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We propose a model of trap-controlled diffusion in which diffusing atoms can be captured either by

trapping at an empty trap or by exchange with chemically identical trapped atoms of different isotope
number. We solve the model s equations describing tracer diffusion experiments, and compare the pre-

dictions in the cases of dominant exchange and of dominant trapping. Comparison with experiments in

a-Si:H shows that exchange is the dominant capture mechanism in D tracer diffusion measurements.
0

This allows us to understand the relatively short distance (-200 A) D travels before trapping. It also

reconciles the smoothness of the D tracer diffusion profiles at long times with the existance of deeply

bound ( )2.0 eV) H in a-Si:H.

I. INTRODUCTION

Hydrogen is crucial in determining the electronic den-
sity of states and the growth mechanism in hydrogenated
amorphous silicon (a-Si:H). Many researchers have also
proposed that H motion is connected with metastability
effects in a-Si:H. ' Direct tests of the metastability propo-
sal are only possible if the mechanism of H diffusion is
well understood.

Short-time tracer diffusion experiments ' suggest that
the motion of H proceeds rapidly through transport
states, and that diffusion is limited by trapping and
thermal emission due to a single-trapping level. We pre-
viously analyzed this trap-controlled diffusion model for
a D tracer experiment, and have shown that it is con-
sistent with the observed exponential wings of the tracer
concentration profile at short times, and with the ideality
of the long-time profiles. ' However, studies of the evo-
lution of H from a-Si:H during thermal annealing cast
doubts on this interpretation. Evolution experiments
suggest that a-Si:H has two principal H-trap energy levels
(Fig. 1), and not one. ' The first level is located at 1.4 eV
below the transport level (shallow trap), and the second at
about 2.1 eV (deep trap ). This division into two species
of trapped H appears even more clearly in the nuclear-
magnetic-resonance (NMR) experiments. A broad line
associated with "clustered" H, containing about 70% of
the H, begins to evolve at 450'C and disappears after 6 h
annealing at 530 C. The remaining 30% of "isolated" H
has a narrow NMR line. Most of this narrow NMR
component remains in the film even after the 530'C an-
neal. Apparently, the isolated H component corresponds
to the deep H level observed by Mahan et aI.

In tracer diffusion experiments, ' ' a thin, interior,
sandwich layer is doped with small quantities of D tracer.
After annealing, secondary-ion-mass-spectrometry
(SIMS) concentration profiles of the D tracer are ana-
lyzed to determine the mechanism of H difFusion and
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FIG. 1. Schematic diagram of the H density of states for the
two-level trap-controlled diffusion model, without exchange.
Transitions between transport states occur at a rate vo. Trap-
ping can either take a free H to a shallow level located at 6,
below the transport level, or to a deeper one located at 4z.
Emission from either traps is an activated process.

bonding. Because the emission time from a 2.1-eV trap is
much longer than typical experimental time scales, deep-
trapped tracer atoms cannot be released during these
diffusion experiments. This should result in (i) a discon-
tinuity in the long-time D tracer profile due to deeply
trapped tracer D atoms, and (ii) saturation of the D den-
sity in the deuterated layer at about 30 jo of the initial D
concentration due to deep-trapped D. These predictions
are not observed the long-time profiles are continuous,
and the tracer density decreases continuously, without
any apparent plateau.

The apparent contradiction between the evolution and
tracer diffusion data forces us to reexamine the assump-
tions underlying the simple trap-limited difFusion model.
In Sec. II, we present a model of tracer diffusion includ-
ing H-D exchange. * ' ' We solve the equations of the
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exchange model for tracer diffusion in Sec. III, and dis-
cuss the solutions in Sec. IV. Comparison of the solu-
tions with experiment shows that the exchange model is
consistent with both the D tracer diffusion and with the
H evolution data.

II. EXCHANGE MODEL
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The trap-controlled diffusion model rests on the as-
sumptions that a diffusing H or D moves freely along a
manifold of transport states (interstitials or bond-
centered sites) until it encounters an empty trap, and es-
capes the trap by thermal emission back to this transport
level.

