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Light-induced D diffusion measurements in hydrogenated amorphous silicon:
Testing H metastability models
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We measure light-induced D tracer diffusion in hydrogenated amorphous silicon samples under conditions at
which thermal diffusion is negligible. Under high-intensity~9 W cm22!, red-light soaking at 135 °C, the D
diffusion coefficient isDD51.3310218 cm2 s21 and the rate of D emission from Si-D to transport is 3.5
31025 s21. We also find an upper bound ofDD53310220 cm2 s21, the light-induced diffusion coefficient at
65 °C. Previous experiments had revealed only ‘‘light-enhanced’’ diffusion between from 200 to 300 °C, a
regime in which thermal diffusion is also significant. Our 135 °C result extends the range of the 0.9-eV
activation energy for this diffusion; our 65 °C upper bound is consistent with the extrapolation of the higher
temperature data. We also measure metastable defect creation at 65 and 135 °C to test models of light-induced
metastability that involve emission of H from Si-H bonds to an H transport level. This class of models can be
limited, but not excluded, by our data. The H emission parameter of the H collision model of metastability is
also estimated.@S0163-1829~99!09407-2#
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I. INTRODUCTION

Excess carriers in hydrogenated amorphous sili
~a-Si:H! cause a dramatic increase in the density of delet
ous threefold-coordinated Si, dangling bond~DB! defects.
This ‘‘Staebler-Wronski’’~SW! effect1 is an important prob-
lem in the physics of amorphous semiconductors both
cause of its inherent interest and because the effect
handicapped the application ofa-Si:H as a low-cost thin-film
semiconductor. Numerous hydrogen-related models of
SW effect have been proposed.2–9 Most recently, one of us
has proposed a quantitative microscopic model explicitly
volving long-range H diffusion10 that is supported by micro
scopic theoretical calculations,11 and is consistent with the
light-induced creation of DB’s at 4.2 K.12

Recent electron spin resonance~ESR! data cannot be rec
onciled with the many models of the SW effect involvin
only local motion of H during DB formation. Such loca
models leave a H atom in close proximity to the light
induced DB. The DB should, therefore, show a H hyperfine
signature that is not seen by ESR studies.13,14 Therefore,
among the H models of the SW effect, only long-range
diffusion models must be seriously considered.

Light-enhanced D effusion froma-Si:D:F samples be-
tween 400 and 600 °C was discovered by Weil, Busso,
Beyer.15 Further D tracer7,16 and hydrogen17 diffusion ex-
periments revealed a diffusion enhancement between
and 300 °C. Santos and Johnson18 demonstrated that exces
carriers cause the enhanced diffusion, a rather compe
parallel with the SW effect. However, these measurement
‘‘light-enhanced diffusion’’ were all made at temperatures
high that dark D diffusion was also observed. Further, de
thermal annealing renders SW defect creation kinetics
possible to measure above about 150 °C. Therefore, qu
tative comparison of H diffusion rates with the SW defe
PRB 590163-1829/99/59~8!/5513~8!/$15.00
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creation rates have previously been impossible.
In this paper, we report parallel measurements of lig

induced D tracer diffusion and metastable DB creation
a-Si:H at 135 and 65 °C. We measure the D emission rat
transport at 135 °C and place an upper bound on D diffus
at 65 °C. Our 135 °C result clearly demonstrates ‘‘ligh
induced’’ ~rather than ‘‘light-enhanced’’! D diffusion in
a-Si:H. We use our results to test and constrain the m
models of SW defect creation involving light-induced
diffusion.5–11

