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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-intensit§ W cmi?), red-light soaking at 135 °C, the D
diffusion coefficient isDp=1.3x10 Bcn?s ! and the rate of D emission from Si-D to transport is 3.5
x10"%s™% We also find an upper bound Bf;=3x10"2°cm?s™%, 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.S0163-182609)09407-7

[. INTRODUCTION creation rates have previously been impossible.
In this paper, we report parallel measurements of light-
Excess carriers in hydrogenated amorphous silicorinduced D tracer diffusion and metastable DB creation in
(a-Si:H) cause a dramatic increase in the density of deleteria-Si:H at 135 and 65 °C. We measure the D emission rate to
ous threefold-coordinated Si, dangling boffB) defects.  transport at 135 °C and place an upper bound on D diffusion
This “Staebler-Wronski”(SW) effect is an important prob- 8t 65°C. Our 135°C result clearly demonstrates “light-
lem in the physics of amorphous semiconductors both belnduced” (rather than “light-enhanced” D diffusion in
cause of its inherent interest and because the effect h&sSi:H: We use our results to test and constrain the many
handicapped the application afSi:H as a low-cost thin-film models of SW defect creation involving light-induced H

: iffusion>~1
semiconductor. Numerous hydrogen-related models of thg
SW effect have been propos&d.Most recently, one of us Il. EXPERIMENTAL AND FITTING PROCEDURES
has proposed a quantitative microscopic model explicitly in-
volving long-range H diffusiof? that is supported by micro- A. Tracer diffusion
scopic theoretical calculatiod$,and is consistent with the  Tracer-diffusion measurements are made ®8i:H/a-
light-induced creation of DB's at 4.2 K. Si:H:D/a-Si:H sandwich structures deposited on doped

Recent electron spin resonar@&SR data cannot be rec- crystalline-Si substrates at 230 °C. In the National Renew-
onciled with the many models of the SW effect involving able Energy Laboratory deposition system, we can rapidly
only local motion of H during DB formation. Such local switch process gas flow between the deposition chamber and
models leae a H atom in close proximity to the light- a bypass line that flows directly into the vacuum pump. The
induced DB. The DB should, therefore, sha H hyperfine top and bottom layers are grown by plasma-enhanced
signature that is not seen by ESR studie¥’ Therefore, chemical-vapor depositiolPECVD) at about 2 A/s from
among the H models of the SW effect, only long-range HSiH, diluted with an equal flow of K To deposit these
diffusion models must be seriously considered. a-Si:H layers, we flow Hand SiH, to the chamber but flow

Light-enhanced D effusion frona-Si:D:F samples be- D, through the bypass line. To deposit the PEC&3i:H:D
tween 400 and 600 °C was discovered by Weil, Busso, anthyer, we simultaneously switch the,Hlow to the bypass
Beyer®® Further D tracer®® and hydroget diffusion ex-  and the B flow to the chamber. In our PECVD chamber,
periments revealed a diffusion enhancement between 20@ear complete gas exchange occurs in approximately 10 s
and 300 °C. Santos and John¥bdemonstrated that excess (20 A of growth. To minimize D diffusion at this stage of
carriers cause the enhanced diffusion, a rather compellinthe experiment, the two upper layers are kept thi600 A)
parallel with the SW effect. However, these measurements adind we cool the sample immediately after growth.
“light-enhanced diffusion” were all made at temperatures soSecondary-ion-mass spectromet8IMS) shows that about
high that dark D diffusion was also observed. Further, defec2% of all H in the layer(roughly 10 at. % is substituted by
thermal annealing renders SW defect creation kinetics imb, meaning the D content is about 0.2 at. %. Films made
possible to measure above about 150 °C. Therefore, quanticom both of these gas mixtures in this reactor are device
tative comparison of H diffusion rates with the SW defectquality 1®
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We light soak the sandwich structure with 9 W chof L L L B L
uniformly absorbed light from a defocused continuous-wave ~ 10% e 100 h, 136°C
Kr-ion laser(wavelengths of 676.4 and 647.1 hnialf the
sample is painted with colloidal black-graphite suspension to
serve as a dark control with identical thermal histttihe
rate of photon absorptiofelectron-hole pair generatiprat

the deuterated layer is roughlg=10"% cm 3s™l. The
sample temperature is maintained during illumination by a