As described in the Introduction, the single-trapping
model is inconsistent with H evolution data. ' Also, the
measured decay length of the early-time exponential
wings is only for order 200 A, which implies an empty-
trap density of order 10' cm . This is inconsistent with
the interpretation that the trapping center is a dangling
bond, since there are only about 10' -cm neutral dan-
gling bonds in a-Si:H at 200 C. '

H evolution data suggests the presence of deeper H lev-
els. If we add deeper-trapping levels to the model, we
must also add exchange capture/escape mechanisms to
be consistent with the continuous tracer diffusion profiles
observed in the long-time regime. Exchange of D for H
was first proposed by Abeles et al. "' to explain rapid
plasma deuteration of a-Si:H films. Exchange occurs
when a free atom of one species trades places with an
atom of another species. Of particular interest to us is
that exchange is a substitution mechanism, and because
of this, it does not discriminate whether the trapped atom
comes from a deep or a shallow level.

In agreement with the H evolution data, we therefore
postulate the existence of two types of H traps in a-Si:H,
shallow and deep (Fig. 1). In reality, these peaks are un-
doubtedly broadened into a continuous, though not
monotomic, density of states. We denote the energies of
the shallow and deep traps by 6, and 6d, respectively.
Second, we assume that in addition to H or D capture to
an empty trap and thermal emission from the trap, ex-
change also can also take place between H and D. ' The
various capture and escape processes are all illustrated
schematically in Fig. 2. Here, single arrows indicate the
movement of H between levels, double arrows indicate
the movement of the D tracer atoms. Processes 1 and 2
of Fig. 2(a) correspond to shallow trapping and thermal
emission of H. Processes 3 and 4 correspond to deep
trapping and thermal emission of H. The corresponding
processes for D are shown in Fig. 2(b). Figure 2(c) shows
the exchange processes: Process 9 represents D tracer
capture by exchange into a shallow level, process 10
represents shallow tracer escape by exchange, process 11
represents D tracer capture into a deep level, and process
12 represents deep D escape by exchange.

We now formulate the equations describing the ex-
change model. In our notation, subscripts f, s, and d
refer to the free, shallow, and deep states, respectively.
We define pf, p„and pd to be the free, shallow, and deep
H densities, and Of, O„and Od to be the free, shallow,
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and deep D tracer densities. The rate of exchange"' is

Cpf O,

when a free H atom exchanges with a trapped tracer
atom, and is

COfp, (lb)

when a free tracer atoms exchanges with a trapped H
atom. We call the constant C in Eq. (1) the exchange con
stant. For simplicity, we assume that the exchange con-
stant is the same for exchange involving a deep-trapped
atom or a shallow-trapped one.

The H concentration evolves according to

Bpf 8 pf=Df 2 Bspf ++sps Bdpf +vdpd
Bx

—CPf Bs +Cps Bf—Cpf Od +Cpd Bf,
Bp =B,pf —v,p, +Cpf O, —Cp, Of,at

Bpd

at =BdPf vdpd+ CPf Od CPdOf

(2)

and the D tracer concentration according to

FIG. 2. Capture and escape processes included in the ex-
change model. Single arrows point in the direction taken by H
atoms, and double arrows to that taken by D atoms. (a) and (b)
include trapping processes (1, 3, 5, and 7) and thermal-emission
processes (2, 4, 6, and 8). (c) includes only exchange processes
(9—12). Rates for each process are indicated beside the relevant
arrow.
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BOd
Bd Of vd Od + COfPd COdP f

(3)

Here, Df is the free H and D diffusion constant, v, and
vd the shallow- and deep-trap emission rates, and B, and
Bd the shallow- and deep-trap capture rates.

Comparison with the single-level trapping model of
Kemp and Branz is in order. First, the exchange model
has two trap levels, not one. Second, a free D tracer
atom can be captured either by trapping to an empty trap
(processes 5 and 7 of Fig. 2), or by exchange with either a
shallow- (process 9) or with a deep-trapped H atom (pro-
cess 11). Finally, D tracer can escape from a trap either
by thermal emission to the transport level (processes 6
and 8), or by exchange with a free H atom (processes 10
and 12).

