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Unstable displacement defects and hydrogen trapping in GaAs

H. J. Stein and J. C. Barbour
Sandia National Laboratories, Albuguerque, New Mexico 87185-1056
(Received 24 March 1997

Defects produced by implantation of hydrogen into GaAs at 80 K have been investigated. Upon implanta-
tion, a predominant absorption band at 2029 ¢rfor As-H centers is observed. A 10-¢rh full width at half
maximum at 80 K for the band, and strong dependence of the frequency and bandwidth on measurement
temperature, are indicative of bonding of hydrogen at displacement defects within the lattice. Results from
annealing show loss of As-H centers between 180 and 250 K with an activation energy-di.B.BV.
Characteristics for As-H center annealing are compared to those reported previously for atomic displacement
disorder in irradiated GaAs. Release of hydrogen from As-H bonds within thermally unstable damage regions
is suggested to explain the annealing loss of As-H centers. An increase in absorption by Ga-H centers upon loss
of As-H centers is attributed to retrapping of hydrogen on Ga neighbo¥s,0br on Vs-As; pair defects.
[S0163-18207)03231-1

I. INTRODUCTION removed by annealing below room temperature. We have
measured the kinetics and energetics for annealing of the
Hydrogen can interact with defects in bulk material and atAs-H centers, and the characteristics for the As-H centers are
interfaces to passivate electronic stdtes)d can introduce compared to those for defect reordering below room tem-
vibrational states for hydrogen in the resulting centefs. perature in radiation-damaged GaAs.
Such hydrogen interactions are utilized for defect decoration
in fundamental defect studiés® and for passivation of de- Il EXPERIMENTAL DETAILS
fects in device structurésinfrared (IR) absorption is a pri-
mary investigative tool for the detection of localized vibra- A high resistivity 3-in.-diam(100) Czochralski GaAs wa-
tional modes(LVM’'s) that result from the bonding of fer was polished on both sides to a thickness of G8% and
hydrogen at defects in semiconductor and dielectrigiced into 0.6 0.63-cm samples for the studies of defect
materialst~3 Dependence of a LVM frequency on the hydro- formation and trapping of hydrogen implanted into GaAs.
gen isotope can establish assignment of modes to hydrogefigmples were clamped with an interlayer indium foil to a
and dependence on the atomic constituents of the host lattie®@pper cold finger of a liquid nitrogen refrigerant cryostat.
facilitates assignment of the bonding site for hydrogenimplantations were performed at energies between 100 and
within the lattice. 330 keV at 80 K. A gate valve and optical windows on a
Unlike Si, where electron paramagnetic resona(iR  rotatable body of the cryostat allowed removal of the cry-
provided definitive identification for many defeCtE§PR has ostat from the ion implanter and insertion into the sample
been less useful for defect identification in I11-V compound chamber of a Nicolet 60SX Fourier transform infrared
semiconductors. More reliance, therefore, is placed upon IRFTIR) spectrometer. The sample was maintained at the im-
absorption and other experimental techniques for defegelantation temperature during transfer of the cryostat from
characterization and identification in I1I-V compourids. the implanter to the FTIR spectrometer. Spectra were ac-
Implantation of GaAs with hydrogen at room temperaturequired to have 4-cm? resolution. Isochronal and isothermal
produces a LVM for Ga-H bonds detected by IR annealing was performed within the cryostat. A resistance
absorptiont®~81t is widely accepted that these bonds form atheater and heat exchanger positioned between the sample
As vacancy V) or Frenkel pair Ya-As;) displacement and a liquid nitrogen reservoir in the cryostat is capable of
defects on the As sublatti¢€ 81t is known from irradiation  producing a rapid increase in the sample temperatsr8Q(
damage studies on GaAs, however, that significant defed€/min) for temperatures between 80 and 200 K. The rapid
annealing can occur below room temperatttéso that the increase occurs after an initial delay required to boil liquid
Ga-H centers may not be the initial bonding site for hydro-from the heat exchanger. Temperature at a set point was
gen. Relatively little use has been made of hydrogen interagsontrolled to+ 1 K with a Beckman 7200 series digital con-
tions for decoration and characterization of defects that aréroller, which sensed the output from a chromel-constantan
unstable below room temperature in compound semicondud¢hermocouple fastened to the cold finger near the sample.
tors.
Described herein are results from an IR absorption study Il EXPERIMENTAL RESULTS
on the formation and annealing of hydrogen-decorated de-
fects in GaAs created by hydrogen ion implantation at 80 K. Absorption bands at 1834 and 2029 thproduced by
Surprisingly, the initial bonding of hydrogen implanted into hydrogen-ion implantation of GaAs at 80 K are shown in
GaAs at 80 K is found to occur primarily with As rather than Fig. 1. Spectra are plotted for successive implantations of
Ga. The resultant As-H centers, however, are unstable aridns at 330, 300, 250, 200, and 150 keV into both optical

