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Direct evidence of defect annihilation during structural relaxation of amorphous indium phosphide
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Extended x-ray absorption fine structure measurements have been used to characterize the low-temperature,
thermally induced structural relaxation of amorphous InP. We show reductions in both chemical and structural
disorder associated with homopolar and heteropolar bonding, respectively, are operative during structural
relaxation of this amorphous compound semiconductor. The latter is analogous to that observed in the amor-
phous elemental semiconductors Ge and Si. Though a reduction in homopolar bonding accompanies structural
relaxation, the fully relaxed, minimum-energy configuration of the amorphous phase still retains chemical
disorder.
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[. INTRODUCTION structural relaxationhas been studied with a variety of tech-
niques including Raman scatterifiggifferential scanning
Despite several decades of study, a definitive picture o€alorimetry (DSC),%° and extended x-ray absorption fine
the structure of amorphous semiconductors has yet to bstructure(EXAFS) spectroscopy'? For amorphous Ge, the
achieved. For example, in compound semiconductors, bastweat release of 6 KJ/mdone half the crystallization en-
concepts such as the extent of homopolar bonding are stithalpy) measured with DSCRef. 13 was concomitant with
under debaté>’ From the theoretical point of view, their the reduction in the width of the bond-angle and bond-length
presence is strongly dependent on the computational agmhstributions, as measured with Rarfiaand EXAFS™ re-
proach utilized while, from the experimental point of view, spectively. Two possible scenarios for structural relaxation
sample artifacts such as voids, inhomogeneities and deviavere propose8? In the first, it was assumed that the excess
tions from stoichiometry impede an accurate structural charenthalpy arose from strain energy stored in the form of bond-
acterization. Even in the absence of such artifacts, the norangle distortions in a fully coordinated continuous random
equilibrium processes utilized for the preparation ofnetwork(CRN) and structural relaxation involved reordering
amorphous semiconductoréi.e., deposition, sputtering, of the CRN as a wholIn the second, the heat release was
evaporation, or ion implantationcan yield a preparation- considered a local phenomenon that arose from point-defect
specific structure with a free energy greater than that of thannealing in a defective CRN that was also accompanied by
intrinsic, minimum-energy configuration of the amorphousa reduction in bond-angle distortidriThe isothermal calo-
phase. Such excess energy is accommodated in the form dimetry experiments of Roordat al® provided compelling
defects such as undercoordinated and overcoordinated atoregidence in support of the second scenario, showing the tran-
or homopolar bonds, and deviations from the ideal bondingient heat release during structural relaxation of amorphous
configurations, in the form of bond bending and bondSi obeyed bimolecular reaction kinetics characteristic of a
stretching distortions. Upon low temperature annealing, thg@oint-defect annihilation mechanism. Recently, Glover
concentration of defects and energetically unfavorable conet al? utilized Raman and EXAFS measurements to show
figurations can be lessened as the amorphous phase relaxbat structural relaxation in amorphous Ge involved both
to a lower-energy variant. The amorphous phase can thusond-angle and bond-length ordering again consistent with
accommodate a range of configurations with energy abovpoint-defect annealing. Structural relaxation has also been
that of the “minimum-energy” amorphous state. observed in ion-damaged and amorphous compound
During thermal annealing of amorphous Si and Ge, thesemiconductors*~6 Cliche et al. reported structural relax-
structural ordering observed prior to crystallizatiGarmed  ation of amorphous InP at room temperature including a vol-
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ume expansion partly accommodated by shear plastic!flow. ~ TABLE I. Summary of the implantation conditior{gloses and
Analysis of the annealing kinetitsand measurements of the energie utilized to amorphize the InP samples.

viscosity as a function of relaxation tirtfewere considered
indicative of structural relaxation controlled by point-defect Energy Dose
annealing. Despite these detailed studies, the specific atom- (keV) (ions/cnf)
istic mechanisms governing structural relaxation of the

5
amorphous phase of both elemental and compound semicon- 288 ;i igs
ductors have yet to be identified. 200 3.]><1015