III. SOLUTION

A. Reduction of the equations

The situation of experimental interest is this. We con-
sider a sample of a-Si:H where H is nearly spatially
homogeneous but with a D tracer inhornogeneously in-
troduced into an interior layer. Ideally there are steps in
the D tracer concentration, as in the "as-grown" curves
of Fig. 3. The sample is then brought rapidly to the an-
nealing temperature T, causing H and D atoms to begin
diffusing in the sample.

Five observations can be made that greatly s"'mplify
Eqs. (2) and (3). First, we note that the D tracer density
is normally much smaller than the H density, even in the
deuterated layer. Second, for good samples, one normal-
ly finds that the initial H density is spatially constant.
Third, deep traps are fully occupied for the duration of
the experiment, because the H chemical potential (near
the shallow-trap level) is much shallower than b,d.
Fourth, the energy difference between the shallow level
and the transport level, 6„ is large compared with kT.
Fifth and last, we note that the time for a hop between
two transport states is much smaller than the time for
emission from either a shallow or a deep trap.

We can now simplify Eq. (2). The first consequence of
these observations is that all three H densities are essen-
tially constant: The first observation implies that in Eq.
(2), any term that involves the D tracer density can be
neglected [processes 9—12 of Fig. 2(c)j. The second ob-
servation means that since the free, shallow, and deep H
densities are initially spatially constant, they will remain
spatially constant for the duration of the experiment.
The third observation implies that the deep H density is
also time independent, and that processes 3, 4, 7, and 8 of
Fig. 2 can be neglected (formally, by setting Bd =vd =0).
Equation (2) is simplified to
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FIG. 3. Time development of the D tracer density for weak
exchange. The as-grown tracer profile here is a layer of unit

0
height and 1000 A width centered around x =0 [a symmetric
analog of the Eq. (15) profile. ] Parameters are y = —', A., =2500
0

A, 6, =1.4 eV, and Ad=2. 1 eV, and time is in units of
~, =1/v, . At long times, the profiles outside the deuterated lay-
er are ideal, but the tracer density in the step saturates at about
0.3. At short times, the tracer profiles develop exponential tails
whose height increases linearly with time.

BPf
Bspf +vsps ~

~ps

at Bspf vs ps

pd(t)=pd(t =0) .

(4)

The first two equations in (4) can be solved fairly simply
because of the fourth observation, B, ))v, . This means
that pf and p, reach their steady-state values much faster
than the shallow emission time 1/v, . We therefore re-
place pf and p, by their steady-state values:

vs
pf(t)= p, (t =0),

s
(5)

p, (t)=p, (t =0) .

Having established that pf, p„and pd are constants,
we find from Eq. (3) that the motion of the D tracer can
still be described by an effective trapping model even with
exchange processes included. Using the fact that all three
H densities are constant and neglecting all deep trapping
and thermal-emission processes, Eq. (3) is reduced to

BOf 8 Of=Df (B,+Cp, )8f+(v—, +Cpf )8,
Bx

(CPd )~f +(CPf )~d

aO, =(B,+Cp, )Bf (v +Cpf)9, ,Bt

BOd
=(Cpd)8f —(Cpf)0d .
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This equation describes an effective trap-controlled
diffusion model. Note that all terms that involve H are
now constant. Through exchange, H has the crucial
effect of changing the va1ues of the effective trap parame-
ters seen by D tracer atoms:

B,' =B,+Cp, ,

v —v +Cpf
Beff C

(7)

a' Beff Beff g [ effg + effg

X

The formal solution of this equation is

gf(g„gd )= Bg' +Bd Df-
Bx

effg + effg

(where [] ' denotes the inverse of the operator between
the brackets), which expresses the fact that the free tracer
density follows the trapped D densities at a11 times.

Using these observations, the diffusion model embodied
by Eq. (2) and (3) now simplifies to

BO, =B; gf (g„gq ) —v,' 0, ,at

Od
=Bd gf(0„0„)—vd gd,

c}t

(10)

where the effective trap parameters are given in Eq. (7),
and the dependence of Of on 0, and Od is formally given
by Eq. (9).