,3)

-
-]

deuterium concentration (cm

Peltier heater/cooler at constant voltage. To avoid shadowing g 1g'8 L ‘ vy _
. . . 3 éhw Dark Pl
the SIMS analysis region W't.h a thermocouple, the tempera- o %o o A o v S, i a0
ture during laser-light soaking is not measured directly. e Numinated Q R
Rather, temperature is determined by careful calibration of . pai g A e Vo GEbnd
the voltage applied to the Peltier element against the tem- 107 | -
. . . .. ¥ v oo L
perature of a similar film, using a miniature thermocouple I TI BTN R T ST RS
and the same Kr laser illumination. The calibration film is on 0.00 0.05 0.10 0.15 0.20

glass but is pressed ©Si that is in thermal-paste contact depth (um)
with the Peltier cooler. The miniature thermocouple is em-
bedded in the thermal paste.

We measure D and O concentration profiles versus dept
In the control and light-soaked regions by SIMS using N€Yashown. Best-fit curve of Eq(l) to one illuminated profilegsolid
tive secondary ions produced by 14-keV*Qsombardment circles is also shown.
of the sample. Absolute D concentrations, accurate to within
+309%, are obtained from a crystalline Si standard implanted,, gitysion from a semi-infinite region of initial concentra-
with a dose of 1&cm D ions. Absolute depth scales are ;o A Here,x is the depthx, is the initial step depthDp, is
set by stylus profilometry of the SIMS craters. We use thene geuterium diffusion coefficient, arids the anneal time.
upper edgdi.e., the edge closer to the free surfaoethe D In the early- and intermediate-time regimésye fit the loga-

profiles for all the analyses reported here. The upper edge Qf, 1 of the upper wing of2(x) to the logarithm of an expo-
as-grown profiles have a measured exponential decay lengfy g decay

of 27+3 A, mainly due to residual Pin the deposition
chamber during growth of the top layer. SIMS-induced pro-
pulsion of D into the bottorma-Si:H layer combines with
annealing during sample deposition to broaden the low
edge of the D profiles considerably.

We study D diffusion by subjecting pieces of a single
sandwich structure to different dark and illuminated anne
treatments. Precise, relative, depth scales between differen
profiles are established with the aid of a slight oxygen con- C. Defect density

tamination in thea-Si:H:D Ia'yer.'Th(.—:' O originates in impure At intervals during the early stages of light soaking, we
D, gas. Because oxygen diffusion is always found to be negmeasure the room-temperature subgap optical absorption of a
ligible, we set final depth scales by rescaling the crater deptBecond sandwich  structure deposited simultaneously on
slightly to precisely match the O profiles before and afterCorning 7059 glass. The absorption is measured by the con-
annealing. The absolute magnitude of the rescaling is withisnt photocurrent methoCPM) and converted to defect
the measurement error of the stylus profilometer used. t‘éiensity as described elsewhé?eBecause of the extremely
measure the SIMS crater. After the O-based depth matchingyign-intensity illumination and the low thermal-conductivity
we study the corresponding D profiles without any furthergass substrate, we were unable to control the sample tem-
rescaling of the depth. While absolute depth scaling is nogerature well during the first seconds of illumination. The
improved by this procedure, comparison of different scansemperature of a calibration sample grown on a Ni resistance
can be very accurate. For example, the edges of as-grown Bhermometer” reached its setpoint about 10 s after the start
profiles taken from different craters on the same sample aliggs |aser illumination. In all cases, the sample temperature
within _about 10 _A. R_esults reported below suggest a Correyyas actually ramped, but we report an average temperature
sponding detection limit of about 10 A on the broadening ofof the light soaking. The “65°C soak” began from 10 °C
profiles. and rose to 63°C at 1.5 s and 95 °C after 10 s. The “135°C”
soak began from 73 °C and rose to 156 °C at 5 s.