0163-1829/97/5@)/38137)/$10.00 56 3813 © 1997 The American Physical Society



3814 H. J. STEIN AND J. C. BARBOUR 56

'H-IMPLANTED
GaAs
80 K

0.24 | Dose (10 cm?)

52
w
3] |
E GaaH LN 1 N\ GaAs \1 ;IFm
0.22}
& 27 GaAs:H / 2um
@ J
< 9.2 | GaAs \
0 AS'H

o0 o ™R

1800 1900 2000 2100 2200
WAVE NUMBERS (cm-)

FIG. 1. Absorption bands at 2029 and 1834 chfor As-H and Ga-H centers in GaAs after hydrogen implantations and measurements
at 80 K. Spectra are arbitrarily displaced on the absorbance axis for presentation.

faces of the sample. Doses at the different energies werderefore, refer to the 1834- and 2029-cinbands as bands
scaled to produce a nearly uniform concentration of hydrofor Ga-H and As-H centers, respectively.

gen in a~2-um-thick layer buried Jum below the surface, Preferential formation of As-H centers under hydrogen
according to the TRIM-90 calculation progrdfhFor the  implantation is apparent in the spectra of Fig. 2. In contrast,
doses per face listed in Fig. 1, the corresponding averagie formation of Ga-H centers occurs predominantly during
hydrogen concentrations in the buried layers are approxisubsequent annealing when hydrogen that is released from
mately 4.6<10'® 1.4x10'° and 2.6<10° cm 3. The As-H centers is available for retrapping. The maximum in-
spectra show an increase of intensities for absorption bandensity for the Ga-H absorption band is only one-half that for
at 1834 and 2029 cm' with an increase in hydrogen dose. the initial As-H band. It is not known if this difference is
Thus, the results are consistent with assignment of these twaaused by a lower oscillator strength for -GH than for
bands to stretch vibrational modes for hydrogen bonded té\s—H bonds, or if it is an indication of the hydrogen retrap-
the host constituents. While additional weak bands appear iping efficiency.

the spectra and increase with ion dose, the emphasis in the

present work is on the formation and annealing of the two 0.28 r T T .

major bant;ls. . . ] Ga-H ANNEAL OF GaAs
Plotted in Fig. 2 are spectra showing the effects of 20-min |

isochronal annealing on the 2029- and 1834-¢nbvands for i

temperatures between 80 and 300 K. Hydrogen had been M
introduced into the GaAs by implantations at energies of 0.261 ]
250, 200, 150, and 100 keV to a total dose of ) M
2.5x 10" cm 2 into each of the two optical faces. The re-

sultant hydrogen concentrations~sl.7x 10" c¢cm 2 in 1.5- —/\—"'\N__,_/__?EL
wum thick layers buried about 0,4m below the surface. The

spectra in Fig. 2 show that the intensity of the 2029-¢m 200
band remains nearly constant through 150 K, but decreases
strongly in the 200-K annealing step. In contrast, the inten-
sity for the 1834-cm ! bandincreasesslowly upon anneal-

ing at 200, 250, and 300 K.