B. Analytic solution

In order to eliminate the differential operator in Eq.
(9), we perform a Fourier transform. The free tracer den-
sity 8f is now explicitly expressed in terms of the trapped
tracer densities. Substituting the resulting expression for
gf in Eq. (10), using QDf/B, for the spatial scale and
1/v, for the time scale, we obtain

ae,
I Xgd —(k'+)'X)0, ]

1++
k +1+y+yy

vd'=Cpf

Note in particular that even though deep trapping and
thermal emission of D by processes 9 and 12 are negligi-
ble, exchange has the effect of making capture and emis-
sion from all states nearly equally likely, independent of
their energy depth.

A final simplification of Eq. (3) comes from our fifth
observation, that the time for a hop between two trans-
port states is much smaller than the time for emission
from either a shallow or deep trap. We therefore apply
an adiabatic approximation to simplify the first equation
in (7) to

Here, k is the variable of the Fourier transform, and the
constants y and y are defined by

3'=pd~ps ~

X=cp, ~B, .
(12)

y measures the ratio of deep-to-shallow H densities (and
is about —, in device quality a-Si:H). The quantity y is a
measure of the relative importance of exchange and trap-
ping: when g «1, trapping is more important than ex-
change but when y))1, exchange dominates over trap-
ping; for this reason, we call y the strength of exchange

Equation (11) is now the focus of attention. It is
equivalent to Eqs. (2) and (3), modulo the approximations
discussed in Sec. IIIA. Equation (11) consists of two
linear equations, and can therefore be solved exactly.
The solution is obtained by (i) defining the Green's func-
tions G, and Gd, as the shallow and deep tracer densities
for 5-functions initial tracer profiles, (ii) solving for G,
and Gd in Fourier space, (iii) computing the real-space
Green's function

G(x, t) = f dk e'""[G,(k, t)+Gd(k, t)],
277

(13)

and (iv) solving for an arbitrary initial D tracer profile
0(x,0)

0(x, t)= f dx'0(x', 0)G(x x', t) . — (14)

Note that the free D tracer contribution has been neglect-
ed in Eq. (13) because it makes a negligible contribution
to the total D tracer profile.

This procedure is general. In what follows, we will as-
sume that the initial tracer profile is a step function:

1, x(0
0(x,0) =00 '

0 (15)

where Oo is the initial tracer density in the deuterated re-
gion.

In the general case, Eq. (11) can be solved exactly. The
general solution, however, is complicated enough as to
render the inversion of the Fourier transform impossible
to perform analytically. A numerical solution is always
possible, but is of little use in extracting meaningful con-
clusions from the model. Despite this, there are two situ-
ations where good approximate solutions can be ob-
tained, with the added bonus that they correspond to the
situations of physical relevance. The first case is that of
times short compared with the shallow emission time.
The second case is that of long times, in the limits of
small (y « 1) and large (g» 1) exchange.

G(x, t) = 1+7' 1+7'

l. Early time profiles-
In the early-time limit (v, t «1), the solution to Eq.

(13) is

1+X
X X6, —

k +1+y+yy
k +1 ed1+y i /A.

2~' (16)
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Here, we have defined the decay length

(17)
&1+X+vX '

where A, , =QDf/8, is the decay length of the single-
level trapping model. We also have defined the e6'ective
emission rate

1+y
v= +v

where v„=yv, is called the exchange emission rate.
The first situation of interest is the case where the D-H

exchange can be neglected, y ((1. In this case, A. is equal
to the decay length of the single-level trapping model A, ,
and v is equal to the shallow emission rate multiplied by
the shallow trap function. Assuming an initial step-
function tracer profile [Eq. (15)], the early-time profile
without exchange is

y 1 —v, t —)x~/k,+ [e ' +v, t(1 —e '/2)] (inside step)
1+y 1+y

8(x, t) =80
v, t

2(1+y)
—x /A.

(outside step) .
(19)

This solution will be discussed at length in Sec. IV A.
The second situation of interest is where the D-H exchange is more important than trapping, y &&1. For dominant

exchange, the decay length is inversely proportional to the square root of the exchange strength:
=1,, /v'y(1+y), and the emission rate v is approximately equal to the exchange emission rate v=v . The early-

time profile for dominant exchange is

—v t —
/x/ /k

e " +v t [1—e "/2] (inside step)
8(x t)=8o —x /A, „tv„t /2]e " (outside step) .

(20)

This solution will also be discussed at length in Sec. IV A.