FIG. 1. D depth profiles from darkopen symbolsand laser-
Huminated(filled symbolg regions of a sandwich sample after 100
at 135 °C. Profiles from several SIMS craters in each region are

C(x)=B exp{(x—Xo)/Am}, 2

€vhereB is the amplitude of the exponential wing ang, is

the measured decay length. We normally take the logarithm
f the data and the fitting equations to give nearly equal
teight to all points in the fit.

B. Tracer profile fits

In the long-time diffusion regim& we fit the logarithm Il RESULTS
of thg upper(left) _edge of the mea_sured D_prof'ﬂk(x),to the Figure 1 shows measured D depth profiles from two
logarithm of the ideal concentration profile, SIMS craters after 100 h light soaking of a sandwich struc-

ture at 135 °C. For comparison, three dark profiles from the
black-painted region of the sample are also shown. The dark
C(x)=A/2 erfd[(x—Xxq)/\(4Dpt}, (1) profiles are unchanged from a control, unannealed sample.
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FIG. 2. D depth profiles from darthollow symbolg and laser-
illuminated(filled symbolg regions of a sandwich sample after 10 h
at 135°C. Profiles from several SIMS craters in each region are
shown. The solid curve is a best-fit curve of one illuminated profile

(solid circles to Eq. (2).

The illuminated profiles are fit well by Eql), as shown by

FIG. 4. CPM-absorption DB density during the early stages of
nominal 65 and 135 °C illumination at the same laser intensity as
used for the D tracer diffusion experiments. Dashed curves are
guides to the eye.

curve for Dp=6x10 °cn?s ! is shown in Fig. 3. It is
clear that we are not seeing this amount of D diffusion.

the fit curve in Fig. 1. The best-fit light-induced diffusion Through careful study of many measured profiles we place

coefficient isDp=1.3x10 ¥cnPs L.

an upper bound of 810 2°cn?s ™! on the light-induced D

Figure 2 shows D prof"es from three SIMS craters afterdiffusion at 65°C. This Corresponds to a detection limit of 11

10 h light soaking of a sandwich structure at 135 °C. ForA

in the broadening o€(x), a limit consistent with our stud-

comparison, three dark profiles from the sample are alsées of data reproducibilitySec. Il A).

shown. The dark profiles are unchanged from a control,

At 300 °C, both dark and light-enhanced diffusion were

unannealed sample. The upyiteft) edge of the illuminated = €asily observed. The illuminated D profile is fit very well by
profiles are broadened measurably and are well fit by Eq. Z4. (1) with Dp=6x10"*®cm?s ™. The_dl:élrk pro_file was fit
as shown. The broadening is from a characteristic decafather poorly by an erfc witlp=4x10"'°cn?s™*. A bet-

length of 273 A for the dark profile to\,,=39+3 A in the
illuminated profile 2 h light soaking at 135 °C revealed no

ter fit was obtained from Ed2) with A,,=110 A.
Figure 4 shows the rise of the room-temperature CPM

measurable difference between the dark, illuminated, anélefect density during the early stages of nominal 65 and

control (unannealedD profiles.