The 1834-cmi® band has been observed previo@shf 100
following hydrogen implantation at room temperature, and it 0.22¢
has been assigned to a stretch vibrational mode fer-Ba I
bonds?®~8The 2029 cmi L in hydrogen-implanted GaAs has H-Implant at 80K As-H
been assigned to a stretch mode for-As bqnds. Assign- 1800 1900 2000 2100
ments for the Ga-H and As-H bands are firmly based upon WAVE NUMBERS (cm)
frequency shifts produced by hydrogen isotope substitution,
upon substitution of the group Il and group V constituents  FIG. 2. Isochronal annealing data between 80 and 300 K for
(e.g., InAs and InP substituted for the GaAs fdstand  As-H and Ga-H centers after implantation of 2.50'-cm™2 hy-
upon correspondence of the observed frequencies to those feMogen ions into each of two optical faces. Spectra are arbitrarily
Ga—H and As—H bonds in solids. We will subsequently, displaced on absorbance axis for presentation.
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FIG. 3. Effect of measurement temperature on the As-H absorp- WAVE NUMBERS (cm)
tion bandwidth and frequency. Spectra are arbitrarily displaced on
the absorbance axis for presentation. FIG. 5. Isothermal annealing data at 180 K for As-H and Ga-H

centers after implantation of%610'>-cm™2 hydrogen ions into each

The As-H band frequency and bandwidth as a function of)f two optlcal faces. Sp_ectra are arbitrarily displaced on the absorb-
ance axis for presentation.

the measurement temperature between 80 and 180 K are
shown in Fig. 3. The measurements were made after sequen- ) ) _ )

tial implantations of hydrogen ions at 330, 300, 250, 200 parable rate of increase in the bandwidth with temperature as
150, and 100 keV at 80 K to a dose of'80cm™2 for each  Shown by the solid line. The changes in frequency and band-
energy into both optical faces. The maximum temperaturdvidth with temperature for the As-H band are in the direc-
for the measurements was limited by an onset of annealinfon of, but larger in magnitude than, those for thermal ef-
of the As-H band. An annealing step was performed at 170 Kects in an undamaged Ia;tlée. o _ _
before the measurements to stabilize the displacement dam- The same doses and ion energies listed in the previous
age in the sample to this temperature. The band frequendjaragraph were used to produce a set of samples for isother-
and bandwidth at half maximum taken from the data of Fig.mal annealing experiments. The samples were annealed for
3 are plotted in Fig. 4 where the dashed line represents 40 min at 170 K before beginning isothermal annealing at

decrease of 0.13 ci/deg for the frequency. There is a com- 180, 190, and 200 K. Isothermal annealing of the As-H band
at 180 K is shown in the spectra of Fig. 5. These spectra

indicate a continued loss of the As-H band intensity, and an
increase in Ga-H band intensity for 450 min of annealing at
180 K. Similar isothermal annealing data were also acquired
at 190 and 200 K.

Unannealed fractions for the As-H centers determined
from the peak intensities for the 2029-crhband measured
at 80 K for isothermal annealing at 180, 190, and 200 K are
plotted in Fig. 6 versus the log of the annealing time. The
dashed line in Fig. 6 illustrates the time dependence for an
exponential decay rate of a first-order process. The observed
decay in band intensity deviates sufficiently from an expo-
nential so that the data cannot be appropriately analyzed to
obtain an activation energy from a plot of unannealed frac-
Frequency Decrease tion versus annealing time. However, when the initial condi-