2. Long time pro+-les

In the long-time limit, explicit results can only be de-
rived in the limits of no exchange and strong exchange.
In the absence of exchange (y « 1), we get

o
8(x, t) = 8(x,0)+ erfc(x/+4nl, v, t ), ,

1+y ' 1+y 2

(21)

and in the limit of dominant exchange (y ))1)

o
8(x, t)= erfc(x/+4m', v t ) . . (22)

IV. DISCUSSION

A. Early-time profiles

We first discuss the early-time solution. The early-time
Green's function, Eq. (16), is made up of two contribu-
tions. The first corresponds to the decay of the tracer
density inside the deuterated region, and the second to
the development of exponential tails outside. The expres-
sion for decay length of the exponential tail I, is given by
Eq. (17).

For an initial tracer step profile, the evolution of the

The significance of these solutions will be discussed in
Sec. IVB.

tracer concentration in the early-time regime is easily de-
scribed [Eqs. (19} and (20}]. The height of the initial
profile decreases, but its shape is maintained and ex-
ponential wings develop outside the initial profile with a
decay length A, (Figs. 3 and 4). Such exponential wings

Strong exchange
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FICx. 4. Time development of the D tracer density of strong
exchange. All parameters except y are the same as for Fig. 3.
The step profiles initially develop exponential tails, but their de-

cay length is much smaller here than for weak exchange (Fig. 3).
The long-time profiles are ideal, and show no memory of the ini-
tial profile. At short times, the tracer density in the deuterated
layer decreases continuously, without saturation.
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B. Effective diftusion constant

We now discuss the long-time tracer profiles given by
Eq. (21) and (22). In the absence of exchange, there are
two contributions to the profile (Fig. 3). The first part is
associated with the D frozen in deep traps. The second
part describes an ideal profile, with effective diffusion
constant

D,tt=D, =Dfv, /B, , (23)

where D, is the long-time diffusion constant of the
single-level trapping model. As Eq. (21) shows, the
frozen fraction that does not difFuse, y/(1+y), is the
deeply trapped, frozen, fraction of the tracer. The frac-
tion that diffuses, 1/(1+y), is the shallow-trapped frac-
tion.

In the limit of strong exchange, Eq. (22), the long-time
profile is ideal (Fig. 4). The effective diffusion constant is

1
Draff= 1+/ (24)

Note that within a factor of order 1, the effective
diffusion constant is the same with or without strong ex-
change, and the activation energy of diffusion is un-
changed. This result may be somewhat surprising. Al-
though exchange increases the D emission rate, it also in-

were observed by Branz et al. ' In Figs. 3 and 4, we plot
the solutions for the case of a sandwich layer of D, 1000
A thick. This result holds for any well-localized D
profile, not only for ideal step profiles.

In the absence of exchange [Eq. (19) and Fig. 3)], the D
tracer profile within the step is made up of a time-
independent component from the deep-trapped tracer
atoms and of a second component that decays with a rate
equal to the shallow emission rate. The decay length of
the exponential wing is precisely that of the single-level
trapping model A, This wing agrees with the trap-
controlled result of Kemp and Branz, since in the ab-
sence of exchange, only capture to an empty shallow trap
and thermal emission from a shallow trap contribute to
the wing formation.

In the limit of strong exchange [Eq. (18) and Fig. 4],
the deep and the shallow D tracer components of the step
decay at the same rate. The decay rate within the step is
equal to the exchange emission rate v =yv, . The decay
length of the exponential tails A,„ is proportional to
&I/y. These results can be understood as follows: since
exchange is the dominant capture/release mechanism,
and since it does not discriminate shallow from deep
traps, then all traps are effectively equivalent. The
release rate must then be v, much faster than the shal-
low emission rate v, . The decay length A,„ is inversely
proportional to the square root of the capture rate, and is
therefore much shorter than A,

Comparison of Figs. 3 and 4 shows that the decay
length of the exponential wing is reduced when exchange
dominates, but that the wing magnitude (at equal times)
is increased. This arises because exchange increases the
rates of both D emission and recapture, a result con-
sistent with the principle of detailed balance.

creases the trapping rate. The independence of the
diffusion constant on exchange expresses the fact that
these two effects cancel each other out. We recall that
for the single-level trap-controlled diffusion model, the
effective diffusion constant obeys the relation D,z= v, k, .
By comparison of Eqs. (17) and (24), we also see that
D,~=v A,„ for strong exchange. As we showed above,
v ~ C, and A, ~ C '~ . Thus, by cancellation, D,tt is in-
dependent of C. This cancellation is a result of the prin-
ciple of detailed balance.