135 °C light soaks. It should be recalled that the temperature

Figure 3 shows comparable data for 120 h illumination atvas actually ramped through the nominal temperature during
65 °C. Neither dark nor light-enhanced diffusion are observthese measurementsee Sec. Il .

able. We calculated an upper bound to the diffusion coeffi-
cient by smoothing the measured as-grown profile and then
using it as the initial condition for an iterative solution of the
diffusion equationdC/dt=Dd2C/dx?. An upper-bound

IV. DISCUSSION

A. Measured light-induced D motion
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Figure 5 shows an Arrhenius plot of the long-time diffu-
sion coefficients we obtained under 9 W ¢hof red illumi-
nation. For comparison, we also reproduce the data of San-
tos, Johnson, and Stréeor D tracer diffusion under 17
W cm 2 water-filtered white light from a xenon arc lamp.
From the close agreement of the data of Santos, Johnson, and
Street’ and our own measurement taken at 300 °C, it appears
that nearly equal light intensities reach the deuterated layer
in each experiment. Our 135 °C data extend the range of the
measurements to a temperature at which dark diffusion can-
not be measured. Here, the D diffusion is light induced,
rather than light enhanced. The activation energy of-0.9
eV obtained by Santos, Johnson, and Sfrsetalid down to
at least 135°C, supporting a phonon-assisted diffusion
mechanism. Our 65°C upper bound is consistent with an
activated phonon assist down to room temperature. Our sen-
sitivity is about an order of magnitude too low to observe the

FIG. 3. D depth profiles from dark and laser-illuminated areas ofeXtI’aDO!ated valueD D(§5 °C)=4x10 ?’cn?s ™t How- _
a sandwich sample after 120 h at 65 °C. The solid curve is a calcuever, with ~1.5 eV available from each electron-hole pair
lated profile for diffusion withDp=6x10"°cn?s .

recombination, phonon-free H diffusion should become im-
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-14 I T T these results; the anneal time is only 0.2—0.4r,0fvhile A
barely exceeds the 273 A exponential broadening of our
N unannealed profile.

6~ 7 The valuex=30=5 A of the D retrapping distance at
B 135 °C is remarkably small. Previous early time experiments
A by Branzet al?! showed\ for dark D tracer diffusion rises
from about 100 to 250 A as the anneal temperature is low-
Upper Bound ered from 260 to 180 °C. These authors also obtained a value
of A=50=25 A with 380 mW/cm of red-light illumination

at 210 °C, first suggesting a reduction Yofunder illumina-

- tion. The observed reduction iand the observed increase
221 N in the D emission rate, together account for the more perfect

I I I erfc fits observed for diffusion during illuminatidfi.
15 2.0 25 3.0 35

1000/T

-18 |- . -

log [Dp, (cm?s)]

e This work
o Santos et al.

. . S B. Light-induced issi
FIG. 5. Arrhenius plot oDy during our laser illumination and Ight-induced H emission rates