. . . . . . 0 tions are the same for isothermally annealed samples, as they
80 100 120 140 160 180 are in the present study, an activation energy can be deter-
TEMPERATURE (K) mined by using a method of “cross cuté®independent of

the order for the process, as discussed in Appendix A. In this

FIG. 4. Center frequency and bandwidth versus measuremertiethod, the time to achieve a given unannealed fraction is

temperature for As-H absorption band in hydrogen-implantedobtained for different isothermal annealing temperatures. We
GaAs. use a closely related methdBwhich we call a method of
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FIG. 6. Unannealed fraction of absorption by As-H centers ver- FIG. 8. Unannealed fraction of absorption for Ga-H centers vs
sus annealing time at 180, 190, and 200 K after hydrogen implanannealing time at 180, 190, and 200 K after hydrogen implantation
tation at 80 K. Dashed line illustrates a first-order decay rate. at 80 K.

“time ratios” wherein the time on one isothermal annealing steps. Note, however, that the loss rate for the peak intensity

curve is multiplied by an appropriate time ratio to SUPErim-¢, the As-H band is a factor of 6 greater than that for the
pose this curve onto that for another annealing temperaturg£

Fi 7 sh he As-H band d X owth rate of the Ga-H band. In addition, the results pre-
igure 7 shows t € AS-H band decay CUIVES SUPENMpOSEL, iqq i Fig. 2 show that the Ga-H band intensity continues
on that for annealing at 180 K. The superposition was ob;

tained by multiplying the annealing times at 190 and 200 Kto increase after the As-H band is no longer detectable. Thus,

by “time ratios” of 5 and 28, respectively.

Figure 8 shows théncreasein peak intensities for the :
Ga-H band with isothermal annealing time at 180, 190, andrapping to fqrm a Ga-H bon.d. ) )
200 K. Figure 9 shows the superposition of these growth An Arrhenlus plot of the time ratios from the |sothe_rmgl
curves using the same time ratios as those used for superpg?nealing results for the As-H centers gives an activation
sitioning the As-H decay curves. Although less satisfactoryenergy of 0.5:0.05 eV as shown in Fig. 11. Since the same
than the superposition for the As-H decay curves, the simitime ratios as those applied to the As-H centers give a rea-
larity between the temperature-time dependence for the log¥nably good superposition for Ga-H center formation
of the As-H band and the growth of the Ga-H band is apparcurves under isothermal annealing, the same activation en-
ent. A relationship between As-H loss and Ga-H growth is€rgy is also assumed to apply for the growth of Ga-H centers.
further illustrated in Fig. 10 by plotting the As-H band inten-

a hydrogen atom liberated from an-A¢1 bond may jump
several times or experience trap-limited mobility before re-

sity versus that for the Ga-H band through the annealing T T T T T
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FIG. 7. Superposition of isothermal annealing curves of Fig. 6 FIG. 9. Superposition of isothermal annealing curves of Fig. 8
obtained by multiplying the 190- and 200-K data points by “time obtained by multiplying the 190- and 200-K data points by time
ratios” of 5 and 28, respectively. ratios of 5 and 28, respectively.



FIG. 10. Loss of absorption by As-H centers at 180, 190, an
200 K vs that for growth of Ga-H centers in GaAs after hydrogen

UNSTABLE DISPLACEMENT DEFECTS AND HYDROGH . ..

0.002  0.003 0004 0.005
ABSORBANCE FOR Ga-H BAND

implantation at 80 K.

IV. DISCUSSION
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a 0.020 T T v v T turn our attention to the nature and thermal stability of dis-
<Z( Loss of As-H versus placement defects produced by hydrogen implantation, hy-
(i) Increase of Ga-H drogen interaction with displacement defects, and the ther-
T 0.015} in H-Implanted - mal stability of the defects.