II. EXPERIMENTAL AND FITTING PROCEDURES

A. Tracer diffusion

Tracer-diffusion measurements are made ona-Si:H/a-
Si:H:D/a-Si:H sandwich structures deposited on dop
crystalline-Si substrates at 230 °C. In the National Rene
able Energy Laboratory deposition system, we can rap
switch process gas flow between the deposition chamber
a bypass line that flows directly into the vacuum pump. T
top and bottom layers are grown by plasma-enhan
chemical-vapor deposition~PECVD! at about 2 Å/s from
SiH4 diluted with an equal flow of H2. To deposit these
a-Si:H layers, we flow H2 and SiH4 to the chamber but flow
D2 through the bypass line. To deposit the PECVDa-Si:H:D
layer, we simultaneously switch the H2 flow to the bypass
and the D2 flow to the chamber. In our PECVD chambe
near complete gas exchange occurs in approximately 1
~20 Å of growth!. To minimize D diffusion at this stage o
the experiment, the two upper layers are kept thin~;600 Å!
and we cool the sample immediately after grow
Secondary-ion-mass spectrometry~SIMS! shows that about
2% of all H in the layer~roughly 10 at. %! is substituted by
D, meaning the D content is about 0.2 at. %. Films ma
from both of these gas mixtures in this reactor are dev
quality.16
5513 ©1999 The American Physical Society
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5514 PRB 59BRANZ, ASHER, GLESKOVA, AND WAGNER
We light soak the sandwich structure with 9 W cm22 of
uniformly absorbed light from a defocused continuous-wa
Kr-ion laser~wavelengths of 676.4 and 647.1 nm!. Half the
sample is painted with colloidal black-graphite suspension
serve as a dark control with identical thermal history.16 The
rate of photon absorption~electron-hole pair generation! at
the deuterated layer is roughlyG51023 cm23 s21. The
sample temperature is maintained during illumination by
Peltier heater/cooler at constant voltage. To avoid shadow
the SIMS analysis region with a thermocouple, the tempe
ture during laser-light soaking is not measured direc
Rather, temperature is determined by careful calibration
the voltage applied to the Peltier element against the t
perature of a similar film, using a miniature thermocoup
and the same Kr laser illumination. The calibration film is
glass but is pressed toc-Si that is in thermal-paste conta
with the Peltier cooler. The miniature thermocouple is e
bedded in the thermal paste.

We measure D and O concentration profiles versus de
in the control and light-soaked regions by SIMS using ne
tive secondary ions produced by 14-keV Cs1 bombardment
of the sample. Absolute D concentrations, accurate to wi
630%, are obtained from a crystalline Si standard implan
with a dose of 1014cm22 D ions. Absolute depth scales a
set by stylus profilometry of the SIMS craters. We use
upper edge~i.e., the edge closer to the free surface! of the D
profiles for all the analyses reported here. The upper edg
as-grown profiles have a measured exponential decay le
of 2763 Å, mainly due to residual D2 in the deposition
chamber during growth of the top layer. SIMS-induced p
pulsion of D into the bottoma-Si:H layer combines with
annealing during sample deposition to broaden the lo
edge of the D profiles considerably.

We study D diffusion by subjecting pieces of a sing
sandwich structure to different dark and illuminated ann
treatments. Precise, relative, depth scales between diffe
profiles are established with the aid of a slight oxygen c
tamination in thea-Si:H:D layer. The O originates in impur
D2 gas. Because oxygen diffusion is always found to be n
ligible, we set final depth scales by rescaling the crater de
slightly to precisely match the O profiles before and af
annealing. The absolute magnitude of the rescaling is wi
the measurement error of the stylus profilometer used
measure the SIMS crater. After the O-based depth match
we study the corresponding D profiles without any furth
rescaling of the depth. While absolute depth scaling is
improved by this procedure, comparison of different sca
can be very accurate. For example, the edges of as-grow
profiles taken from different craters on the same sample a
within about 10 Å. Results reported below suggest a co
sponding detection limit of about 10 Å on the broadening
profiles.

B. Tracer profile fits

In the long-time diffusion regime,19 we fit the logarithm
of the upper~left! edge of the measured D profileC(x), to the
logarithm of the ideal concentration profile,

C~x!5A/2 erfc$~x2x0!/A~4DDt%, ~1!
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for diffusion from a semi-infinite region of initial concentra
tion A. Here,x is the depth,x0 is the initial step depth,DD is
the deuterium diffusion coefficient, andt is the anneal time.
In the early- and intermediate-time regimes,19 we fit the loga-
rithm of the upper wing ofC(x) to the logarithm of an expo-
nential decay

C~x!5B exp$~x2x0!/lm%, ~2!

whereB is the amplitude of the exponential wing andlm is
the measured decay length. We normally take the logari
of the data and the fitting equations to give nearly eq
weight to all points in the fit.