during white-light soaking by Santos, Johnson, and StiRef. 7). Numerous microscopic models of light-induced metasta-
Our 65 °C point is an upper bound, as indicated by the arrow. Théility in a-Si:H postulate that DB's are produced when
dashed line is the best fit with Gt®.1 eV through the data of Ref. trapped H is emitted from its Si-H bond to a transport level
7. The horizontal dotted line is an alternative extrapolation to lowerynder the influence of photoinduced carriers or their
temperaturgsee text recombinatior’=*! In these models, the light-induced motion
of H (and D should be measurable in long-range diffusion
portant below some critical temperature. Our 65 °C uppeexperiments. To test the models quantitatively, we first esti-
bound toDp is consistent with domination of diffusion by mate the light-induced D emission rate from our tracer mea-
such a temperature-independent, carrier-driven, diffusiosurement of light-induced D diffusion. These emission rates
mechanism below about 90 °C. This scenario is indicatedvill be compared to SW defect creation rates in Sec. IVD in
schematically by the horizontal dotted line in Fig. 5. Plau-order to restrict possible SW models.
sible D tracer diffusion coefficients below 90 °C are bounded D-for-H exchang# 23 between trapped Si-H isotopes and
by the dotted and dashed lines. mobile H isotopes cannot be a step in metastable defect cre-
The 10-h soak at 135 °(Fig. 2 is in the intermediate- ation, but it greatly complicates calculation of the D emis-
time regime of the diffusion in which the D emission time sion rate. Kemp and Braffzfound that symmetric D-for-H
is comparable to the anneal time. We, therefore, follow theexchange(the exchange rate constants do not depend upon
procedure described by Kemp and Britp computerand ~ which isotope is mobile and which is bounihcreases the
the mean distance for D retrapping Fitting the upper D measured rates of both D emission and retrapping, but leaves
wing to Eqg.(2), we find for the illuminated profile that the the measure® unchanged.
wing amplitudeB is 30—-50% of the D concentration in the It is unclear whether our observed decrease\ ainder
a-Si:H:D layer, a clear confirmation of the intermediate timeillumination results from “true” light-enhanced mobile D
regime'® B is derived from the point at which the illumi- retrapping or merely from light-enhanced exchange between
nated fit curve meets the dark profile. A small intermediateimobile D and bound H. If the decrease Yofs caused by a
time correction® then yields7=8=2 h and a small correc- true (nonexchangetrapping event that reduces the density of
tion to A, gives a D retrapping length of=30+5 A. From  mobile H isotopes, then the high density of photogenerated
the 10 h data, we can thus estimdbg=\?%/7=(3*2) carriers has sharply increased both trapping and emission of
X 10" 8cn?s™?, in good agreement with the long-tini@00 D from Si-D. However, if the light-induced decreaseofs
h) value ofDp=1.3x 10 ¥cn?s L. Our failure to see light- caused by increased D-for-H exchange, exchange emission
enhanced diffusiomi 2 h at 135 °C isunderstood in light of of D likely dominates the observed D emission rate and

TABLE I. Measured D tracer diffusion coefficient and calculated light-induced D emission rates at
135°C. \, is the “true” (nonexchangetrapping distance of H used to calculatg. The two sets of
assumptions yield upper and lower boundsvtpandkp. The last column tabulates consistency withy,
from Table Il and Eq(10).

Dp (135°0 Calculation assumptions A\t vp kp Consistent
(cm?— s 1)  Exchange H retrapping R (sh (cm™3) with vp= v,
No to unknown 30 35x10°° 35x10 % Yes
site measured measured
1.3x10718
Yes to DB 856= 2x10°8 2x10°3 No

(6aNgy) ~Y?
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TABLE Il. Measured upper bound to the D tracer diffusion coefficient and calculated upper bounds to
light-induced D emission rates at 65 °E, is the “true” (nonexchangetrapping distance of H used to
calculatery . The three assumptions about the H trapping length yield different upper boungsatalkp, .
the last column tabulates consistency witly, from Table Il and Eq.(10).

Dp (65°0C) Assumption: N\t vp Kp Consistent
(cmPsh H trapping R) (sh (cnd) with vp= sy
At nearest Si-Si a Below Below Yes

6x10°° 3x10° %8

Below 3x 10 %° Same as 135 °C, 30 Below Below Yes
no exchange 3%x1077 1.5x 10 %
To DB 600= Below Below No

(6aNgy) "2  8x1071° 8x 10~

early- or intermediate-time profiles shed no light on the truemake. Intermediate assumptions include the possibility that
D emission ratev. We consider both possibilities explic- exchange is not symmetri® is more likely to be immobi-
itly, below. lized in the exchange procgsy that D trapping to a higher
Table | contains the measured valuelyf and estimates density of DB’s is important. These sites could be photoin-
of vp, the true light-induced rate of D emission from Si-D to duced DB's created by emission of mobile(hs suggested
transport, derived from our 135 °C data. Because we canndly the H collision modef) or charged DB'S(Ref. 26 hid-
determine whether isotope exchange dominates the measurd@n from optical spectroscopy by bandtail levels.
D diffusion profiles, we tabulate limiting values under two __Table Il contains our measured upper bounddig and
sets of assumptions. estimated upper bounds ig, at 65 °C. At 65 °C, we saw no

