order approximatio
that illumination stimulates mobile H emission at the rate

Rm5kHNHG. ~A1!

Because the photocarrier recombination rate is equal to
generation rate, Eq.~A1! implies that every recombination
event is equally likely to stimulate H emission. It is mo
likely, however, that only a subset of recombination eve
can supply the 1.4 to 1.5 eV required to excite mobile
from a Si-H bond. In this appendix, I describe alternatives
Eq. ~A1! that may be better approximations to the physics
light-induced H emission, and derive the consequences
metastable DB creation.

Recombination through midgap DB levels supplies ins
ficient energy in any single step to stimulate H emission, a
is therefore unlikely to be involved. Accurate modeling
the emission rate then requires a thorough understandin
photocarrier statistics, recombination processes, and
physics of recombination-induced H emission. Unfort
nately, photocarrier physics ina-Si:H is complicated by a
continuous density of gap states with a variety of capt
rates.67 There is a large, complicated, and often contradict
literature describing recombination and photoconductivity
a-Si:H.68–72 It is unknown which of the various recombina
tion processes~free-to-trapped, free-to-free, etc.! drive H
emission, and what the precise dividing energy between
and trapped carriers may be at finite temperature.

To simplify the problem of estimating structural reco
figuration rates for a process requiring 1.4–1.5 e
Stutzmann, Jackson, and Tsai23 assumed that DB’s mediat
virtually all recombination ina-Si:H and thereby obtain free
carrier densities,n,p}G/Ndb. They then assumed the rate
structural reconfiguration isnp. For H emission from Si-H,
this approach implies

Rm}G2/Ndb
2 . ~A2!

Equations~A1! and ~A2! represent the extreme assum
tions of no DB influence upon recombination and compl
DB control of recombination, respectively. WhileRm is most
likely too complex for any simple form, Eqs.~A1! and~A2!
can be generalized by taking the approximationRm}np of
Ref. 23, but assuming more realistic forms forn andp. Then

Rm}Ga/Ndb
b

with 1,a,2 and 0,b,2, ~A3!

an expression that encompasses both Eqs.~A1! and ~A2!.
Modification of Eqs.~7!–~9! by Eq. ~A3!, and a detailed

fitting of the metastability data is beyond the scope of t
paper. However, long-time forms forNdb(G,t) in the H col-
lision model are easily obtained by assuming qua
equilibrium between the mobile H and DB populations, as
Sec. IV A. At quasiequilibrium,Nm5Rm /Ndb implies

Nm}Ga/Ndb
b11. ~A4!

The rate of formation of metastable DB’s by H collisio
(Nm

2 ! is then
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dNdb/dt}G2a/Ndb
2~b11! . ~A5!

Integration of Eq.~A5! yields

Ndb}G2a/~2b13!t1/~2b13! ~A6!

at long times.
Equation~A6! corresponds to Eq.~14! for the Eq.~A1!

approximation ofa51 andb50. In contrast,Ndb}G4/3t1/7

is obtained by substitution of the exponents from Eq.~A2!.
This form is clearly at odds with experiment. Substituting t
limits on a andb from Eq. ~A3!,

Ndb}Ggtd
.

ia
h,

p

C.

r,
No

c-

K.
with 2
7 ,g, 4

3 and 1
7 ,d, 1

3 . ~A7!

Experimentally, a range of about 0.2,d,0.4 is consistent
with most data. The exponentg is difficult to measure, but is
roughly two thirds.23 Because recombination physics d
pends uponG and Ndb, measured exponents may depe
upon the illumination level and could vary with time.

A future publication58 will describe detailed fitting of
Ndb(t) data to Eq.~8! as modified by forms similar to Eq
~A3!. We find that exponents intermediate between those
Eqs. ~A1! and ~A2! yield good fits, even in the early-time
regime where Eq.~13a! was shown to be inaccurate.7
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