C. Defect density

At intervals during the early stages of light soaking, w
measure the room-temperature subgap optical absorption
second sandwich structure deposited simultaneously
Corning 7059 glass. The absorption is measured by the c
stant photocurrent method~CPM! and converted to defec
density as described elsewhere.20 Because of the extremel
high-intensity illumination and the low thermal-conductivi
glass substrate, we were unable to control the sample t
perature well during the first seconds of illumination. T
temperature of a calibration sample grown on a Ni resista
‘‘thermometer’’ reached its setpoint about 10 s after the s
of laser illumination. In all cases, the sample temperat
was actually ramped, but we report an average tempera
of the light soaking. The ‘‘65 °C soak’’ began from 10 °
and rose to 63 °C at 1.5 s and 95 °C after 10 s. The ‘‘135 °
soak began from 73 °C and rose to 156 °C at 5 s.

III. RESULTS

Figure 1 shows measured D depth profiles from t
SIMS craters after 100 h light soaking of a sandwich str
ture at 135 °C. For comparison, three dark profiles from
black-painted region of the sample are also shown. The d
profiles are unchanged from a control, unannealed sam

FIG. 1. D depth profiles from dark~open symbols! and laser-
illuminated~filled symbols! regions of a sandwich sample after 10
h at 135 °C. Profiles from several SIMS craters in each region
shown. Best-fit curve of Eq.~1! to one illuminated profile~solid
circles! is also shown.
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PRB 59 5515LIGHT-INDUCED D DIFFUSION MEASUREMENTS IN . . .
The illuminated profiles are fit well by Eq.~1!, as shown by
the fit curve in Fig. 1. The best-fit light-induced diffusio
coefficient isDD51.3310218cm2 s21.

Figure 2 shows D profiles from three SIMS craters af
10 h light soaking of a sandwich structure at 135 °C. F
comparison, three dark profiles from the sample are a
shown. The dark profiles are unchanged from a cont
unannealed sample. The upper~left! edge of the illuminated
profiles are broadened measurably and are well fit by Eq
as shown. The broadening is from a characteristic de
length of 2763 Å for the dark profile tolm53963 Å in the
illuminated profile. 2 h light soaking at 135 °C revealed n
measurable difference between the dark, illuminated,
control ~unannealed! D profiles.

Figure 3 shows comparable data for 120 h illumination
65 °C. Neither dark nor light-enhanced diffusion are obse
able. We calculated an upper bound to the diffusion coe
cient by smoothing the measured as-grown profile and t
using it as the initial condition for an iterative solution of th
diffusion equationdC/dt5DDd2C/dx2. An upper-bound

FIG. 2. D depth profiles from dark~hollow symbols! and laser-
illuminated~filled symbols! regions of a sandwich sample after 10
at 135 °C. Profiles from several SIMS craters in each region
shown. The solid curve is a best-fit curve of one illuminated pro
~solid circles! to Eq. ~2!.

FIG. 3. D depth profiles from dark and laser-illuminated areas
a sandwich sample after 120 h at 65 °C. The solid curve is a ca
lated profile for diffusion withDD56310220 cm2 s21.
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curve for DD56310220cm2 s21 is shown in Fig. 3. It is
clear that we are not seeing this amount of D diffusio
Through careful study of many measured profiles we pl
an upper bound of 3310220cm2 s21 on the light-induced D
diffusion at 65 °C. This corresponds to a detection limit of
Å in the broadening ofC(x), a limit consistent with our stud-
ies of data reproducibility~Sec. II A!.

At 300 °C, both dark and light-enhanced diffusion we
easily observed. The illuminated D profile is fit very well b
Eq. ~1! with DD56310216cm2 s21. The dark profile was fit
rather poorly by an erfc withDD54310216cm2 s21. A bet-
ter fit was obtained from Eq.~2! with lm5110 Å.