We first assume there is no significant D-for-H exchangedifoSion and use only estimstes é)f the trr]ue re;]trzépp(iz)g dis-
T rinAt o : tances\; to compute upper bounds e, through Eq.(4).
under illumination at 135 °C to derive an upper bound: The upper bound t® and an absolute lower bound on the

Igfehnlitgr?t rsitgk?f D emission is simply that observed in theretrapping distance ok;>a (the Si-Si distanceyield the
' loosest upper bound on the D emission rate through(4g.

vo=1/r (3) vp<6Xx10 °s L. Assuming instead that D traps at the mea-

' sured 135 °C distance of,=30 A, Eq.(4) yields a stricter
or about 3.5 10 °s L. Certainly, a light-induced increase bound ofrp<3x10 ’s1 If we assume that D traps only
of the true emission rate was suggested by light-enhanced f» the neutral DB’s at their saturated SW density of 2
evolution from a-Si:D:F of Weil, Busso, and BeyéP,in  x10"cm 32" Eq. (5) gives the strictest reasonable bound of
which exchange can play no role. rp<8x10 0g71,

For a lower bound tovp, we assume instead that ex-  The H collision model of light-induced metastabifityas-
change dominates the early-time shape of the profiles and trgéimes H emission is proportional to the electron-hole pair
observed D emission. In this case, we must rely upon th@eneration rateG, with an emission constarky=»/G.
|0ng_time measurement (ﬁjD and estimate the true raig, Here, vy is the rate of H emissiqn from Si-H to trans'port.
by assuming that DB defects are the principal traps for moThe constankp=vp/G is found in Tables | and llkp is
bile D. Then, the nonexchange retrapping leAtf D is central to quantitative analysis of the H collision model of

N2=1/6aNy,, and with the microscopic definitidh metastability under the assumption thaf= vy and conse-
quentlyky=kp.
VD=DD/M2, (4) However, it is certainly possible that light-induced H
. o emission may be considerably more rapid than the light-
we obtain the D emission rate induced D emission we have measureq,% vp). For ex-

b —D-6aN ®) ample, hot-electron desorption of H from the Si/gi@ter-
p— =D db- face of metal-oxide silicon transistors appears to be 10-50

Here, a is the Si-Si interatomic distance, approximately 2.3times more rapid than is desorption of'BIf this hot-carrier
X 10 8cm. Equation(5) shows that for a particular mea- desorption is similar to light-induced H excitation arSi:H,
sured value oDy, an assumed increaselity, will increase  light-induced emission rates of H are underestimated by our
vp in proportion toNg, (by reducing\,). The smallest rea- Work. We plan further experiments to investigate this possi-
sonable estimate dfly, is the saturated density of neutral bility. Obviously, itis vy, notvp, that would be relevant to
DB'’s that can be measured once the very early stage of theW defect creation im-Si:H.
light soak is complete. Hata, Isomura, and Waghstudied
the saturation ofNg, in the same light-soaking apparatus
under similar conditions and found a saturated DB density of The key step of trap-controlled H diffusion & Si:H is
about 18”cm™3. Substitution oD andNgyy, in Eq. (5) then  emission of mobile H (K) from a Si-H bond to a transport
yields the lower boundp=2x10"8s™%, level at which diffusion is quite rapitf. Under the assump-

These two estimates of, in Table | represent upper and tion that this emissior(e.g., Si-H~DB+H,,) is always a
lower bounds that bracket most other assumptions one castep in metastable defect creation, as in the long-range H

