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Hydrogen collision model: Quantitative description of metastability in amorphous silicon
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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 thet'® time dependence of the rise of defect density during continuous illumination artd’thiene-
dependence during intense laser-pulse illumination. Other consequences and predictions of the H collision
model are describedlS0163-18209)04308-9

I. INTRODUCTION II. MICROSCOPIC MODELS

. . . A. H collision model
Semiconducting  hydrogenated amorphous silicon

(a-Si:H) thin films can be grown with fewer than Facm 3 Hydrogenated amorphous silicon contains from 1- to 25-
neutral threefold-coordinated Si dangling-bdiB) defects.  at- % P;ydroggn. Most device quality-Si:H contains about

However, the introduction of excess carriers through moderi0 at- % of H; almost every H forms a Si-H bond with a Si

ate illumination or electronic injection increases the densitythat is bonded to only three other Si atoms. In the H collision
of DB’s to nearly 18”cm™3, even in the most degradation- modePf of the SW effect, DB’s are created when recombina-
resistant materials® These excess carrier-induced DB’s are tion of light-induced carriers stimulates emission of mobile
metastable; they are annealed out in a few hours at abofit from Si-H bonds according to:

150 °C. However, their rapid formation sharply limits appli- ) )

cation of a-Si:H as an inexpensive material for photo- Si-H—DB+Si-H/DB. 1)

voltaic and electronic applications. The source of the carrier- . . .
induced metastability has been elusive; since its discovery b-ghe mobile H, notated here by Si-H/DB, is usually modeled
s a mobile Si-H-Si bond-centered H configuration. How-

Staebler and Wronski{SW) in 1976, dozens of models have o ; ) g . )
(SW) ever, it is useful to visualize mobile H as a mobile Si-H bond

been published, but no previous model is satisfact8ry. ; ; _ Mo
Recently, | published a preliminary repdaf a “hydro- accompanied by a mobile DB. The tight-binding molecular-
jdynamics simulations of Biswast al 1% support this view;

gen collision” model that explains the main experimenta X X o
observations of the SW effect, both quantitatively and qualith€Y showed that mobile H's break Si-Si bonds and form

tatively. Recombination-induced emission of H from Si-H Si-H bonds as they hop between Si-Si sites. Each broken

bonds creates both mobile H in transport and DB's. The>-Si bond reforms as the mobile H hops away. Mobile H is
newly created DB's become metastable when the mobile H{'¢akly bound compared to H in norrqzl:ll Si-H bonds; the
collide to form metastable complexes containing two Si-Hmebile H diffuses rapidly through-Si:H. .
bonds. The term “collision” is not intended to connote di- _Mobile H retraps to Si-H through one of two mechanisms.
rect contact between the two H atoms: rather, it describes tHdormal retrapping to an immobile DB is given by
association of two mobile H into a metastable paired con- ) )

figuration. In this paper, | develop the model and its conse- Si-H/DB+DB—Si-H, 2

guences, in detail. . . L .
Section Il presents a microscopic description of the HIN€ inverse process to E). This trapping is usually envi-

collision model and summarizes its advantages compared §j°ned simply as H jumping to the ordinary DB. However, it

previous models. Section Il introduces the differential equa£@n be understood instead as formation of a bond between
he mobile DB and the immobile DB on the left of EG). In

tions describing light-induced defect creation and annealingt. ) i _ x o
Section IV presents several asymptotic closed-form solutiondiS case, the H remains bonded to a single Si atom as it is
of the model, including a model of high-intensity pulsed- mmobilized by the process of Ed2). No net DB's are
laser degradation. Section V shows numerical solutions th&i"eated if H reconfigures only through the cyclical processes
support the asymptotic solutions. Section VI treats thermaf EAS: (1) and (2)—this is the “normal” creation and re-
equilibrium and dark thermal equilibration of DB’s. The Ap- trapping of mobile H.

pendix examines the recombination-induced emission of mo-
bile H. This exploration of the H collision model will permit ) ) )
researchers to devise experimental tests of model predictions. Si-H/DB+Si-H/DB— M (Si-H), €)

A second retrapping process
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FIG. 1. Configuration-coordinate diagram of the Staebler-
Wronski DB creation reaction of Ed4). Leftmost and rightmost
wells are the stable and metastable states, respectively. Only two of )
many degenerate intermediate states with mobile H are represented .
by the central wells. Hydrogen diffusiorE(;) and metastability
annealing E,) energies are indicated.

is far less frequent than normal retrapping, but is important @ si
as a key step of SW defect creation. Equati8nrepresents

a collision of two mobile H atoms that associate into a meta-
stable complexM (Si-H),, containing a pair of Si-H bonds FIQ. 2. Schematic diagram of the Sta(_ebler-Wronski DB creation
in close proximity. This reaction begins when the two mobilereaction of Eq(4). The dotted mobile H diffusion paths are shorter

DB’s (traveling with mobile H come close enough together than the actual distances normally traveled. One alternative for the
to form a Si-Si bond. The two mobile H’s are then immobi- Metastable complei (Si-H), is indicated inside the dashed oval.

lized and formM (SI-H)2 The reaction annihilates two mo- The most important constraint upM(S|_H)2 is Supp”ed
bile DB’s and forms no DB's, consistent with bond-counting by the SW annealing data. While thermal emission of H from
constraints. Because energetic Si-H/DB's are annihilated, thgj-H into transport requires abol,=1.5 evll annealing
reaction of Eq(3) is strongly exothermi¢? Combining Egs.  of the SW requires only abot,= 1.1 eV Figure 1 indi-
(1) and(3), the net reaction leaves DB defects at the sites otatesE,, andE,, the energies required to surmount the bar-
the original H excitation according to rier to H transport from normal Si-H and frof (Si-H),,
respectively. Biswas and Pdrshow that either thél} or a
2Si-H—2DB+2Si-H/DB—2DB+M(Si-H),. (4 configuration in which the two H’s face away from one an-

, i , other (H-Si Si-H), can have total energies per Si-H about
The created SW DB's appear on the rightmost side of Edg 37 ev higher than isolated Si-H, consistent with the con-

(4). Figure 1 shows a configuration-coordinate diagram Ofyaint thatE,,-E,~0.4 eV. However, they found the con-

the Eq.(4) reaction. _ figuration of Fig. 3b) (Si-H H-Si), was too energetic to iden-
The first step of light-induced or thermal annealing of thEtify with M (Si-H),.

SW effect is the back reaction of E(B). Emission of one

mobile H from M (Si-H), leaves a DB and a Si-H bond in B. Comparison with previous models

close proximity to one another. By pairing with the DB, this

second H soon becomes mobile through a low-barrier Prope

cess. ThusM(Si-H), is a negativdd hydrogen pair of the

class described by Zafar and ScHitfalthough it may not a)

take the microscopic form they proposed. Under most con-

ditions, the normal retrapping of mobile H to DHEq. (2)]

will dominate the retrapping of any H emitted from

M (Si-H),. This second step completes the SW annealing.
Figure 2 depicts the SW reaction of Ed). The distances

that the two mobile H’s travel before collision are actually

much greater than those illustrated. Inside the dashed oval of

Fig. 2 is one of many conceivable structureshdfSi-H),.

This particular structure is an asymmetric configuration of

the two H atoms. Two other possibilities for the proposed

M (Si-H), center are sketched in Fig. 3. Figuréagillus-

trates the suggestion of Biswas and BahatM (Si-H), may ©H

be theH% center previously proposed for both crystalfihe ®Si

and amorphous SP.Figure 3b) illustrates a configuration of

the doubly hydrogenated Si-Si bofi-H H-Si) proposed as FIG. 3. Schematic diagram of two alternatives to MéSi-H),

a negative correlation energy two-H center by Zafar anctomplex illustrated in Fig. 2. They ar@) the H; analog center

Schiff* None of the candidaté(Si-H), centers contain proposed by Biswas and P&Ref. 12 and(b) a doubly hydroge-

DB'’s. nated Si-Si bond.