Figure 4 shows the rise of the room-temperature CP
defect density during the early stages of nominal 65 a
135 °C light soaks. It should be recalled that the tempera
was actually ramped through the nominal temperature du
these measurements~see Sec. II C!.

IV. DISCUSSION

A. Measured light-induced D motion

Figure 5 shows an Arrhenius plot of the long-time diff
sion coefficients we obtained under 9 W cm22 of red illumi-
nation. For comparison, we also reproduce the data of S
tos, Johnson, and Street7 for D tracer diffusion under 17
W cm22 water-filtered white light from a xenon arc lamp
From the close agreement of the data of Santos, Johnson
Street,7 and our own measurement taken at 300 °C, it appe
that nearly equal light intensities reach the deuterated la
in each experiment. Our 135 °C data extend the range of
measurements to a temperature at which dark diffusion c
not be measured. Here, the D diffusion is light induce
rather than light enhanced. The activation energy of 0.960.1
eV obtained by Santos, Johnson, and Street7 is valid down to
at least 135 °C, supporting a phonon-assisted diffus
mechanism. Our 65 °C upper bound is consistent with
activated phonon assist down to room temperature. Our
sitivity is about an order of magnitude too low to observe t
extrapolated valueDD(65 °C)54310221cm2 s21. How-
ever, with ;1.5 eV available from each electron-hole pa
recombination, phonon-free H diffusion should become i

re

f
u-

FIG. 4. CPM-absorption DB density during the early stages
nominal 65 and 135 °C illumination at the same laser intensity
used for the D tracer diffusion experiments. Dashed curves
guides to the eye.
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5516 PRB 59BRANZ, ASHER, GLESKOVA, AND WAGNER
portant below some critical temperature. Our 65 °C up
bound toDD is consistent with domination of diffusion b
such a temperature-independent, carrier-driven, diffus
mechanism below about 90 °C. This scenario is indica
schematically by the horizontal dotted line in Fig. 5. Pla
sible D tracer diffusion coefficients below 90 °C are bound
by the dotted and dashed lines.

The 10-h soak at 135 °C~Fig. 2! is in the intermediate-
time regime of the diffusion in which the D emission timet
is comparable to the anneal time. We, therefore, follow
procedure described by Kemp and Branz19 to computet and
the mean distance for D retrappingl. Fitting the upper D
wing to Eq. ~2!, we find for the illuminated profile that the
wing amplitudeB is 30–50% of the D concentration in th
a-Si:H:D layer, a clear confirmation of the intermediate tim
regime.19 B is derived from the point at which the illumi
nated fit curve meets the dark profile. A small intermedia
time correction19 then yieldst5862 h and a small correc
tion to lm gives a D retrapping length ofl53065 Å. From
the 10 h data, we can thus estimateDD5l2/t5(362)
310218cm2 s21, in good agreement with the long-time~100
h! value ofDD51.3310218cm2 s21. Our failure to see light-
enhanced diffusion in 2 h at 135 °C isunderstood in light of

FIG. 5. Arrhenius plot ofDD during our laser illumination and
during white-light soaking by Santos, Johnson, and Street~Ref. 7!.
Our 65 °C point is an upper bound, as indicated by the arrow.
dashed line is the best fit with 0.960.1 eV through the data of Ref
7. The horizontal dotted line is an alternative extrapolation to low
temperature~see text!.
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these results; the anneal time is only 0.2–0.4 oft, while l
barely exceeds the 2763 Å exponential broadening of ou
unannealed profile.