C. Defect creation rates and H emission



5518 BRANZ, ASHER, GLESKOVA, AND WAGNER PRB 59

TABLE Ill. H emission rates corresponding to defect creation Veuw=2C 2IN? 9)
and annealing during illumination. The ratgy(0) is calculated swW swG*Nallu
from the initial rise of the CPM DB density. The ratg,y is calcu-  for the rate per H atom. Isomukt al“* measured the early
lated from the DB creation rate at saturation and represents an ayime rise and the saturation bfy, in the same light-soaking

|27

erage value during the 10- and 100-h light soaks. apparatus we use and under similar conditions. At 50 to
70°C, these authors foun@gy,=300scm? and Ng,=
vsw(0) (s7) vew (s 2x107cm 3. Substitution in Eq. (9) yields vgy=
135°C 6¢ 107 1%10°7 3x10°8sl, corresponding to a total density of
65 °C 5% 10-7 3%10°8 3%x10%cm 3 DB’s created and annealed during our 100-h

soak. At 135°C, the same authrsmeasured a slightly
lower valueNg,=10"cm 3. There is no estimate oEgy

diffusion models of the SW effeé;'* we can convert light- (135°Q in the literature, so we assumeCsy
induced DB creation rates into H emission rates. To deter(135°Q=300scm?, as at 65 °C. Substitution of these val-
mine the emission rate per H atom, we divide the DB rateies in Eq.(9) then yields vy (135°Q~10""s"" This

by Ny~5x10% cm 3. In Sec. IVD we will compare these Value ofCgy is near the upper limit of all measured values,
values with D emission rates determined in Sec. IV B inSO it represents an unfavorable assumption for the H emis-

order to restrict possible SW models. sion models of metastability. The estimatesgfy at 65 and
The first column of Table Il tabulates 135°C are found in Table Il and are used in the following
section to quantitatively test the mutual compatibility of SW
vew(0) = (dNgp/dt);=o(1/Np), (6)  effect and D diffusion models.

the H emission rate estimated from the earliest-time increase

of DB defect density in the experiment shown in Fig. 4. DB

annealing can be ignored at these early times. It should be To test quantitatively the models of SW metastability in

recalled that the film temperature was actually ramping upvhich DB creation is accompanied by emission of H to

during this early stage of light soakir{gee Sec. Il ¢ transport, 1! we must compare the various emission rates
Because of the D diffusion experiment measures the avfound in Tables I-IIl. In principle, viability of these models

erage rate of D emission to transport during our long diffu-requires simply that

sion experiments, the highitial v5,(0) is not the most

relevant H emission rate. At a temperature between 50 and Vp=Vsw, (10

70 °C, and an electron-hole pair generation rate of about 3 . - .
X 10%2cm 351, Ny, saturateg witﬁin 1 B7 this saturation "€ the emission rate of D observed in diffusitend as-

should be even more rapid at our higher intensity and tem§umeOI equal to that of Hnust be greater than or equal to

perature. Thus, the loweaverageH emission ratevey is that deduced from the rise &y, during light soaking. In

approximately equal to the sustained rate of defect creatioﬂr?cgci' tg's C‘?k;“ga.”sgn Of\'7 é’md Vsw 1S morei_ comptljl- ‘D
at saturation and should be most relevant to our long-tim ated. AAs described In Sec. » many assumptions about
diffusion experiment. We have confirmed this hypothesis b racer diffusion and its relation to H emission rates underlie

integrating the Stutzmann, Jackson, and T&T) DB- the values ofyp found in Tables | and Il. Further, there is
creation rate equaticf ' ' uncertainty in the estimates afgy, in Table lIl. Still, the

range of viable SW and light-induced diffusion models can
deb/dt=Cstz/N§b, 7) be restr'icted using our data_l.

We first note that there is a rough consistency to the or-
an expression that can be derived from two differentders of magnitude o¥p and vgy measured in our experi-
theoriest®? Here, Cg,y is a constant that is measured underments. Given the uncertainties in our estimates of both quan-
conditions at which light-induced annealing is unimportant.tities, the data as a whole certainly appear to be consistent
Integration of Eq(7), including saturation of the DB density with H emission models of the SW effect. A careful exami-
at Ngp,=Ng,: due to light-induced annealing, shows that thenation of particular models does reveal that only certain as-
early period of rapid DB creation is brief and can be ne-sumptions about H retrapping during light-induced diffusion
glected. For our 10- and 100-h light soaks, we can, thereforegre compatible with the long-range H diffusion models of the
substituteNy,= N, into Eq.(7) to obtain the average rate of SW effect, as tabulated in the final columns of Tables | and
DB creation, Il.