A great many microscopic models of the SW effect have
en proposed during the 20 years since its discovery. These




5500 HOWARD M. BRANZ PRB 59

are reviewed in detail elsewhet&!"'8and are discussed sites, but this is excluded by the experiments of Kamei
here only in general terms. | describe previous models tet al,'® described aboveSantos, Johnson and Stregtro-
provide a context for the H collision model and to highlight posed emission from Si-H followed by retrapping at a Si-Si
the inability of previous models to account for well- bond to form Si-H and a second DB.
established experimental observations. | also contrast the All of these long-range diffusion models suffer the same
present model with several closely related models fronflifficulty: the SW DB at the site of H retrapping is in close
which elements of the present model are taken. proxi_mity to H. Topologlcal(bond—counth; qonS|derat[ons _
The entire class of impurity-related microscopic modelsréquire that a DB is created whenever a single mobile H is
in which an impurity atom is associated with each SW DB istrgpped into a region comprlsgd onIy'of fourfold-coordinated
eliminated from serious consideration by the recent work ofS! @oms and H bonded as Si-H. This DB should show a H
Kamei et al’® By carefully controlling and measuring the hyperfine _S|gnature that is not found by the ESR stu@ifés.
purity of their a-Si:H samples, they observed SW defectThe H collision model of Sec. IIA overcomes the shprtcom—
densities orders of magnitude greater than the densities of ¢19S Of these models by proposing a spin-inactive final state
N, and O. Other impurities such as P and B are not present i the two mobile H's that were released from Si-H.
many deposition chambers, but the SW effect is quite uni- G0det and Roca CabarrocaS (GR) proposed a distinct
versal. One can conclude that the SW effeénignsicto the ~ 10ng-range H diffusion model of metastability. The first step
network of Si and H atoms. of th|s_ SW model is light-induced emission of H from a
Two main Si-only models of the SW effect have beenPré-existing doubly-hydrogenated Si-Si bond:
proposed. First, various authors discussed the possibility that
the breaking of weak Si-Si bonds under illumination pro- (Si-H H-Si)—Si-Si+2Si-H/DB. ®)
duces the DB defect®:*! However, the electron-spin-
resonancéESR) spectrum of the SW DB’s shows no Signs | have used my notation for the mobile H atoms in Ej In
of the exchange narrowing that a neighboring pair of DB'sthe GR model, SW DB's are created when mobile H atoms
would produce? Also, it is difficult to understand why the retrap, according to
broken bond would not simply reform. For these reasons, the
bond-breaking model is thought to requia H hop to stabi- Si-H/DB+Si-H—DB+Si-H H-Si. (6)
lize the SW DB's?® However, this H stabilization of the
broken Si-Si bond appears to be excluded by ESR hyperfinkight-induced annealing occurs when the mobile H atoms
studies showing that SW DB’s are not spatially correlatedare retrapped according to the competing retrapping process
with H atoms®?* In fact, this ESR data would exclude the of Eq. (2).
entire class of models involving local motion of H, as first  There are two problems with the GR mod&FFirst, Eq.
proposed by Staebler and Wron$ki. (6) implies that all SW-created DB’s are in close proximity
Adler®® proposed a second Si-only model, in which pre-to H atoms. Again, this contradicts the ESR dithSecond,
existing charged DB defects capture photogenerated chargke SW capture process for the mobile H should be exother-
and reconfigure into metastable neutral DB’s. Howevermic so it can(1) compete with the normal capture to the DB
measured charged DB densitiesippear to be too low to [Eq. (2)], and(2) produce a metastable center. The SW re-
support this model, and the measured time dependence of thetion of Eq.(6) conserves the total density of DB’s and
metastable DB densit{y 4,(t) =13 2% seems to be incompat- must therefore be nearly isoenergetic. The reaction may be
ible with a one-carrier creation mechaniémAlso, recent even weakly endothermic if the mobile DB has lower total
molecular-dynamics studies of DB relaxation in response t@nergy than the immobile DB. In contrast, SW retrapping in
charge capture show no indications of the energy barrierthe H collision model, as given by E¢3), annihilates two
that would be required to form metastable DB’s in thisDB’'s and is obviously exothermic. Therefore, the H’s in
model?® M(Si-H), are deeply bound, and SW DB'’s can be meta-
With impurity, Si-only, and local-H models of the SW stable in the H collision model.
effect rendered implausible by recent experimental results, Stutzmann, Jackson, and T4 (SJT) based a model of
the most promising class of models involve long-range dif-defect creation kinetics upon the hypothesis that SW DB’s
fusion of H. In nearly all of these models, a DB forms whereare created by direct electron-hole pair recombination, but
light-induced carriers stimulate emission of H from Si-H are not created by DB-mediated recombination. This hypoth-
bonds, as in Eq(l) of the H collision model. The mobile H esis and the resulting creation kinetics need not be linked to
then diffuses to another location where it retraps. The Hany particular atomic model of the metastability. SJT derived
emission[Eq. (1)] leaves an isolated DB uncorrelated with the widely observedNyy(t)<G¥%*? kinetic$® of SW DB
H, consistent with the ESR da&* A connection between creation from the competition between the direct and DB-
light-induced H emission and metastability is qualitatively mediated electron-hole pair recombination mechanisms.
supported by studies of light-induced H diffusitit® However, several recent experiments are incompatible with
Several other long-range H diffusion models preceded théhe proposed model. Stradins and FritzSérehowed that
H collision model. Carlsoft suggested that the diffusing H Ngy(t)t¥ kinetics are observed down to a temperature of
atom finds its way to the internal surface of a microvoid, and4.2 K at which DB’s have little influence upon photocarrier
is metastable there after some reconstruction. Jackson amrdncentrationg® In the SJT modelt'’® kinetics are a conse-
Zhang? proposed that H is emitted from a Si-H bond of a quence of dominant DB-mediated recombination. Therefore,
H3 complex and traps at a strained Si-Si bond to form Si-HFritzsché argued that the SJT creation mechanism is not
and a DB.(These authors also considered impurity trappingviable. Laser-pulse creation experiments provide further evi-
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dence that the SJT mechanism is invafign argument that be the first emitted. Inclusion of light-induced annealing aug-

is reviewed in detail in Sec. IVF 1. ments Eqgs(7a and (7¢) with a new term, and leaves Eq.
The H collision model provides an alternative explanation(7b) unchanged, to yield

of the Ng(t) « G?3%t Y kinetics of SW DB creation near room

temperature(see Sec. IVA In the H collision model, dNpy/dt=KyNuG — kggNmNgp— 2K N5+ 4kpyyNpnG,
Ngp(t) <t¥® remains valid at 4.2 K, under the assumption that (89
mobile H diffusion can be driven by photocarridsee Sec.
IVE and Ref. 9. Finally, the H collision model accounts dNgp/dt=KyNH{G — KgpNmNgp, (8b)
naturally for the laser-pulse experimerisge Sec. IV F and

lll. RATE EQUATIONS d Ny /dt=— 2KpNiyG + KNG, (80

In this section, | propose rate equations that govern the Experiments suggest that thermal annealing terms are im-
kinetics of the H collision model described in Sec. IlA. | portant during illumination only under certain conditions
apply the simple ansatz that the emission rate of mobile He.g., a temperature above 100°C, a low light level, and a
from Si-H bondgEq. (1)] is proportional toG. The emission  high defect density Thermal emission of H fronvi (Si-H),
rate of mobile H is theR,=kyNyG, whereNy is the im-  adds additional terms to Eqé8a) and (8c), respectively, as
mobile Si-H densityG is the generation rate of electron-hole described in Sec. VIB 1.
pairs, andk, is a proportionality constariin cm®). This form | have assumed, above, that the immobile isolated Si-H
is suggested by light-induced tracer diffusion experiments density,N,,, is constant. For completeness, | relax this as-
at 250 °C3° and should be taken as a zeroth-order approxisumption and augment Eg&) and (8) with
mation to more complicated physics of recombination-
induced H emission. In the Appendix, | discuss this physics dNy/dt= —kyNyG + KggNmNgp, 9

and solve the H collision rate equations using a more general . . : .
form for R q 9 9 an equation that could become importamtly in cases in
m-

| begin with the assumption that,, is constant because which Ny is significantly reduced through creation of other

. . o - H-containing species, i.eNyy or N, become very high.
the mobile H andM (Si-H), densities are negligible at all . .
times compared to the density of Si-H bonds contributing to The rate eq‘.la“ons. given t.)y qu.), (8) and (9) apply
reaction(1). The trapping rate of mobile H to ordinary DB's only when mob|le_ H dlffu3|0_n is driven thermally. Their de-
[Eq. (2)] is kqpNmNgp, and the collision rate of mobile H pe_nden(_:e UpofG is altgred_ i photogenerateq electron-hole
[Eq. (3)] is 2chﬁ]. The factor of 2 arises because two H's pairs drive mobile H diffusion, as discussed in Sec. IVE.
are lost in each H collisio’ HereNy, is the dangling-bond
density,N,, is the mobile H density, anlly, andk, are rate IV. ASYMPTOTIC SOLUTIONS AND MODEL
constantgin cm>s™1). Because the retrapping processes of CONSEQUENCES
Egs.(2) and(3) are similarky, andk. may be nearly equal. A. G318 creation kinetics
| first assume that the light-induced emission of H from
M (Si-H), [the reverse of Eq(3)] is negligible. Then the
coupled creation-only rate equations fdg,, Ny, andNyy,
the density oM (Si-H),, are