The valuel53065 Å of the D retrapping distance a
135 °C is remarkably small. Previous early time experime
by Branzet al.21 showedl for dark D tracer diffusion rises
from about 100 to 250 Å as the anneal temperature is lo
ered from 260 to 180 °C. These authors also obtained a v
of l550625 Å with 380 mW/cm2 of red-light illumination
at 210 °C, first suggesting a reduction ofl under illumina-
tion. The observed reduction inl and the observed increas
in the D emission rate, together account for the more per
erfc fits observed for diffusion during illumination.16

B. Light-induced H emission rates

Numerous microscopic models of light-induced metas
bility in a-Si:H postulate that DB’s are produced whe
trapped H is emitted from its Si-H bond to a transport lev
under the influence of photoinduced carriers or th
recombination.5–11 In these models, the light-induced motio
of H ~and D! should be measurable in long-range diffusi
experiments. To test the models quantitatively, we first e
mate the light-induced D emission rate from our tracer m
surement of light-induced D diffusion. These emission ra
will be compared to SW defect creation rates in Sec. IV D
order to restrict possible SW models.

D-for-H exchange22,23 between trapped Si-H isotopes an
mobile H isotopes cannot be a step in metastable defect
ation, but it greatly complicates calculation of the D em
sion rate. Kemp and Branz24 found that symmetric D-for-H
exchange~the exchange rate constants do not depend u
which isotope is mobile and which is bound! increases the
measured rates of both D emission and retrapping, but lea
the measuredDD unchanged.

It is unclear whether our observed decrease ofl under
illumination results from ‘‘true’’ light-enhanced mobile D
retrapping or merely from light-enhanced exchange betw
mobile D and bound H. If the decrease ofl is caused by a
true~nonexchange! trapping event that reduces the density
mobile H isotopes, then the high density of photogenera
carriers has sharply increased both trapping and emissio
D from Si-D. However, if the light-induced decrease ofl is
caused by increased D-for-H exchange, exchange emis
of D likely dominates the observed D emission rate a

e

r

s at
TABLE I. Measured D tracer diffusion coefficient and calculated light-induced D emission rate
135 °C. l t is the ‘‘true’’ ~nonexchange! trapping distance of H used to calculatenD . The two sets of
assumptions yield upper and lower bounds tonD andkD . The last column tabulates consistency withnSW

from Table III and Eq.~10!.

DD ~135 °C! Calculation assumptions l t nD kD Consistent
~cm22 s21! Exchange H retrapping ~Å! (s21! (cm23) with nD>nsw

1.3310218

No to unknown
site

30
measured

3.531025

measured
3.5310228 Yes

Yes to DB 8505
(6aNdb)

21/2
231028 2310231 No
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TABLE II. Measured upper bound to the D tracer diffusion coefficient and calculated upper boun
light-induced D emission rates at 65 °C.l t is the ‘‘true’’ ~nonexchange! trapping distance of H used to
calculatenD . The three assumptions about the H trapping length yield different upper bounds tonD andkD .
the last column tabulates consistency withnSW from Table III and Eq.~10!.

DD ~65 °C!
(cm2 s21)

Assumption:
H trapping

l t

~Å!
nD

(s21)
kD

(cm3)
Consistent

with nD>nSW

At nearest Si-Si a Below
631025

Below
3310228

Yes

Below 3310220 Same as 135 °C,
no exchange

30 Below
331027

Below
1.5310230

Yes

To DB 6005
(6aNdb)

21/2
Below

8310210
Below

8310233
No
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early- or intermediate-time profiles shed no light on the t
D emission ratenD . We consider both possibilities explic
itly, below.

Table I contains the measured value ofDD and estimates
of nD , the true light-induced rate of D emission from Si-D
transport, derived from our 135 °C data. Because we can
determine whether isotope exchange dominates the meas
D diffusion profiles, we tabulate limiting values under tw
sets of assumptions.

We first assume there is no significant D-for-H exchan
under illumination at 135 °C to derive an upper bound tonD .
Then the rate of D emission is simply that observed in
10-h light soak;

nD51/t, ~3!

or about 3.531025 s21. Certainly, a light-induced increas
of the true emission rate was suggested by light-enhance
evolution from a-Si:D:F of Weil, Busso, and Beyer,15 in
which exchange can play no role.