Another way of explaining the independence of the
diffusion constant and the strength of exchange is to note
that D,~ equals Df times the ratio of free to trapped H
atoms. Here, Df is the free H diffusion constant. Since
the energy gap between shallow trap and transport states
is the same in both cases, the density of free H are the
same within a factor of order unity. The effective
diffusion constants differ only by the ratio of the numbers
of trapped H that are able to equilibrate with the trans-
port level.

C. Extraction of diB'usion length
and of emission rate from experiment

We previously showed how to extract the shallow
emission rate from experimental D tracer profiles, assum-
ing the validity of the single-level trap-controlled
diffusion model. This method rests on the prediction that
in the early-time regime, the height of the exponential tail
at the point where the tail meets with the tracer step in-
creases as 8h =Oov, t/2. Here, v, is the shallow emission
rate, Oo the step height, and t the measurement time.
Hence, the shallow emission rate v, is easily obtained
from the amplitude of the exponential tail.

Equation (15) shows that a similar procedure also ob-
tains for the exchange model (Figs. 3 and 4). Now,
8& =Bovt/2, where

~s
V=V~ +

1+y (25)

One important difference, as we see, is that the presence
of exchange implies contributions to the wing amplitude
from both the shallow emission rate and from the ex-
change rate. In the absence of exchange, this use of Eq.
(25) yields v =v, /( 1+y ), the shallow emission rate multi-
plied by the shallow fraction. The denominator arises be-
cause the deep-trapped D is frozen in the step region.
For dominant exchange, the procedure gives directly the
exchange emission rate v .

D. Comparison with experiment

It was previously argued by several authors ""'
that exchange must be important in plasma deuteration
experiments. In view of our analysis, we now assess the
role of exchange in a-Si:H tracer diffusion experiments.

In our model, a free D tracer atom can be captured ei-
ther by trapping to an empty trap, or by exchange with a
trapped H atom. The relative importance of these pro-
cesses is determined by the ratio of their respective rates.
We have defined a quantity y, called the strength of ex-
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change IEq. (12)), whose value is given by the ratio of the
rate of capture by exchange to the rate of capture by
trapping to an empty trap. Our analysis in Sec. IIIB1
shows that the measured decay length of the exponential
tracer wings depends upon g. If we eall the empty shal-
low trap density X„ then using Eq. (17) and the micro-
scopic relations.

D/ =2/3voa

8, =4v()N, a
(26)

we get

I/(6aN, A, ) —1

1+y (27)

Here, a is the Si-Si bond length, vo is the rate of hopping
between two transport states, y is the ratio of deep over
shallow trap densities, and A, is the measured decay
length of the exponential tracer wings. If we assume that
empty shallow traps are dangling bonds, X, = 10'
cm, ' and using a =3 A, y =3/7, and the measured
value A, -200 A (Branz et al. ' ' T =180C), we get
y- 100.

This value of y-100 implies that a free D tracer atom
is 100 times more likely to exchange with a trapped H
atom than it is to be captured to an empty trap (dangling
bond). We conclude that exchange, and not trapping, is
the dominant capture mechanism in a-Si:H tracer experi-
ments.

A test of consistency of this conclusion is provided by
comparison of the measured shapes of the early and
long-time profiles with the predictions of the exchange
model. Our analysis of Sec. III shows that without ex-
change (y=0), the long-time D tracer profiles are discon-
tinuous (Fig. 3). The tracer density within the step ini-
tially decreases down to about 30% of the initial value,
and then saturates. This leaves a residual step even at
long times. However, with dominant exchange (y))1),
the long-time tracer profiles are continuous (Fig. 4). The
tracer density within the step decreases continuously,
without saturation, and no step is observed at long times.