Equations(7) are a system of coupled nonlinear differen-
tial equations that exhibit a variety of solutions in different
regimes. In this section, asymptotic solutions for long-time
continuous illumination are obtained. The approximations of
s this section are valid over a wide range of realistic initial

dNp/dt=KyNG — KgNmNap— 2KNp, (78 conditions and parameters. The asymptotic solutions are con-
firmed by computer numerical solution in Sec. V B. The tran-
dNgp/dt=KkyN{G — KgpNmNgp., (7b)  sient behavior is complex, and is treated in more detail in
Sec. IV B below.
and Each H emission from Si-H leaves a DEq. (1)], so
Ngo>Np, at all times. In this section, | assume a slightly
dNyy/dt=kN2. (7o)~ more stringent condition of low mobile H density,

. . . e N <Ngp, 10
To derive rate equations including light-induced anneal- m="db (10

ing, | assume the emission of H fromM(Si-H), [the reverse that is met under most experimental conditions.

of Eq. (3)] is also proportional td@s, and define the emission Two different timescales are normally important in the
proportionality constantk,,;, to be analogous t&,. The  SW creation solutions of Eq$7). N,, reaches quasiequilib-
product Gk is then defined as the rate of emission of arium rapidly with Ng,, through mobile H emission from
particular H from M(Si-H),—this rate describes only the Si-H and retrapping to DB’$Egs. (1) and(2)]. Creation of
first H emitted. | assume that the second H is immediatel\DB’s by mobile H collision[Eq. (3)] is a much slower pro-
mobile, due to its proximity to the remaining DB. This emis- cess. The quasiequilibrium reached betwBignandN g, im-
sion of the second mobile H atom completes the annealing gflies thatNg4,/dt anddN,,/dt both fall nearly to zero after
aM(Si-H),. The emission rate of mobile H froM (Si-H),  an initial transient in both quantities. SettiddNy,/dt=0 in

is therefore 4,,NynG, and the annealing rate ™ (Si-H), Eq. (7b) yields the the density of mobile H in quasiequilib-
is 2kyyNynG, because there are two different H's that canrium with Ny,
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Nim=(KuNyG)/ (KgoNgp) - (11) mobile H and immobile DB’s are normally created and an-
) ) ) ) nihilated in pairs. Therefore, the relative changeNyf is
Equation(11) can also be obtained by settidiN,/dt=0in  ,,ch greater than that of,.
Eq. (7a) in the low mobile H limit[Eq. (10)]. o When illumination suddenly begins &0, Eq.(7a can
Eventually, Ny, begins to rise through H collisionf€q. e solved for the rise .. -
(4)], while N, falls in quasiequilibrium witiNg, [Eq. (11)]. m

The quasiequilibrium condition of Eq11) implies that the N (1) = (kyNyG/kgiNgy) [1— e~ 17
productN,Ny, is constant and/(N,,Ng4,)/dt=0. Expanding
this derivative, Ny |dNgy/dt|=Ng dN,,/dt]. Since N, +Np(0)e Y (163

<Ngy, [Eq. (10)], |dN,,/dt|<|dNg,/dt|. Subtracting Eq.

(78 from Eq. (7b), and neglectingiN,,/dt with respect to ~ With
dNgy,/dt, implies 1
7= (KgoNap) ™ (16b

dNgy/dt=2k N2 12
db cm (12 Here | assume a near-constaéMif, and ignore H collisions.
at long times. Inspection of Eqg7c) and (12) shows The response timer{) of N,, given by Eq.(16) is also the

dNgp/dt=2dN,y/dt. As expected, the the long-time in- trapping time for mobile H to DB'$Eq. (2)].

crease in DB density results from creationM{Si-H), cen- Equation (163 shows that wherN,(0) is small, N,
ters[Eq. (4)]. grows toward the quasiequilibrium value given by Etfl).
Substituting Eq(11) into Eq.(12) yields H collisions between mobile H lead eventually to an

asymptotict ~® decay ofN,, [Eq. (15)]. The competing pro-
dNgp/dt=C,G?/Njp, (138 cesses produce aN,, maximum shown clearly by the nu-

with merical solutions of Sec. VB. The rise &, normally

causes a latency time of at least for significant light-

2k KZNZ2 induqed c_reaFion .of metastable [_)B’s:
sw:#_ (13b) If illumination is suddenly extinguished &t=0, N, de-
Kb cays primarily through trapping at DB[£q. (2)]. The solu-

tion of Eq.(7d) is
In the limit Ngy(t)=2Ny4,(0), thelong-time solution of

Eqg. (139 is?® N, (t)=N,(0)e V=N, (0)e kiNad (17)

Nay(t) = (3Cq) 3GZ% . (14 where | again assume a near-constant valudlgfand ig-
nore H collisiond Eq. (10) limit]. If the waiting time before
measurement is less than a feyy a decaying population of
excess DB's that are not actually SW defects may be ob-
kqNy ([ G |\ Y3 served. These defects are simply DB'’s that have not yet been
(—) t 13 (15 “found” by an excess photoexcited mobile H atom. Finally,
3Csu the remnaniN,,, population can cause some creation of meta-

Equation(14) gives the well-documente@? Y3 creation stable SW DB’s even after illumination is extinguished, a
phenomenon that is important during pulsed laser illumina-

kinetics first observed in Ref. 23. SJT derived B89 from ! -

different physics, and obtained a completely different extion of a-Si:H (see Sec. IVF.
pression than Eq.13b) for the Staebler-Wronski coefficient o ‘ .
Csw. They obtained Eqs(133 and (14) by assuming SW C. Light-induced annealing and saturation

DB formation through bimolecular recombination of elec- | jght-induced annealing is the photocarrier-induced emis-
trons and holes with densities proportionalGéNg,. HOW-  sjon of H atoms into transport fromd (Si-H), and their re-
ever, experiments show that this form for the carrier de”S't'eéapture into DB defects according to the reverse process of
is less general than t"fgg kinetics of Eq.(14), and7that there  Eq.(4). This process is insignificant compared to defect pro-
are other problems with the recombination motfas re-  quction during the early stages of light soaking. It becomes
viewed in Sec. I B. _ 3 e important when theM (Si-H), population rises to make the
The H collision model yield& %' kinetics because SW  term 2,,,N,G a significant fraction of the creation term,
DB'’s are created through bimolecular recombination of mo-chﬁ1 in Eq. (80). Saturation of the defect density occurs
bile H that has a density proportional @Ng,. The math- \yhen all derivatives in Eq¢8) are identically zero.
ematics are analogous to the SJT model because both are |, ihis section. | derive closed-form solutions of E@®.
bimolecular recombination models for entities with density;, his steady-state, light-induced DB saturation limit. In the
proportional toG/Ng,. However, the H collision model pro- highNyy regime for which light-induced annealing is im-
vides an alternate derivation oF* creation kinetics free of portant, metastable DB's dominate the DB population be-

Substituting Eq(14) into Eq.(11) gives the long-time decay
of the mobile H density due to the rise Nfy,:

Nm(t)=

Kdb

the contradictions with experiment described above. causeN,, and the initial DB density are both negligible.
Therefore, Ny~Ngy,. SettingdN,,/dt=0 and substitut-
B. Transient solutions ing Ngy/2 for Ny in Eq. (80),

We next consider the transient solutions of E@3.in the )
limit of N,,<Ng, [Eq. (10)]. Equationg1) and(2) imply that KeNf = KnnNgeG. (18



PRB 59 HYDROGEN COLLISION MODEL: QUANTITATIVE ... 5503

TABLE |. Upper and lower bounds to model parameters, con-cause the lower illumination levels are relevant to most DB
sistent with 65 °C experiments. Choice of one parameter limits thereation experiments. Thel density, Ny, is taken to be

range of the other parameteisee text about 5x 107tcm™3.