For a lower bound tonD , we assume instead that e
change dominates the early-time shape of the profiles and
observed D emission. In this case, we must rely upon
long-time measurement ofDD and estimate the true ratenD
by assuming that DB defects are the principal traps for m
bile D. Then, the nonexchange retrapping length24 of D is
l t

251/6aNdb , and with the microscopic definition24

nD5DD /l t
2, ~4!

we obtain the D emission rate

nD5DD6aNdb. ~5!

Here,a is the Si-Si interatomic distance, approximately 2
31028 cm. Equation~5! shows that for a particular mea
sured value ofDD , an assumed increase inNdb will increase
nD in proportion toNdb ~by reducingl t). The smallest rea-
sonable estimate ofNdb is the saturated density of neutr
DB’s that can be measured once the very early stage of
light soak is complete. Hata, Isomura, and Wagner25 studied
the saturation ofNdb in the same light-soaking apparatu
under similar conditions and found a saturated DB density
about 1017cm23. Substitution ofDD andNdb in Eq. ~5! then
yields the lower boundnD5231028 s21.

These two estimates ofnD in Table I represent upper an
lower bounds that bracket most other assumptions one
e

ot
red

e

e

D
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e

-

he

f

an

make. Intermediate assumptions include the possibility t
exchange is not symmetric~D is more likely to be immobi-
lized in the exchange process! or that D trapping to a highe
density of DB’s is important. These sites could be photo
duced DB’s created by emission of mobile H~as suggested
by the H collision model10! or charged DB’s~Ref. 26! hid-
den from optical spectroscopy by bandtail levels.

Table II contains our measured upper bound toDD and
estimated upper bounds tonD at 65 °C. At 65 °C, we saw no
diffusion and use only estimates of the true retrapping d
tancesl t to compute upper bounds tonD through Eq.~4!.
The upper bound toDD and an absolute lower bound on th
retrapping distance ofl t.a ~the Si-Si distance! yield the
loosest upper bound on the D emission rate through Eq.~4!,
nD,631025 s21. Assuming instead that D traps at the me
sured 135 °C distance ofl t530 Å, Eq. ~4! yields a stricter
bound ofnD,331027 s21. If we assume that D traps onl
to the neutral DB’s at their saturated SW density of
31017cm23,27 Eq. ~5! gives the strictest reasonable bound
nD,8310210s21.

The H collision model of light-induced metastability10 as-
sumes H emission is proportional to the electron-hole p
generation rateG, with an emission constantkH5nH /G.
Here, nH is the rate of H emission from Si-H to transpor
The constantkD5nD /G is found in Tables I and II.kD is
central to quantitative analysis of the H collision model
metastability under the assumption thatnH5nD and conse-
quentlykH5kD .

However, it is certainly possible that light-induced
emission may be considerably more rapid than the lig
induced D emission we have measured (nH.nD). For ex-
ample, hot-electron desorption of H from the Si/SiO2 inter-
face of metal-oxide silicon transistors appears to be 10
times more rapid than is desorption of D.28 If this hot-carrier
desorption is similar to light-induced H excitation ina-Si:H,
light-induced emission rates of H are underestimated by
work. We plan further experiments to investigate this pos
bility. Obviously, it isnH , not nD , that would be relevant to
SW defect creation ina-Si:H.

C. Defect creation rates and H emission

The key step of trap-controlled H diffusion ina-Si:H is
emission of mobile H (Hm) from a Si-H bond to a transpor
level at which diffusion is quite rapid.16 Under the assump
tion that this emission~e.g., Si-H→DB1Hm) is always a
step in metastable defect creation, as in the long-rang
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5518 PRB 59BRANZ, ASHER, GLESKOVA, AND WAGNER
diffusion models of the SW effect,5–11 we can convert light-
induced DB creation rates into H emission rates. To de
mine the emission rate per H atom, we divide the DB ra
by NH;531021cm23. In Sec. IV D we will compare these
values with D emission rates determined in Sec. IV B
order to restrict possible SW models.

The first column of Table III tabulates

nSW~0!5~dNdb /dt! t50~1/NH!, ~6!

the H emission rate estimated from the earliest-time incre
of DB defect density in the experiment shown in Fig. 4. D
annealing can be ignored at these early times. It should
recalled that the film temperature was actually ramping
during this early stage of light soaking~see Sec. II C!.