2 GaAs It is known from other studies that hydrogen decorates
(14 displacement defects, and marks defects in annealing stages.
8 0.010} i In Si, for example, the annealing characteristics for an Si-H
W center produced by hydrogen implantation near 100 K were
g 180K ] shown to correlafé with those for vacancies identified and
< characterized in EPR studi&Previous studies on GaAs
E 0.0051 —-190K - following hydrogen implantation at room temperafife

8 ——200K ] have shown that annealing of Ga-H centers correlates with
m annealing of vacancy-interstitial pair¥ {(s-As;) or Vs de-

< 0.000 1 L fects produced on the As sublattice. The As sublattice defect

assignments were made in deep-level transient spectroscopy
(DLTS) studies® and the Ga-H centers observed in infrared
bsorption studies have been attributed to hydrogen bonded
o Ga atom neighbors of displaced As atdins.

We suggest that displacements on the Ga sublattice and
multiple displacements in hydrogen implantation at 80 K
create strain conditions and defects favorable for the forma-
tion of As-H centers. The release of hydrogen from bonds in

The experimental data clearly show chemical bonding othese centers is attributed to annealing of defects that created

hydrogen to the As and Ga host constituents of GaAs followthe conditions favorable for formation of AsH bonds.

ing hydrogen implantation at 80 K. It is not clear, however, Itis known that displacement defects produced in GaAs at
how to explain the partitioning of hydrogen between-Ad  low temperature introduce higher strain and a larger lattice
and Ga—H bonds, or the thermal stability of the bonds. expansion than the defects that remain, or are produced, at
Atomic displacements by hard-sphere collisions in the im+oom temperatur&’? The defects that anneal below room
plantation process are expected to occur nearly equally ofemperature also exhibit a higher threshold energy for dis-
the As and Ga sublattic¥sduring implantations since there placement than the defects that remain at room
is little difference between the atomic mass of Ga and Astemperaturé>*?Multiple displacements in a localized region
Bond energies for As-H and Ga—H are also nearly equiva- have been suggested to explain the higher threshold energy
lent; bond dissociation energies for diatomic-Asl and  and large lattice straitt:*?

Ga—H molecules are 62 and 67 kcal/mole, respectivéfy. Defects produced on the Ga sublattice are believed to play
Furthermore, the observed predominance of-At over an important role in defect annealing below room
Ga—H bonds is contrary to theoretical findinffswhich pre-  temperaturé; and Ga droplets have been reported near the
dict that bond-centered hydrogen in GaAs will form a stron-surface of GaAs after exposure to a hydrogen pla&ma.
ger bond with a lower electronegative (328 neighbor Thus, we have the possibility that interstitial ®aa;) pro-

than with the A$3.9) neighbor in an undamaged lattice. To duced in GaAs at 80 K is mobile so th&t;;Ga pairs,

seek an explanation for the observed results, therefore, wéa,, andVg, are not stable at room temperature. An argu-

TIME SHIFT FACTOR

FIG. 11. Arrhenius plot of “time ratios” applied to superimpose

100

Activation Energy for As-H
Loss and Ga-H Formation in GaAs
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52 54
1000/T (K)

5.0 5.6 5.8

isothermal annealing curves for As-H centers.

ment has been made that the Ga vacanty,( defects are
generally not observed because they transform below room
temperature into Ag,As;-Vas complexes> Hydrogen, how-
ever, could possibly interact witlig, to produce a transfor-
mation to AgAs-H complexes vyielding an AsH bond.
Creightort® found As—H bonds are formed on weak or dan-
gling bonds of GaAs surfaces under low dose atomic hydro-
gen exposure at 150 K. While formation rates are 4 to 5
times higher on an As-rictL.00) surface, As—H bonds were
formed on Ga-rich as well as on As-rich surfaé®&slo ex-
planation was put forth, but the results are suggestive of a
chemical preference for AsH over Ga—H when GaAs is
disordered by hydrogen ions at low temperature.