— — Light-induced D tracer diffusion measurements establish
65°C ky (CcmP’s™) kg (em’s™) 7 (9 rough limits of 2x 10~ 31<ky(135 °C)<4x 10~ ¢ and
Upper bound 1027 5% 10 12 10  ky(65°C)<3x10 28cn, under the assumption that H and
Lower bound 5¢ 103 1007  2x10°5 D behave identically’ However, recent hot-electron degra-

dation studies irc-Si transistors suggest that D emission is
10 to 50 times less efficient than the corresponding H
SettingdNg,/dt=0 in Eq.(8b), | again obtain Eq(11) for ~ emissiorf’” Van de Walle and Jacksthpropose that this

N,,. Substituting Eqs(11) and(13b) into Eq.(18), and solv-  results from comparatively inefficient coupling of the Si-H

ing for Ng,, gives the steady-state or saturated DB density Pending modes to the Si-Si lattice phonon modes, a hypoth-
esis that is supported by recent infra red-absorption measure-

Nga= (G Cof/2Ke) Y2, (19  ments ina-Si:H.* This poor coupling could enable the Si-H

_ ) _ bond to store vibrational energy for emission better than the
To calculate the saturation timig,, | assume that light-  ell-coupled Si-D bond.

induced annealing remains unimportant during the approach Gijyen this resistance of the Si-D bond to D emission, the
to saturation. Then Eq.(14) implies Nsa=Nao(tsa)  estimate ok, from D tracer experiments may be somewhat

~(3Cq)*G#%L}, and substitution of Eq19) yields low. A better upper bound consistent with the D tracer mea-
. surements might bl (65 °C)< 10~ 2" cm®. Measured early-
tsar= (6kpyuG) ™ (200 time defect creation implié& (within the present modgthat

the H emission rate is greater thaxx30™ ' s ! per H atom
at G=10cm 3s! and 65°C. This result gives a
stricter lower bound and implies 18>k (65°C)>5
x 10 ¥Fcn?.

Substitution of the bounds thk, (65°C) andCs, into
Eq. (22) gives 5x 10 1?2>ky(65°C)>10 cmPs™ L. Sub-
stitution of Ngy~10"®cm™2 into Eq. (16b) gives a range for

The G dependences of Eq&l9) and(20) were derived phe-
nomenologically in Ref. 38. A weak dependenceNgf;upon
G, consistent with Eq(19), is observed®?® The predicted
dependence, < N2, is also observetf The saturated mo-
bile H density, N2, is obtained by substituting E¢L9) into
Eq. (11):

Kk N 173 the mobile H rise and fall times of %0 7,(65°C)>2
sal_ (M) G213 (21) X 10" °s. Through Eqs(16) and(17), this time governs the
KcKab rise and fall ofN,,. The metastable DB density appears to

pfise rather quickly during as litle as 60 s of light
soaking'®3*and the rate of creation has not been observed to
depend upon the waiting time before DB measurement, con-
sistent with this range for, .
The mobile H diffusion coefficienD, is proportional to
Both k. andky, are parameters describing diffusion of the the parameteky, and can be estimated as follows. Mobile H
mobile Si-H/DB and annihilation of a mobile DB with an- hops between Si-Si bonds at a rate giverDgy/a?, wherea
other DB[e.g., in Eq.(7)]. The sole difference is in the type is the Si-Si bond distance of about X308 cm. Because a
of DB with which the annihilation occurgEgs. (2) or (3)], mobile H has a retrapping probability at each hop of

and this should matter little. Therefore, | assume tkat N4,/Ng;, the retrapping rate per H is roughlyD¢,/

The numerical simulations of Sec. V C exhibit the saturatio
behavior implicit in Eqs(8) and outlined above.

D. Experimental bounds on model parameters

~Kgp, and Eq.(13b) becomes a®)(Ngp/Ng). HereNg~a 2 is the density of Si-Si bonds.
- Equating this retrapping rate tiNg, [see Eq. @], kqp
Con=2KANE/ K- (22 ~aD,,. More rigorously:® one obtains

Even with this simplification, considerable difficulty
arises in estimating the parameters because broad ranges of Kgp=4maDy, (23
Cqw» Ky, andky, are consistent with the few experimental
data available. Most SW data in the literature is taken be-
tween room temperature anid=65°C, the temperature to for this diffusion-limited or Langevin capture process. The
which a strongly illuminated sample rises. The only availablebounds onkg, in Table | imply 4x10 ''>D(65°C)
H emission data at temperatures below the SW annealing 10 °cn?s L. Elsewhere, | will show this value is reason-
temperature are from light-induced D tracer diffusionable for H diffusion in a-Si:H and describe some
experiment® at 65 and 135 °C. | summarize the experimen-implications*®
tal constraints in this section, and | calculate 65 °C upper and Isomura et al** reported C,=300scm? for a high-
lower bounds tky, kqy, andr, . These bounds are listed in quality sample light soaked &=3x10?2cm >s ! between
Table I. 50 and 70 °C. The saturation DB density for that light soak
Experimentally Cq,= 10 s cm 2 for a high-quality sample  was Ng,~2X 10" cm 3.#! Substitution in Eq.(19) gives
illuminated with about 1 sun at 20-30°C an@, kuy~10 ?"cm?, equal to the upper bound ta, (65°C)
=300s cm® for 3-W/cn? illumination at 50—70°C? | use  found in Table I. Because the reaction of Hd) and the
100>C4,>10scm ® to estimate parameters of Table | be- reverse reaction of Eq3) both involve emission of mobile

|41
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H from Si-H, one might expeckyy~k,. However, the This result confirmed thé\s” dependence of Ref. 49 for

higher energy of H irM (Si-H), may destabilize the H, giv- undopeda-Si:H.

ing Kuy>Ky . In doped and compensatedSi:H, however, Tzanetakis
Obviously, with such weak experimental constraints onet al® observed roughly

the parameters, only qualitative conclusions can be drawn 1o 1/

from any numerical work. To compute the numerical solu- Nao(Np) < GTNG™, (26)

tions of the model in Sec. V, | have uség=102°cn?,

instead of Eq(25). Here theG dependence is derived from
Kgp=Kke=10"ecm’s™?, andky,=10"28cn?. a(29 P

measurement at only two different intensities, and therefore
the exponent ofG is approximate. Given experimental un-
E. Photocarrier-driven diffusion of mobile H certainty, the data could also be fit with the continuous-

At low temperature or high illumination intensity, the dif- llumination G2y limit [Eq. (14)]. "
fusion of the mobile H must be driven by photocarriers, Stutzmannet al*® explained theN* dependence in un-
rather than by thermal excitatidf.Carrier trapping at the doped samples within the SJT hypothesis framework. They
mobile Si-H/DB complex is a likely candidate to drive this assume that most DB production is due to slowly decaying
diffusion because the complex has a level within the energgarrier densities that create defects by their recombination
gap. The electrofn) or hole(p) densities are normally given during the dark-time between pulses. However, the authors
by n,p=G*, where 0<x<1. If D, is proportional to carrier 0f Ref. 51 measured about 1-nsec decay time of carrier den-

density, substitution ob,, in Eq. (23) yields sity between pulses, and found that creation between their
30-nsec pulses must be negligible if proportional rtp.
Ko< D o G, (24)  They* concluded that another explanation of E@5) is

needed. This section outlines an alternative approach based
In a previous papet) used the form of Eq(24) for both  upon the H collision model of the SW effect.
kqp @and k. to show that the long-time creation kinetics are
Ngy(t) < G2(1¥313 \when mobile H diffusion is carrier 2. H collision theory

driven. Thet**-dependence of Ed14) is preserved because  The rise and decay times of,, are given byr,, which
the branching ratio for H trapping between the reactions ofiepends upon whether the laser is on or off. Combining Egs.
Egs.(2) and(3) is unaffected by the mechanism of mobile H (16b) and (23) yields
diffusion. At 4.2 K, where thermal diffusion of mobile H is
obviously negligible, Stradins and Fritzséhebtainedt 7.=(4maDNgp) 1, (27
creation kinetics and & dependence that impli2s~0.3, a . . d-
value compatible with th& dependence of measured by where us_eful for clarity, | will notate, by 7 in the dark and
light-induced ESR® In contrast, the® creation kinetics at Y 7 during thg laser pulse. In the dark time between pulses,
4.2 K are incompatible with the SJT derivatfdof Eq. (14) | assume that,, Dy, andkg, are little changed from their
because DB's do not participate significantly in carrierlow-light values estimated in Sec. IV D. During the pulse, |
recombinatior?:34:35 assume the high carrier densities increBgeas in Eq.(24),
When the photogenerated carrier density is high, the Ecand therefore?< 7. However, direct?, D, andky, data
(24) limit may also apply at room temperature and aboveare unavailable for the laser-irradiation carrier densities.
Because tha'’® creation kinetics do not depend upon the Table | then gives approximate limits of of 10s
mechanism of mobile H diffusion, detailed studies of the >7-?(65°C)>2>< 10 °s. Metastable defect creation by H
andT dependences of DB creation are required to determineollision will continue for times of ordeﬁ-ﬁj after illumina-
conditions for the transition between thermal and carriertion is extinguished, and long after the decay of photocarriers
driven H diffusion. In the following section, | develop ap- is complete. For the two experiments described in Sec.
proximate closed-form solutions for pulsed-laser illumina-1V E364° and yielding Eq(25), the laser pulse times are 0.1
tion, high-intensity conditions for which it is reasonable to and 30 ns, laser-induced photocarriers decay in about’i ns,