Because of the D diffusion experiment measures the
erage rate of D emission to transport during our long dif
sion experiments, the highinitial nSW(0) is not the most
relevant H emission rate. At a temperature between 50
70 °C, and an electron-hole pair generation rate of abou
31022cm23 s21, Ndb saturates within 1 h;27 this saturation
should be even more rapid at our higher intensity and te
perature. Thus, the loweraverageH emission ratenSW is
approximately equal to the sustained rate of defect crea
at saturation and should be most relevant to our long-t
diffusion experiment. We have confirmed this hypothesis
integrating the Stutzmann, Jackson, and Tsai~SJT! DB-
creation rate equation,29

dNdb /dt5CSWG2/Ndb
2 , ~7!

an expression that can be derived from two differe
theories.10,29 Here,CSW is a constant that is measured und
conditions at which light-induced annealing is unimporta
Integration of Eq.~7!, including saturation of the DB densit
at Ndb5Nsat due to light-induced annealing, shows that t
early period of rapid DB creation is brief and can be n
glected. For our 10- and 100-h light soaks, we can, theref
substituteNdb5Nsat into Eq.~7! to obtain the average rate o
DB creation,

dNdb/dt5CSWG2/Nsat
2 . ~8!

To calculatenSW, we therefore assume that defect cr
ation and annealing at saturation are equal and that the d
creation rate obeys Eq.~7!. If SW defect creation is assoc
ated with H emission, it is reasonable to assume also
light-induced annealing must involve H emission to transp
as a step in the SW DB creation. Introducing a factor o
into Eq. ~8! to include both creation and annealing even
we obtain

TABLE III. H emission rates corresponding to defect creati
and annealing during illumination. The ratenSW(0) is calculated
from the initial rise of the CPM DB density. The ratenSW is calcu-
lated from the DB creation rate at saturation and represents an
erage value during the 10- and 100-h light soaks.

nSW(0) (s21) nSW (s21!

135 °C 631027 ;131027

65 °C 531027 331028
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nSW52CSWG2/Nsat
2 NH ~9!

for the rate per H atom. Isomuraet al.27 measured the early
time rise and the saturation ofNdb in the same light-soaking
apparatus we use and under similar conditions. At 50
70 °C, these authors foundCSW5300 s cm23 and Nsat5
231017cm23. Substitution in Eq. ~9! yields nSW5
331028 s21, corresponding to a total density o
331019cm23 DB’s created and annealed during our 100
soak. At 135 °C, the same authors27 measured a slightly
lower valueNsat51017cm23. There is no estimate ofCSW
~135 °C! in the literature, so we assumeCSW
(135 °C!5300 s cm23, as at 65 °C. Substitution of these va
ues in Eq. ~9! then yields nSW (135 °C!'1027 s21. This
value ofCSW is near the upper limit of all measured value
so it represents an unfavorable assumption for the H em
sion models of metastability. The estimates ofnSW at 65 and
135 °C are found in Table III and are used in the followin
section to quantitatively test the mutual compatibility of S
effect and D diffusion models.

D. Comparison of emission rates

To test quantitatively the models of SW metastability
which DB creation is accompanied by emission of H
transport,5–11 we must compare the various emission ra
found in Tables I–III. In principle, viability of these model
requires simply that

nD>nSW, ~10!

i.e., the emission rate of D observed in diffusion~and as-
sumed equal to that of H! must be greater than or equal
that deduced from the rise ofNdb during light soaking. In
practice, this comparison ofnD and nSW is more compli-
cated. As described in Sec. IV B, many assumptions abou
tracer diffusion and its relation to H emission rates unde
the values ofnD found in Tables I and II. Further, there i
uncertainty in the estimates ofnSW in Table III. Still, the
range of viable SW and light-induced diffusion models c
be restricted using our data.