Experimentally, ' ' ' the long-time profiles are con-
tinuous, showing no memory of the initial profile. The
early-time decay of the tracer concentration in the cen-
tral layer is continuous, and shows no indication of pla-
teau formation. These observations are consistent with
our conclusion above that exchange is the dominant
free-H and -D capture mechanism in a-Si:H.

There are important consequences to exchange being
the dominant capture mechanism in a-Si:H tracer experi-
ments. The first is that tracer and nontracer experiments
do not probe the same processes. In a nontracer experi-
ment, exchange processes are irrelevant because a H-H
exchange conserves the free H density. Assuming that
deep traps are inactive (because they are filled and deep)
and that empty shallow traps are dangling bonds, H
difFusion is described by the single-level trapping model.
In consequence, the mean distance for recapture of a free

0
H atom is A, , = 1/+6aX, —2500 A, and the emission rate

from a trap is given by the shallow emission rate v, . In a
tracer experiment, the mean distance between capture
events is not the single-level trapping length A,„but the
exchange length A.„=A,, /&g(1+y)-200 A, and the
relevant emission rate from traps is not the shallow emis-
sion rate v„but the exchange emission rate v =yv, .
The mean distance traveled before capture is about 10
times smaller in the tracer experiment, and the emission
in a tracer experiment is 100 times faster than in a non-
tracer experiment.

A second important consequence of exchange being the
dominant capture mechanism, is that it clears up one of
the difBculties of the single-level trapping model. Based
on the measnred decay length of the exponential wings,
the single-level trapping model requires an empty-trap
density of order 10' cm . Since the neutral dangling-
bond density is of order 10' cm even at 200 C, ' this
precludes the identification of the empty trapping states
with neutral dangling bonds. VA'th strong exchange, this
difBculty is avoided, since every H atom can act as a trap
for free D through the exchange process.

A third consequence comes from the fact that the mea-
sured decay length of 200 A implies D makes —10
jumps between two capture events. Since the H density
in a-Si:H is about 10%, this implies that D visits about
1000 H centers before exchanging with one. This indi-
cates that the probability for exchange when D and H are
in contact is of order 10

Finally, we note that the diffusion constant measured
by D tracer experiments is comparable with that mea-
sured in hydrogen effusion experiments where no tracer is
present. ' In view of our conclusion that exchange dom-
inates tracer experiments, and trapping dominates the
nontracer ones, this may seem odd. Clearly, the ex-
change mechanism is irrelevant to the efFusion experi-
ment, because a single atomic species is present. (Only
trapping to an empty shallow trap will change the free H
density. ) However, Eq. (23) shows that, in fact, the
difFusion constants for weak and strong exchange are the
same (up to a constant of order one). As we discussed in
Sec. IV B, the effective diffusion constant depends only on
the density of free H, which in the long-time limit is the
same in both cases.

E. Temperature dependence of experimental quantities

Several authors have measured the temperature depen-
dence of the effective diffusion constant, and Branz
et al. ' applied the procedure described in Sec. IV C to
the extraction of the temperature dependence of the emis-
sion rate. From measurements of this type, one can ex-
tract information about the free-carrier diffusion lengths,
trap depths, and any barrier to the exchange process.

In this section, we make the assumptions that (i) ex-
change is the dominant tracer capture mechanism, (ii)
that the shallow trapping level is located an energy 6,
below the transport level, (iii) that exchange requires ac-
tivation over a barrier b, , and (iv) that the empty
shallow-trap density is activated (above the equilibration
temperature of 200 C) with activation energy b, :
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—6 /kT
v, ( T) =4voe

C(T)=Coe (28)

CpH

(1+ y)Noa
'

1/2
2vo+ z„/2kT

3C.H

2vp —(b, —5 )/kT

3(1+y )aN()

(29)

Here, H is the total hydrogen density, a is the Si-Si bond
length, and vp is the rate of hopping between two trans-
port states.