assume that mobile H diffusion is carrier driven. and the dark times between pulsgg, are 0.1 s and 0.1 ms.
The duty cyclet,/(tq+tp) is tiny, from 10 to 10°°, for
F. Intense pulsed laser irradiation these experiments. Most importantly-,f‘>tp. We must

therefore consider the possibility that SW defect creation be-
tween pulses dominates over creation during the pulse.
Several groups have studied SW defect creation using in- In fact, the critical assumptions for modeling degradation
tense pulsed-laser sources to accelerate DB produtafii®  are the relative magnitudes’, T?, t,, andty. There are
For 100-fs pulses repeating at 7 kHz, Stutzmahal*® ob-  then four easily calculated limits\¢ D) for pulsed illumina-
served a rise of defect densil’)tdb(Np)ocN%)’2 in undoped tion of undoped films. Schematic diagrams of the time de-
a-Si:H. HereN, is the number of laser pulses and is propor-pendences o, during the first few laser cycles are shown
tional to the total illumination time. Tzanetakig al®® irra-  in Figs. 4a)—4(d), for the corresponding limité&—D. The
diated undopea-Si:H using intense 2-eV light from a dye diagrams of Fig. 4 are not drawn to scale, nor do they indi-
laser with a pulse time df,=30ns and a repetition rate of cate any long-term effect upoN,, of SW defect creation.
7-10 Hz, and observed Limit A is defined byr}>t, and 79<ty. Limit Bis <ty
/ and 7f<tq. Limit C is 7P>t, and 7'>t4. Limit D is 77
Nao(Np) =GNy, (29 <t, and 7*>t4. In each limit,A-D, %>t implying the

1. Phenomenology and previous theory

pe
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deb(Np) - (kHNHth)2

A8 A -
r N, NayNp) (30
£ b
2 N MN— MN— Integration of Eq.(30) over N, in the limit Ng(Np)
f ) © P — =2Ny,(0) gives the long-time rise dfly,,
= @ Nab(Np) = vVZkNyt,G N2, (31)
[=] P,
EI_ r Limit B (7P<t, and 79<ty), Fig. 4(b). Equation (16b)
ne n n_ implies that the mobile H density saturates during each
— pulse. The quasiequilbrium mobile H population at the pulse
5 | 0 itumination n n_ end is therN,(0) = kyN{G/k§ Ny in analogy with Eq(11).
e . Here, theky, value during the puls&kb(G), is likely given
Time by Eq.(24). As in limit A, all mobile H is retrapped between

FIG. 4. Schematic time-dependence curves for the mobile Haser pulses, so thaf, does not build up with time. The
density during intense laser-pulse illuminatiga)—(e) correspond ~ decay in the dark is

to limits A—E, respectively(see text (f) indicates the incident p
laser intensity. Nm=(KyNLG/KB Ny, eV (32

by substitution ofN,,(0) into Eq. (17). Because most cre-
ation occurs during the time between pulses, the increase of
Ngn(Np) with the pulse numbered, is obtained by substi-
tuting Eq.(32) into Eq.(12), and time integrating. Then

dominance of dark creation. For simplicity, boundary re-
gimes between these limits are not treated here.

In doped or compensated films, no estimatefbfs avail-
able. Thus, a limi for which Tf<tp, must be considered.
Of course,r,p<t.p gnq 79<ty, also. T_he re_sult.ing time de- dNgy(N,) ke(kyNpG)27 (kyNLG)2
pendence oN, is indicated schematically in Fig(€). Only AN. TR 7= 52 3,
in this limit does creation during the laser pulse dominate p [kaeNax(Np)] (Kan) TNae(Np)]
over dark creation. The assumption thélt<t, requires that here the rightmost form is obtained by substitutikg
T? be far smaller in compensatexdSi:H than in undoped ~k, in the dark andr, given by Eq.(16b) for 7-?. Integra-
a-Si:H. If so, this could be due to hlgh densities of dOpanttion of Eq. (33 oveer gives the |0ng-time rise dﬂdb!
traps for mobile H. In doped or compensated material, Eq.

(27) would be replaced by Nan(Np) = [ 2KNp kB G) 12G 2N (34)

Tzanetakis, Kopidakis, and Fritzschéound n,pe G2 dur-
ing their laser pulses, sd,(G)=GY2would be the relevant
whereN, is the total dopant density. form of Eq. (24) for mobile H diffusion driven by the elec-
In all limits, | assume that mobile H emission is given by tron or hole density. Substitution into E(4) yields

kyuGNy, as in Sec. ll(see the discussion in the Appendix va

Becausen,p= G2 during laser pulses, this corresponds to Ngo(Np) < (GNp) ™. (35
emission proportional to thep product or electron-hole re- . b d . . :
combination rate. | ignore light-induced annealing. Theory is  Limit C (77>t, and 7;>tq), Fig. 4(c). Mobile H is cre-
developed for all five limits in this subsection, and is com-at€d during the laser pulse at a ratg@GN,,. In the dark,

pared to the experimental result in the following Sec. IV F 3.mobile H and DB'’s recombine according to Hg) at a rate
Limit A (7P>t, and 79'<tg), Fig. 4(a). Mobile H does not KaoNmNap, whereky, is the dark value. Figure(d) shows

build up over time, becausé, decays completely during only the first few illumination pulses, and is therefore some-
Equation(163 implies thatkrEG Nt of mobile H are cre- what misleading. At long times\,, actually rises to a qua-
ated during each pulse TherefoNa':n(O)=kHG Nit, is the siequilibrium value common to both the pulse and dark in-
same at the end of each pulse and at the start %f each d vals; the cyclic variation ifN,, is then small compared to

decay. Here=0 indicates the beginning of the,, decay m- A quasiequilibrium betweemMy, and N, Is reached
between pulses. Substitution in Ea7) gives the decay after when the creation and recombination of mobile H balance in

each pulse, each cycle

(33

7 =[4maDp(Ng+Ngp] ™, (28)

d KyNHGtp = KapNmNabta » (363
Nin(t) =kyGNyt,e V. (29 _
implying
Substituting Eq.(29) into Eqg. (12), and time integrating _

(at constant?) yields (kyGNuty) k7" new metastable de- Nim=KiNHGtp /KapNata - (36h)
fects per pulse. Although E¢29) may be incorrect in detail, Equation (36b) is identical to Eq.(11), except thatN,, is
the approximate scaling of defect creation V\(BHT? andthe reduced by the factdr,/ty. This corresponds to an effective
other quantities should be valid. Substitutikg~kg, (see  constant mobile H generation rate df,{tq) G<G. During
Sec. IVD and 7, given by Eq.(16b) for T?, the increase of the dark time between each pul$&, is nearly constant, as
Ngp(N,) during the pulse numbered, is is the DB creation rate given by E@l12). Following the
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mathematics of Sec. IV A, and substitutitvg t;N, because
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It is more difficult to identify the limit that obtains during

nearly all creation occurs in the dark, the long-time rise oflaser-pulse illumination of doped and compensatesi:H.3¢

Ndb is

Ne(t) = t3% 3 Y3(3C4,) RGN LE. -

Here | have substitute@,, from Eq. (13b).
Limit D (rP<t, and 7¢>t,), Fig. 4(d) A quasiequilibrium
mobile H population

Nim=KpNHG/KGNp (38)

is reached during each laser pulse, in analogy with(Eg).
This value depends upokf,(G) during the pulse, again
from Eq. (24). During the dark time between each pullig,

Limits B—E are all reasonable candidataspriori because
they haveNg(Ny) =N or NI, More experimental study
of the dependence dfig(N,) upont, andty could help
settle the issue. It is not helpful that E¢35), (40), and(42)
all depend upon the assumption thd(G)=GY2 which is
reasonable but has no independent experimental support.
However, Eq.(37) of limit C and Eg.(42) of limit E
appear to represent the best approximations to the data and to
the approximate forif represented by Eq26). Assuming
that limit A describes the undoped data, lintwould re-
quire that r? is much greater in doped than in undoped
a-Si:H. This appears unlikely. Therefore, | speculate that

is nearly constant, as is the DB creation rate obtained b, (42) of limit E applies, withGY2N%* kinetics governing

substituting Eq(38) into Eqg.(12). Following the mathemat-
ics of Sec. IVA, and substituting~t4N, because nearly all
creation occurs in the dark, the long-time riseNy, is

Nao(t) =t Tkao/KE( G)1X(3Ca iGNL°,  (39)

whereky, and Cy,, take their dark values. Assumir@s in
limit B) that ki,(G)=G¥2, and substituting into Eq(39)
yields

Nao(Np) < (t4GNp) *~. (40)

Limit E (r?<t,, r9<ty and 7P<t,), Fig. 4(e) N, rises

the experiments on doped and compensatedi:H. Both 7P

and r? must then be much smaller in doped than in undoped
a-Si:H, consistent with EQg.(28). The experiments of
Tzanetakiset al3® would imply that7P<30ns, shorter than
Table I's 20us lower bound onr, in undoped films. In
doped and compensatedSi:H, N, would saturate rapidly
during the laser pulse, and would decay rapidly in the dark.
SW DB creation would occur mainly during the laser pulse,
in contrast to the case of undopa€sSi:H.