At 135°C, we compare the data of Tables | and Il for

dNg,/dt=CgyG?/NZ, (8)  consistency with Eq(10). If we assume that the measured D
emission rate is identical to the H emission rééed not
To calculatevgy,, we therefore assume that defect cre-dominated by an H-for-D exchange procesben we must
ation and annealing at saturation are equal and that the defemdmparevp (135°Q from the top row of Table | tovgy
creation rate obeys Eq7). If SW defect creation is associ- (135°C from Table lIl. Since 3.%X10 °s >10 's} H
ated with H emission, it is reasonable to assume also thamission models of SW are certainly consistent with our
light-induced annealing must involve H emission to transporidata, as indicated in Table I. However, H-emission models
as a step in the SW DB creation. Introducing a factor of 2are narrowly excluded if we assume that exchange dominates
into Eq. (8) to include both creation and annealing events,D tracer emission and D retrapping in only to Staebler-
we obtain Wronski DB’s at their saturation density. In this case, we

D. Comparison of emission rates
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must comparep, (135 °Q from the bottom row of Table Itp  The data confirm and extend to low&rthe previously ob-
vsw (135°0 from Table Ill. Since 107 s 1>2x1078 s71, served 0.9 eV activation energy of light-induced diffusion.
the diffusion-derived H emission rate is too low to explain Early time measurements at 135 °C also yigk30+5 A,
the measured rise of DB density. However, the H emissiorshowing that light reduces the D retrapping distance dramati-
models are viable even with exchange if we assume thatally. Estimates of the light-induced D emission rate from
during high-intensity light soaking there are H retrappingSi-H bonds are obtained. At 65 °C, no light-induced diffu-
sites at a density above aboutdém™3. In this caserp  sion was observed, but upper bounds to the light-induced
(135°Q is calculated using Eg5) and again compared to emission rate of mobile D are obtained.
vsw (135 °Q through Eq.(10). SW models requiring emission of mobile H from Si-H to
As we find no 65°C D tracer diffusion, our 65°C data a transport level''! are consistent with our diffusion data
cannot be used tcsupport H emission models of the and our CPM data for the light-induced creation of DB de-
metastability—in any sense. However, we can check whethefects, under the assumption that excited mobile D tracer at-
the long-range H diffusion models of the SW effect ao®-  oms retrap to a density of sites greater than abotftcf 3.
sistentwith our data by comparing the data of Tables Il andFor example, D could retrap to a high density of transient
. If we assume\; (65°C) equal to the measured higher- DB'’s present during high-intensity illumination. If it is as-
temperature value of (135°0Q=30 A, we must comparep sumed, however, that only neutral DB’s remaining in the
(65 °C) from the middle row of Table Il targy, (65 °C) from sample after light soaking can retrap D tracer atoms under
Table Ill. Since 3x10™ 7 s >3x10"8s%, Eq.(10) implies  high-intensity light soaking, then both our 65 and 135 °C
that H emission models of the SW effect a@nsistenwith diffusion data appear to exclude this class of SW models.
our data, as indicated in Table Il. The same conclusion holdslowever, if light-induced emission of mobile H is signifi-
for shorter retrapping lengths. From Hg), we find that the cantly more rapid than light-induced emission of D, SW
range of retrapping lengths consistent with Ef0) is \;  models requiring emission of mobile H could still be viable.
<100 A. Through Eq(5), this corresponds to a D-trapping Further study of the D emission and retrapping mechanism
site density greater than aboutx40®cm3. For \, under high-intensity light soaking will be necessary to draw
>100 A (i.e., lower H-trapping site densitiegshe SW mod-  stronger conclusions.
els areinconsistenwith our data. For example, retrapping to
SW DB'’s at the measured saturated density (@' cm3)
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