The absorption band characteristics for As-H centers we
observe following hydrogen implantation at 80 K exhibit
bandwidth characteristics that are similar to those reported
previously for the Ga-H absorption band produced by hy-
drogen implantation at room temperature. The bandwidths
and measurement temperature dependence of the bandwidth
and frequency, for both As-H and Ga-H centers, are large
compared to those for hydrogen-related centers in as-grown
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material Pajot and co-worketsnoted that bandwidths for V. SUMMARY AND CONCLUSIONS
hydrogen-related complexes produced in compound semi-

conduptors by hydrogen implgntation can be tW9 orders o lantation into GaAs at 80 K has been performed to examine
magpnitude larger than those in as-grown material, and thg 4rogen decoration of defects and their stability below
bandwidths increase further with increasing temperature,oom temperature. In contrast to the formation of Ga-H cen-
Thus, _the bandwidth and temperature dependence .of thers by hydrogen implantation at room temperature, As-H
bandwidth and frequency for the As-H band observed in th@enters are formed by hydrogen implantation at 80 K. The
present study are consistent with bonding of hydrogen in gpparent preferential formation of AsH bonds at 80 K is
displacement-damaged host lattice. believed to involve lattice strain and selective bonding on
Annealing stages below room temperature have been refefects produced on the Ga sublattice that expose weak and
ported in a number of irradiation damage studies of GaAsdangling As bond sites. A strong dependence of the fre-
Annealing stages in GaAs centered near 235 ad 280 K werguency and bandwidth for the As-H absorption band on mea-
observed in electrical measurements by Sfeiand by surement temperature is in accord with disorder-related
Thommen! after electron irradiation oh-type GaAs at 80 strain on the LVM of As—H bonds in GaAs. Annealing of
K. An annealing stage at 235 K was also reported to occuthe As-H absorption band after hydrogen implantation at 80
after %°Co y-ray irradiation ofn-type GaAs at 77 K¥°Vook® K occurs below room temperature, and in the same range of
reported lattice parameter and thermal conductivity measurdemperatures as those previously attributed to annealing of
ments that showed defect annealing in GaAs below roonglefects created on the Ga sublattice. An activation energy of
temperature following electron irradiation. The thermal con-0-5=0.05 eV for annealing of the As-H centers following ion
ductivity data showed two overlapping annealing stages cerimplantation was determined by an isothermal method. The

tered near 225 and 300 ¥Recovery of thermal conductivity activation energy is=0.2 eV lower than that associated with

upon annealing is consistent with a removal of high Iatticethe annealing of Ga-related multiple displacement defects af-

strain detected in measurements of the lattice parameter. ;Eg: g:zcﬁ]rigrégzg'?;;%rlgn@g Iraeydeurcitéogttlr?bﬁgélt\j/igogtrixj%
Pillukat and Ehrhatt suggested displacements on the Garelaxation by the presence of Asl bonds within the

subI?ttlcetrt]otetﬁplwnbthe andniallnrg]) stage§ blelgyv room te%ultiple-displaeement defects.
perature that they observed Dy changes in fatlice parameter Absorption by Ga-H centers increases as absorption by