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

so rapidly during the laser pulse it can be approximated by Compared with undoped-Si:H, the light-induced DB

Eq. (38) during the entire pulseN, falls so rapidly in the

creation rate is greatly decreased in compensat&itH, but

dark that creation during the pulse dominates. The DB crejs increased in doped filn?. Section IV F3 above shows

ation rate is given by substituting E@®8) into Eq.(12), with
k. replaced by its value during the puldé,. Following the
mathematics of Sec. IV A, the long-time rise Mgf, is

Ndb(t):té/3(3cspw)l/3GZ/SN;/3, (41a
with
2kPKENZ
p_TcHH
S (41b)

Assumingkh(G) andkP(G)=G¥2 from Eq. (24), and sub-
stituting into Egs.(41), yields

Ngb(Np) = G4t N,) Y2, (42)

3. Experiment-theory comparison

For undopea-Si:H, only the Eq(31) result of Sec. Il F 2
agrees well with the experimental resfilgiven by Eq.(25).
| conclude that the physically reasonable lishiis applicable
to the laser-pulse creation of SW defects in undopesi:H.

that Eq.(28) accounts for the laser-pulse creation kinetics in
doped and compensatedSi:H. Equation(28) implies that
Eq. (11) for the quasiequilibrium between mobile H and de-
fects is replaced by

Nim= (KyNHG)/[Kao(Ng+Ngp) ] (43
in doped and compensateadSi:H. HereNy is the density of
dopants that act as mobile H traps and redNge Accord-
ing to Eq.(12), the defect creation rate is proportionaNﬁx].
When dopants are added to amorphous silicon, there can
be two competing effects upd,,. First, there is an increase
of Ng+ Ngp, in the denominator that causes a reduction of the
mobile H population, according to Eg43). Second, there
can be a movement of the Fermi level away from midgap
that reduces the formation energy of DB defects.
Skumanich, Amer, and JacksBnproposed that meta-
stable DB formation is made easier by this shift of Fermi
level. In the present model, the Fermi-level effect would be
expected to increase the mobile H emission rate; thdtjs,

In this limit, each laser pulse creates an identical density ofvill be greater in doped than undoped films. This increase of
mobile H, and all this mobile H decays completely duringk, causes an increase of,, according to Eq.43). Of
the dark time between pulses. SW defect creation occursourse, compensated films will exhibit no such increase of

primarily in the dark. The experiments of Tzanetadisal >

then imply thatrP>30ns andr¥<0.1s, consistent with the
bounds onr, in Table I. The mathematics leading to E§1)
are similar to those used by Stutzmaetnal. under that as-

mobile H emission.

| propose that in compensatedSi:H, an increase itNg
+Ngp in the denominator of Eq43) reduces the mobile H
population and therefore lowers the creation rate of SW

sumption of slowphotocarrierdecay and SW defect creation DB'’s by H collision. However, in doped films, the increase
in the dark?® but the physics of the two derivations are com- of k, in the numerator dominates over tNg-+ N, increase;

pletely different.

both N, and the defect creation rate increases.
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Alternatively, the low-creation efficiency in compensated R I I I B
a-Si:H may be due to high internal electric fields which pre- 2 Ny = initial + metastable DBs
vent formation ofM(Si-H),. Biswas and PdR suggested
that high electric fields would destabilid&(Si-H),, because c
their proposed,* analog model of the complex has a large E_Nqn_{?}jﬁf_]?_’_s _____________________
dipole moment.

These authofé pointed out that their proposal would also
account for the high-electric-field annealing of SW DB3s*
| add that electric-field induced destabilizationM{ Si-H),
may account for the quenching of the SW effect under high
fields observed by Stradins and Fritzsthe4.2 K.
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H. Irreversibility and molecular H formation
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With minor modification, the H collision model accom- 10° 10’ 10° 10° 10* 10°

modates the small irreversible component of light-induced Time (s)

defect creation that is obs_erved. Ir_reversuble defects are fF|g. 5. Numerical solutions of Eq&7) and(9). 2Ny (t) curves

formed whenever photoexcited mobile H leaves a sampleyppey show the total density of DB’s observed after illumination

before retrapping at a DB according to Eg). Carlson and  ceases. Correspondind,(t) curves(lower) are indicated by their
Rajar’® observed this effect ip-i-n devices illuminated un- line type. Parameters ate,=k,=10"6cms ™, k=10"2%cn?,

der high reverse bias at elevated temperature. They found,=5x 10" cm=3, andG=10""cm 35 Ngy(0)=2Np4(0)/2 is
clear evidence that H had moved from the sample into théndicated for each curve, ard,,(0)=0. The dotted line indicates
transparent conductive oxide contatés. the slope of aNg(t) =<t line.

A related source of irreversible DB creation would be

formation of a H molecule by collision of mobile H. The - yration isN,,(0)=0 for the cases reported below. However,
DB’s left at the site of photoexcitatiopEq. (1)] become  sojutions were found to be extremely insensitive to the
irreversible defects because of the strong H-H bond. Irreverssnoice ofN,,(0) becauséN,, quickly equilibrates witiN,.

ible H, formation must be rare compared to metastablerhe other initial conditionN,;(0)=Ngy(0)/2, corresponds

M(Si-H), creation, because jHormation requires simulta- o the assumption that equilibrium DB'’s form together with
neous breaking of two Si-H bonds, while SW creation re-gquilibrium M (Si-H), defects(see Sec. Vi

quires only the annihilation of two mobile DB[€&q. (3)].

B. Creation at 1 sun
V. NUMERICAL SOLUTIONS

_ o N Figure 5 shows solutions of Eg&) and(9) for a genera-
A. Algorithm, parameters, and initial conditions tion rate ofG=10"cm3s7L, corresponding roughly to il-
Equations(7) and (9) and (8) and (9) are two sets of lumination with terrestrial solar irradiatiofl sur). 2Nyy(t)
coupled differential equations fdt,(t), Ngu(t), andNyp(t) andN,(t) are presented for three different initial DB densi-
under illumination and in the absence of thermal annealingties. In Fig. 5, the curves corresponding to the same initial
To study the H collision model, we have performed com-conditions are indicated with the same line type. For ex-
puter integration of these equations using the fourth-orde@mple, the upper solid curve iS\g4(t), and the lower solid
Runge-Kutta algorithm with an adaptive time-step-sizecurve isNp(t), both for Ngy(0)=10"cm 3. 2Ny(t) cor-
control®” Selected solutions were verified using a simplerresponds to the sum of initial and SW metastable DB'’s in the
iterative solution algorithm. Various parameter sets and inisample. Ny (t) is therefore the measured DB density in the
tial conditions were investigated, and no convergence diffisample after the incident light is extinguished at titn@s-
culties have been observed. suming all the photoexcited mobile H’'s are retrapped to
My emphasis here is placed on confirming the approxi-DB’s). Figure 6 shows the actual DB density during illumi-
mate closed-form solutions presented above and on exhibifation, Ngy(t), and also Ny(t) for the Ngy(0)
ing the qualitative behavior of the H collision model solu- =10">cm™* solution of Fig. 5.
tions. The qualitative features | describe are observed for a The solidNg,(0)=10"cm 2 curves of Fig. 5 exhibit the
wide range of realistic initial conditions, light intensities, and important qualitative features of the solutions. When the
parameters. More detailed comparison of the model with SWight is turned on, there is a rapid initial rise Nf, in accord
data will be presented elsewhéfe. with Eq. (16a. The duration of this rise is about 10 s, con-
In Section IV D, | describe the weak experimental con-sistent with7, given by Eq.(16b. BecauseN,, approaches
straints on the model parameters and generate the upper aNg,, H collision retrapping soon competes with DB trapping
lower bounds of Table I. Here, | show solutions for only aand Ny begins to rise. The increase in metastable DB’s
single  parameter  set: ky=10%°cm®,  k.=kg, eventually reduced,,. The asymptotic solution ofg(t)
=10 %cmPs !, andkyy=10"2cm?®. The Si-H density is ot is approached at long times, as predicted by Eh4).
taken asNp=5x 107 cm 3. Substitution in Eq(13b) gives  and(15). In general N, approached, only for extremely
Cqw=50scn . Initial DB densitiesNgy(0) vary from 18>  high values ofG or low values ofNg4(0), andthen only
to 10'cm2 and substitution in Eq(16b) gives 7, near its  briefly. Even in these cases, metastable defect creation soon
Table | upper bound of 10 s. The initial mobile H concen-restoreNy> N, [Eq. (10)].
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FIG. 6. Numerical solutions of Eq$7) and (9) for the param-
eter set of Fig. 5 andNg(0)=10cm 3. Quantities plotted are Time (s)
indicated in the legend, and discussed in detail in the text. The
dotted line indicates the slope ofNy,(t) <t line. Inset shows the
sameN,(t) data on linear scales with units of f@m3s.