We first note that there is a rough consistency to the
ders of magnitude ofnD and nSW measured in our experi
ments. Given the uncertainties in our estimates of both qu
tities, the data as a whole certainly appear to be consis
with H emission models of the SW effect. A careful exam
nation of particular models does reveal that only certain
sumptions about H retrapping during light-induced diffusi
are compatible with the long-range H diffusion models of t
SW effect, as tabulated in the final columns of Tables I a
II.

At 135 °C, we compare the data of Tables I and III f
consistency with Eq.~10!. If we assume that the measured
emission rate is identical to the H emission rate~and not
dominated by an H-for-D exchange process!, then we must
comparenD ~135 °C! from the top row of Table I tonSW
~135 °C! from Table III. Since 3.531025 s21@1027 s21, H
emission models of SW are certainly consistent with o
data, as indicated in Table I. However, H-emission mod
are narrowly excluded if we assume that exchange domin
D tracer emission and D retrapping in only to Staebl
Wronski DB’s at their saturation density. In this case, w
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must comparenD ~135 °C! from the bottom row of Table I tp
nSW ~135 °C! from Table III. Since 1027 s21@231028 s21,
the diffusion-derived H emission rate is too low to expla
the measured rise of DB density. However, the H emiss
models are viable even with exchange if we assume
during high-intensity light soaking there are H retrappi
sites at a density above about 1018cm23. In this casenD
~135 °C! is calculated using Eq.~5! and again compared t
nSW ~135 °C! through Eq.~10!.

As we find no 65 °C D tracer diffusion, our 65 °C da
cannot be used tosupport H emission models of the
metastability—in any sense. However, we can check whe
the long-range H diffusion models of the SW effect arecon-
sistentwith our data by comparing the data of Tables II a
III. If we assumel t ~65 °C! equal to the measured highe
temperature value ofl ~135 °C!530 Å, we must comparenD
~65 °C! from the middle row of Table II tonSW ~65 °C! from
Table III. Since 331027 s21@331028 s21, Eq. ~10! implies
that H emission models of the SW effect areconsistentwith
our data, as indicated in Table II. The same conclusion ho
for shorter retrapping lengths. From Eq.~4!, we find that the
range of retrapping lengths consistent with Eq.~10! is l t
<100 Å. Through Eq.~5!, this corresponds to a D-trappin
site density greater than about 431018cm23. For l t
.100 Å ~i.e., lower H-trapping site densities!, the SW mod-
els areinconsistentwith our data. For example, retrapping
SW DB’s at the measured saturated density (231017cm23!
is tested by comparingnD ~65 °C! from the bottom row of
Table II to nSW ~65 °C! from Table III. This assumption
yields l t5600 Å, and since 8310210s21!331028 s21, it
renders the long-range H diffusion modelsinconsistentwith
our diffusion data.

V. CONCLUSIONS

We measure light-induced D tracer diffusion at 135 °C
temperature so low that thermal diffusion is not observab
e

n
at

er

s

a
.

The data confirm and extend to lowerT the previously ob-
served 0.9 eV activation energy of light-induced diffusio
Early time measurements at 135 °C also yieldl53065 Å,
showing that light reduces the D retrapping distance dram
cally. Estimates of the light-induced D emission rate fro
Si-H bonds are obtained. At 65 °C, no light-induced diff
sion was observed, but upper bounds to the light-indu
emission rate of mobile D are obtained.

SW models requiring emission of mobile H from Si-H
a transport level5–11 are consistent with our diffusion dat
and our CPM data for the light-induced creation of DB d
fects, under the assumption that excited mobile D tracer
oms retrap to a density of sites greater than about 1018cm23.
For example, D could retrap to a high density of transie
DB’s present during high-intensity illumination. If it is as
sumed, however, that only neutral DB’s remaining in t
sample after light soaking can retrap D tracer atoms un
high-intensity light soaking, then both our 65 and 135
diffusion data appear to exclude this class of SW mod
However, if light-induced emission of mobile H is signifi
cantly more rapid than light-induced emission of D, S
models requiring emission of mobile H could still be viabl
Further study of the D emission and retrapping mechan
under high-intensity light soaking will be necessary to dr
stronger conclusions.
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