a.ndl associated large strai.n fields in high-dos.e electron irraAS_H centers decreases upon annealing, and it continues to
diation of GaAs. According to the theoretical work of jycrease after As-H absorption is no longer detectable. We
Estreicher® hydrogen will be attracted to strained regions of conclude that hydrogen is released from-Ad bonds upon
a crystal where it can become trapped, often in a bound statgnnealing of defects produced on the Ga sublattice, and it is
Correspondence of the annealing temperature for As-H Ceftetrapped on near-neighbor Ga atoms of the remaining As
ters with irradiation-produced defect annealing attributed tosyplattice defects\(4s-As; or Vg,) to produce the LVM for
displacements on the Ga sublattice strengthens the suggasa-H. For hydrogen implantation of GaAs at room tempera-
tion that the implanted hydrogen initially decorates displaceture, As-H centers and associated defects will be removed by
ment defects created on the Ga sublattice. annealing during implantation. Hence, only the LVM for
The activation energy of 050.05 eV we determined for Ga-H centers will be observed after implantations at room
the loss of As-H centers by applying a method of time ratiogemperature.
(see Appendix A is lower than the 0.72 eV reported by
Thommerd!® for the first-order annealing of electron irra-
diation damage in GaAs near 235 K. Further, the activation
energy obtained here is similar to the range of binding ener- The authors wish to thank Ken Minor for performing the
gies (0.4—-1.0 eV for dopant H complexes suggested by hydrogen implantations. This work was performed at Sandia
Peartont*(® The annealing temperature for the loss of theNational Laboratories and supported by the U.S. Department
As-H centers is also lower by 50 K than that for annealing of Energy Office of Basic Energy Sciences under Contract
of electron damage. Hydrogen trapping in a strain environNo. DE-AC04-94AL85000.
ment wherein hydrogen interacts chemically may allow a
complex to relax toward a more favorable conformation and
thus reduce the temperature and activation energy for anneal-
ing of the defects. The time rate of change for the defect concentration
While temperatures of~500 K are necessary to release (dn/dt) during isothermal annealing is described by the ex-
hydrogen from damage traps in implanted profiles after im-pression
plantation at room temperatuféstress-alignment studies of
Stavolaet al?® on Be-H complexes in GaAs indicated that
hydrogen moves among the four bond-centered configura-
tions at 100 K with an activation energy of 0.37 eV. We infer
from these results that hydrogen released from As bonds avhereK is a function of temperaturg, but not of concen-
temperatures=110 K will have sufficient mobility to reach trationn or timet.
additional trap sites such as Ga bonds within the buried dam- Equation(Al) can be rewritten agn/f(n)=K(T)dt, and
age layer to form Ga-H centers. for integration between the concentration limitg and n,

An investigation of the LVM’s produced by hydrogen im-
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APPENDIX A

dn/dt=K(T)f(n), (A1)
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J'ndn/f(n)=K(T)t. (A2) o
no K In(ty/ty)=E(1/T,—1/T,), (A4)

The left side of Eq(A2) integrates to a constaf equal where the constant® andK' cancel in the ratio. Selection
to theK (T)t product for a fixed value afi, and any selected of a different limit forn chz_anges only the value of the con-
value for n. Assuming the temperature dependence forSt@ntC. Thus, Eq(A4) applies for any selected value mso

L that the difference in reciprocal temperatures is the same
K(T) is given by the Boltzmann factor e’fﬁEa/kT)’ Whe.re throughout two different annealing curves, and is related to
E, is the activation energy for the annealing processlaisd

, 2 " the time ratio througte, .
SAOZIt)Z;nsann s constantC=K'exp(-&,/kTt. Rewriting Eq. We used Eq(A4) (the method of time ratiogo obtain an

activation energye, from isothermal annealing data plotted
Clt=K'exp(— E,/kT) (A3) 8S the unannealed fraction of As-H centers. For data plotted
a ’ on a log time axis to display a wide range of decay time,
which illustrates the relationship between time and temperamultiplying the time by a time ratio factor produces a trans-
ture for a selectedh limit, as described by Eq(A2) and lation on the time axis to superposition decay curves from
assuming a single activation energy. In the method of two different temperatures. The method of time ratios, there-
cross cuts® annealing times to reach a selectedimit for fore, utilizes all of the isothermal annealing data points ob-
two different annea"ng temperatures are used to eva|uaf@ined from the different isothermal temperatures to obtain a
E,. best fit for the shift in annealing time with annealing tem-
For a selected limit, the ratio of annealing times¢, and ~ Perature. o
t,, to reach the limit for two different isothermal annealing It can be seen from an examination of £44) that the

temperaturesT, and T, is given by slope obtained from an Arrhenius plot &fin of the time
ratiog against the reciprocal temperatures for differént
to/t;=exp(Ey /KT, —EL/KT,), when holdingT; constant, will give a value foE, .
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