FIG. 7. Numerical solutions of Eq$8) and(9). Parameters are
kgp=ke=10"%cm®s™?, ky=102cn?, kyy=10%8cn?, Ny=5
X10% em 3, and G=107?cm 3s L. Initial conditions areN,(0)
=0 andNg,(0)=10"cm™ 3. The dotted line indicates the slope of a
Comparing the three solutions of Fig. 5, it is clear thatn,(t)ot! Jine.

low initial defect density results in a higher peakNf, and
therefore a more rapid onset of degradatibly, begins to C. High-intensity illumination with saturation
decay sooner aBly,(0) is reduced. For the highebly,(0) . .
- . : : Figure 7 shows solutions of E and(9) for a genera-
=10"cm 3, there is a 1%s period of approximately con- tion ?ate of G 102¢em-3s 1 corﬁ)pondi(né rougi?ly 0 10
stant mobile H density, consistent with E{.68. Because N (D) Noo(t df\l ¢ h forN(0
most mobile H’s retrap at the copious DB’s, some time iss_u{](')15 H'jg )(': ar( 1), datn 1 m( ).lflre S ,?W”. og ‘é?‘( )
required for H collisions to raisBy(t) and thereby reduce . cm = Lompared o L-sum filumina iofFig. 6), there
Nn,. In Fig. 5, all curves converge after about 10 h of illu- is a very rapid rise on,'unt|I iis rougthNdb/_Z for a few
mination; at long times, no memory of the initial defect den-Seconds afte.tzz S- Ngp Increases together W'tNm. at ﬂ?e
sity remains. end of t_hls rise, simply because DB’s and mobile H’'s are
Figure 6 shows the solution fa¥y(t), the actual DB created in palrgE_q.(l)]. Only after ab_ou2 S doe; th_g meta-
density in the sample during illumination, for the case ofStabIe DB density, Ry, begin tg/;n_crease S|gn|f|can_tly.
Ngo(0)=10cm 3. Ny, is equal to Ny att=0, but imme- Both Ny, and M;H srjtg)w roughly a**rise beforg saturation
diately grows larger as mobile H is excited out of Si-H &t Nap~1.4X 10"cm?, exactly the value predicted by Eq.
bonds.N, remains larger than X, for nearly an hour— (19). The saturat_lon time is in good agreement Wlth the value
until metastable DB's dominathly,. If the light is extin-  ©f 2x10°s predicted by the approximate equati@d).

guished during this hour, mobile H will retrap rapidly at

DB'’s and the DB density will fall after about, to 2N ; an VI. EQUILIBRIUM AND DARK EQUILIBRATION
insignificant number of mobile H’s will collide to form meta- o

stable two-H complexes during the decay. In the long-time A. Equilibrium

limit, metastable DB’s dominate aridy,=2N,,4 once again. In the dark, H equilibrates between Si-H bonds and

The inset to Fig. 6 displays the same rise and fall ofM(Si-H), complexes(the two deepest well bottoms in Fig.
Nm(t), but on linear scales. To obserig,(t) in the dark, 1), unless slow kinetics prevents it. Above an equilibration
the sample would have to be cooled in much less than temperature T*) at which H from Si-H bonds can transport
after illumination ceases. Rapid cooling would prevent re-freely between the configurations of Fig. 1, therefore, the DB
combination of mobile H with DB'’s, and would freeze in density reaches its equilibrium value. The temperature de-
Np(t). As discussed previousfDarwichet al® observed a  pendence oNg, will be activated withAE=E,—E,, the
rise and fall in infrared transmission spectroscopy lines uponlifference between the H diffusion activation energy and the
light soaking and cooling which they attributed to mobile H. onset energy for metastable DB annealing. The measured H
It is tempting to identify their observation witli,,(t), but IR diffusion energy is 1.4 to 1.5 e¥;*°and the DB annealing
observation would require densities that are many orders aénergy is about 1.1 eV Subtracting these measured quan-
magnitude greater thaN,(t) in Fig. 6. tities yieldsAE~0.3—-0.4 eV.

Figure 6 also shows the suigy,+ N,, during illumina- These consequences of Fig. 1 are consistent with experi-
tion. Because the mobile Si-H/DB complex likely contrib- ment. Thermal equilibrium DB densities are obsefted
utes a gap state due to its mobile DB, this quantity mayabove an equilibration temperatur&* =200°C5? Direct
govern the measured defect density and the photocarrier demeasurements &€E, by temperature-dependentsitu elec-
sity during the illumination.Ng,+ N, exceeds Ry, for  tron spin resonance, and by ESR after rapid quenching from
nearly an hour, but in the long-time limit metastable DB’s elevatedT, yield values of about 0.3 e{?:5®
also dominateNy,+ N,,. The mobile DB’s may have differ- Identifying of the Staebler-Wronski initial and final states
ent electronic or optical properties than ordinary DB'’s. as those governing defect equilibration explains a crucial ob-
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servation aboué- Si:H metastability: although “native” and dNyy/dt= — 2RyuNpy+ kN2, (440
light-induced DB's are indistinguishable experimentally, it is

impossible to anneal away all DB’s & Si:H. In the present Here, | have replaced all terms by which illumination gener-
model, there is no distinction made between native and lightates mobile H in Eq(8). When thermal creation, thermal
induced defects. During light soaking, some pre-existing deannealing, light-induced creation, and light-induced anneal-
fects are annihilated by the reverse reaction of @y. but ing are all important, the rate equations must be further
new DB’s are formed at the same time. Some of the DB’smodified to include each unique term from both E@.and
created during a light soak will survive even after an anneal44).

that removes excess SW defects. Each anneal of a sample

restores the value dfly,, but the DB’s can be at different 2. Thermal annealing

sites following each anneal.

This model of thermal equilibrium defect formation is a D
specific realization of the proposal of Stresital® that a
“hydrogen glass” mediates defect equilibrium reactions in
a-Si:H. The present model also has parallels to the “nega
tive H correlation energy'(negativeU) model of Zafar and
Schiff (2S).1® ZS proposed their model to explain both the
rise of the DB density during H evolution and the thermal
equilibrium DB density. However, ZS required that roughly
half the H ina-Si:H is in negatived pairs; they therefore
identified the negativé&} hydrogen with the clustered H
phase observed by nuclear magnetic resonéhce.

It may be possible to identifi!l (Si-H), with the clustered
H of ZS and thereby unify the H collision and ZS models.