The physical origin of these temperature dependences
can be understood from three principles: (i) Exchange
dominates the motion of D. (ii) By detailed balance, the
free H density is pf =v, (p, +pd )/8, . This density is not
affected by the presence of D. (iii) 8, is proportional to
the empty shallow-trap density.

l. Emission rate

N, (T)=Noe

Using the microscopic relations Eq. (26), the exchange
model predicts that

Equation (29) suggests that the activation energy of the
diffusion constant is 6, —6, . If we assume that empty
shallow traps states are dangling bonds, then the mea-
sured diffusion activation energy of 1.4 eV and 6, -0.3
eV (Ref. 13) imply a shallow H trapping level located at
1.7 eV (not 1.4 eV) below the transport level. Unfor-
tunately, not enough is known about the relation between
dangling-bond density and the occupation of the H ener-

gy levels to draw a firm conclusion about this conse-
quence of the model.

Equation (29) also shows that the activation energy of
the emission rate is larger by 6 that of the diffusion con-
stant. It also shows that the diffusion length A, increases
with temperature, and the activation energy of this in-
crease is half the barrier to exchange, b,„/2. This pro-
vides two methods of directly measuring the barrier to
exchange. We will carry out a complete analysis of the
data in a future publication. Preliminary analysis sug-
gests that 6 &0.2 eV.

Finally, we note that the measured activation energy of
D,z in D tracer experiments does not yield information
about the density of H trap levels below the shallowest
level. As pointed out by Jackson, the thermal emission
rate of D from the shallowest level will determine the ac-
tivation of D,z. D emission from deep H levels proceeds
by an exchange of free H for deep D. The deep D depth
does not significantly infIuence measured D tracer
profiles in any time regime.

Since exchange dominates, the rate of release of a free
D is equal to the exchange constant C times the free H
density. Using (ii) and (iii), the free H density is propor-
tional to the shallow emission rate v, and it is inversely
proportional to the empty shallow-trap density. Thus,
the activation energy of the emission rate is 6 +5, —6, .
Note that unlike emission in the trap-controlled diffusion
model, the exchange emission rate is inversely propor-
tional to the empty-trap density.

2. Diffusion length

Regardless of the trapping mechanism, the diffusion
length is always inversely proportional to the square root
of the capture rate. Since here exchange dominates, the
free D capture rate is equal to the exchange constant C
times the trapped H density. Assuming the H density is
temperature independent, the temperature dependence of
A, is determined by that of C only, and has an activation
energy of —6 /2. In contrast to the trap-controlled
diffusion model, the diffusion length is independent of the
empty trap density.

3. Diffusion constant

Regardless of the trapping and emission mechanisms,
the diffusion length is always vA, . Using the arguments
above, the activation energy of the diffusion constant is
therefore 6, —5, . Notice that the diffusion constant is
independent of the exchange mechanism, and that just
like with the trap-controlled diffusion model, it is inverse-
ly proportional to the empty-trap density.

F. Mechanism of exchange

Branz et al. proposed that the D-H exchange process
proceeds via a fivefold-coordinated Si "fIoating bond"'
intermediate state. As shown in Fig. 5, an initially free D
atom forms a temporary fifth bond to one of the 5 X 10 '

cm Si-H centers. If the H atom (rather than the D that
was trapped) is released to the transport level, exchange
has occurred: the final state then consists of one trapped
D atom and one H atom at the transport level. The H
level associated with five-bonded Si must be nearly degen-
erate with the H transport level, since the barrier to ex-
change experimentally appears to be small.

free D free H

Si

Si

Si
Si

si /
D

Si

X J'
J' X

FIG. 5. Schematic diagram of the proposed microscopic ori-
gin of the exchange processes. From left to right we see process
9 or 11 (of Fig. 2): an initially free D atom forms a temporary
fifth bond to the Si-H center and the H is then released to the
transport level. From right to left, we see the inverse processes
(10 or 12).
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V. SUMMARY

The trap-controlled model of tracer diffusion without
exchange cannot be reconciled with the second H trap-
ping level observed in H evolution experiments. We have
included capture and emission by exchange in a tracer
diffusion model that includes a second deeply trapped H
level. Comparison of this model's predictions with tracer
diffusion data shows that in a-Si:H, capture by exchange
is 100 times more likely to occur than trapping to an
empty trap. 'This conclusion enables us to understand the
small value of the mean distance before D retrapping

(-200 A). It also reconciles the measured smooth H
tracer diffusion profiles at long times with the existence of
about 30% of deeply bound H in a-Si:H.
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