However, theM (Si-H), center can only be identified with the mally 1.0—1.1 eV. However, after a 110 °C anneal, they re-

copious clustered H sites\N{,~Ny/2) if the vast majority . o
of these sites are resistant to emission of mobile H by Iight!Dorted that the annealing energy above 170 °C increases to

Otherwise, the last term on the right-hand side of @a) is more than 1.2 eV. SJT interpreted this increase as a partial

larger than the first term, and illumination produces mob"eanneallng at 110°C of a static population of metastable sites

H without DB’s. Photoexcited mobile H would then annihi- with a distribution of annealing energies.

late all the DB’s by light-induced annealing, in contradiction Although a d|str|t_)ut|on oM (S."H)2 sites could exist, !
to the experimental observation of SW DB creation by Iight.propose an alternative explanation of the observed increase

in annealing energy. Ead¥ (Si-H), site is formed by colli-
sion of two mobile H's. These H’'s bond to Si atoms in a
locale that previously contained only satisfied Si-Si bonds. |
If Ngo,» N, and/orNyy are not equal to their equilibrium postulate that the addition of two H atoms raises the local
value and the sample is above its equilibration temperaturstrain energy and accounts, in part, for the reduced H emis-
(T>T*), the approach to equilibrium is governed by ratesion energy to transpoit~1.1 eV) compared to emission
equations modified from Eq¢8). In Sec. VB 1, | present from a normal Si-H bond~1.5 eV). Local relaxation re-
appropriately modified equations. In Sec. VB 2, | discuss theduces this strain energy. Therefore, low-temperature anneal-
thermal annealing of light-induced defects. In Sec. VB 3, ling increases the thermal energy required to emit mobile H
derive an expression for thermal creation of defects afteto transport and anneal SW DB'’s, as observed by ‘8JT.

Thermal annealing causes restoration of the equilibrium
B density after light soaking. In this subsection, | describe
this process within the present model. During annealiqig,
and Ny, are well above their equilibrium values, ahy, is
small. Normally, RyyNyy> RNy and kggNNg>RyNy,
so the thermal emission of mobile H from Si-H can be ne-
glected in Eqs(44). Then RyyNpy> kCNﬁ1 also, and emis-
sion of mobile H from the right-hand well of Fig. 1 is cru-
cial. Equation(440 reduces tadNpydt=—2R, 4Ny, and
the rate of thermal annealing is the simply the rate of H
emission fromM(Si-H),. Every mobile H emitted from
M (Si-H), is retrapped according to E@2), and each one
anneals a DB.

SJT found that the thermal annealing enetgy is nor-

B. Dark equilibration

rapid heating of a sample aboVé . During long or intense illumination, light-induced anneal-
ing means thaM (Si-H), is repeatedly created and annealed.
1. Rate equations The least relaxed complexes are the most likely to be an-

In the dark, light-induced mobile H emission is replacedn€@/€d, and a population of well-relaxed complexes will
by thermal emissiorRy, is the rate per isolated Si-H of ther- slowly build up.'Thls accounts for the ’graQUa! increase qf the
mal H emission by the process of E). Ry is the rate of th_erm_al 30”922“269 energy of SW DB’s with increasing illu-
thermal H emission of the first H atom froml (Si-H),. mination time.*
Emission of either H atom fronM (Si-H), always creates
two mobile H atoms by the reverse process of B), as
described in Sec. IIA. The total emission rate of mobile H Thermal creation of DBs is obsenfdupon heatingto
from M(Si-H), is 4RyuNpy, and the annealing rate of T>T*) a sample that was cooled slowly. In this subsection,
M (Si-H), is 2RyuNpy, by analogy with the discussion pre- | derive an expression for the kinetics of DB creation. After

3. Thermal creation

ceding Eq.(8). The rate equations in the dark are slow cooling, there is a low density of DB’s, corresponding
) to equilibrium atT*. Upon heatingNy, andNy, are below
dNm/dt= RNy —KagpNmNao— 2KNi + 4RppNpy their equilibrium value aff, so thermal creation dominates

(443 over thermal annealing. In this limit,RLyNyy<<RyNy and
_ _ 2RHHNHH<kCan in Egs. (44). The emission of mobile H
ANgo/dt=RpsNiy =~ KapNmNao, 4D om the right-hand well of Fig. 1 can be neglected. Equa-
and tions (44) become
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dNp/dt=RyNy— KgoNmNgy— 2k N2, (453 APPENDIX
Equations(7)—(9) apply the zeroth-order approximation
dNgp/dt=RyNy—KgsNmNgp, (45p  that illumination stimulates mobile H emission at the rate
and Rmn=kuNyG. (A1)

5 Because the photocarrier recombination rate is equal to the
ANy, /dt=KkeNp, (450 generation rate, EqA1) implies that every recombination
) ) ) ) event is equally likely to stimulate H emission. It is more
identical to Eqs.(7), except that the rate of light-induced |ikely, however, that only a subset of recombination events
emission of mobile H KyN,,G) is replaced by its rate of can supply the 1.4 to 1.5 eV required to excite mobile H
thermal emissionRyNy). The solution of Eqs(45), there-  from a Si-H bond. In this appendix, | describe alternatives to
fore, follows the solution described in Sec. IVA. After a Eq. (A1) that may be better approximations to the physics of
time 7., quasiequilibrium ifN,, is reached, and the DB den- |ight-induced H emission, and derive the consequences for
Sity Increases as metastable DB creation.
Recombination through midgap DB levels supplies insuf-
Ngg(t) ot (46) ficient energy in any single step to stimulate H emission, and
is therefore unlikely to be involved. Accurate modeling of
by analogy with the derivation leading to Ed.4). | am not  the emission rate then requires a thorough understanding of
aware of experiments directly testing E¢6). photocarrier statistics, recombination processes, and the
physics of recombination-induced H emission. Unfortu-
nately, photocarrier physics ia-Si:H is complicated by a
continuous density of gap states with a variety of capture
This paper, and a previous short paper on the H collisiorfates®’ There is a large, complicated, and often contradictory
model? create a framework for understanding light-inducedliterature describing recombination and photoconductivity in
metastability ina-Si:H. Photocarrier recombination excites a-Si:H.%®~"?1t is unknown which of the various recombina-
mobile H from Si-H bonds, leaving behind DB’s. Mobile H tion processegfree-to-trapped, free-to-free, etcdrive H
“collisions” (associations create metastable two-H com- emission, and what the precise dividing energy between free
plexes and metastable DB’s. In contrast to most previou@nd trapped carriers may be at finite temperature.
microscopic models of the SW effect, the H collision mecha- To simplify the problem of estimating structural recon-
nism is consistent with ESR experiments and does not infiguration rates for a process requiring 1.4-15 eV,
volve impurities. Stutzmann, Jackson, and TSaassumed that DB’s mediate
Rate equations for the production of mobile H, DB’s andVirtually all recombination ira-Si:H and thereby obtain free
M (Si-H), complexes are solved for quantitative predictions.carrier densitiesn,p<G/Ngyy,. They then assumed the rate of
The branching ratio between mobile H collisions and mobilestructural reconfiguration isp. For H emission from Si-H,
H trapping to DB’s yieldsG?%® DB creation kinetics dur- this approach implies
ing continuous illumination. This branching ratio and tf&
kinetics are unchanged down to 4.2 K, but at low tempera- R G/NG, (A2)
tures the photocarriers must drive mobile H diffusion. The .
defect density increases &2 during intense laser-pulse  Equations(Al) and (A2) represent the extreme assump-

illumination of undopeda-Si:H, because slowly decaying fions of no DB influence upon recombination and complete
mobile H creates most SW DB'’s during the dark time be-DB control of recombination, respectively. Whig, is most
tween pulses. Earlier electron-hole pair recombination modlkely too complex for any simple form, EqéAl) and (A2)

els of continuous and pulsed illumination kinetics lead to€@n be generalized by taking the approximatigge-np of
similar mathematical forms, but are inconsistent with othefR€f. 23, but assuming more realistic forms foandp. Then
experimental results. The H collision model also describes aInB

thermal equilibrium and equilibration phenomenaaisi:H. R G*/Nip

VIl. CONCLUSIONS

with 1<a<2 and 0<B<2, (A3)
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dNgy/dtec G2/ NGS Y. (A5) with 2<y<?% and l<s<L1. (A7)
Integration of Eq(A5) yields
2al(25+3) 1U28+3) Experimentally, a range of about 8:3<0.4 is consistent
Npx G t (AB)  with most data. The exponentis difficult to measure, but is
at long times. roughly two thirds?® Because recombination physics de-

Equation(A6) corresponds to Eq(14) for the Eq.(A1) ~ Pends uponG and Ng,, measured exponents may depend
approximation ofe=1 and8=0. In contrastNg,xG¥%Y7  upon the illumination level and could vary with time.

is obtained by substitution of the exponents from ER). A future publication’® will describe detailed fitting of
This form is clearly at odds with experiment. Substituting theNax(t) data to Eq.(8) as modified by forms similar to Eq.
limits on « and 8 from Eq. (A3), (A3). We find that exponents intermediate between those of
Egs. (A1) and (A2) yield good fits, even in the early-time
Ngpx Gt° regime where Eq(133@ was shown to be inaccurate.
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