Our aims in this paper are twofold. First, we investigate ' s
the means of structural relaxation in an amorphous com- 1000 3. 1015
pound semiconductor and determine whether this process is 2000 3. 1015
a local phenomenon, proceeding via point-defect 3000 6']X1015
annihilation or alternatively whether structural relaxation 5000 6. 10"
involves the topological reorganization of the system as a 7000 8.0<10"
whole® Second, following structural relaxation, we charac- 8500 8.0<10

terize the minimum free-energy structure of the amorphous
phase at the atomic scale. We focus particular attention ofya5 negligible relative to the sensitivity of the analysis
the identification and quantification of chemical disorder, nathod. To produce samples appropriate for transmission-
manifested in the form of homopolar bonds. In a previousyode EXAFS measurements, the Si substrate thickness was
report, Gloveret al. identified homopolar bonds in com- g psequently reduced to 36n by mechanical grinding. To
pound semiconductors amorphized by ion implantation. jnnibit diffraction effects, samples were then finely crushed
However, whether homopolar bonds are intrinsic to the strucznq mixed with a BN binder. The total amount of material

ture of amorphous compound semiconductors oOr aré §ag such thaux=1 wherep is the energy-dependent at-
preparation-specific artifact resulting from the nonequilib-iaquation factor and is the effective sample thickness.

rium nature of the ion implantation process has yet to berrgnsmission EXAFS measurements were performed at a
determined. Given homopolar bonds yield a significant NUMiemperature of 10 K, at beamline 7-3 of the Stanford Syn-
ber of midgap staté$and hence influence the optical, elec- chrotron Radiation Laboratory. Such measurements were
tronic, and vibrational properties of amorphous Compounqaerformed one week after sample preparation. Absorption
semiconductors, such measurements are crucial to fully ®%Gpectra were recorded at theKredge(27.940 keV, using a
ploit these technologically important materials. To accom-g; (220) double crystal monochromator with nominal energy
plish our goals, we utilized an appropriate materials systeMagoiution AE/E~10"4. Harmonic rejection was accom-

in combination with advanced processing and characterizaﬁnshed by detuning the monochromator by 30%. The origin
tion techniques. We present results for amorphous InP givegs e energy scaleH,) was set as the maximum of the
the previous reports of structural relaxation studied with al-yarivative of the absorption edge. EXAFS spectra were iso-

ternative methodologié$™® and the high atomic-number |3t from the raw absorption data by pre-edge and post-edge
contrast that enabled quantification of homopolar bo”d'ng-background subtraction with the “Spline” module of the

Fur_the;rmore_, we used a preparation_ technique that yieldeg + ~,qel8 Displayed in Fig. 1a) are typical spectra of
stoichiometric, homogeneous and void-free samples for EXps_eighted fine structure as a function of photoelectron mo-

AFS analysig:® The latter is ideally suited for the determi-  enmi while Fig. 1(b) shows spectra Fourier-transformed
nation of the atom-specific, short-range-order parameters ig,,or 5k range of 2—16 A L.
amorphous mqterials including. coordination number, bon The EXAFS spectrum of the polycrystalline sample dis-
length and static and thermal disorder. plays a complicated structure consistent with the superposi-
tion of different frequency components as confirmed by the
Il EXPERIMENT corresponding Fourier-transformed spectrum which shows
the presence of multiple peaks attributable to first, second
The sample preparation method utilized in this report is aand third nearest neighbors. In contrast, the spectrum for the
modification of that first described in Refs. 4 and 5. Poly-as-implanted sample is dominated by a single frequency
crystalline InP layers of thickness m were deposited on component, the result of photoelectron scattering from a
(100 Si substrates of thickness 350m by metalorganic single shell. Clearly, the structural disorder introduced by the
chemical vapor deposition. Multiple-energy, multiple-dose Pion implantation process is sufficient to damp out coherent
implantations, with the ion doses scaled to yield a constangécattering from beyond the first shell.
energy deposited in vacancy production to a deptharg The as-implanted sample was subsequently annealed iso-
were used to amorphize the polycrystalline InP layer. lonchronally (1 h) over a temperature range of 100-270°C
doses and energies are summarized in Table |. During imt+10 °C). After each annealing step, absorption spectra were
plantation, samples were maintained at liquid-nitrogen temrecorded as abov@ariation from sample to sample was thus
perature to inhibit dynamic annealing. Though the total im-eliminated by sequentially annealing the same samjhe
planted dose was approximately two orders of magnitudeluded in Fig. 1b) are Fourier-transformed spectra following
greater than that necessary to amorphize the polycrystallinennealing at 200 and 237 °C. Relative to the as-implanted
layer, the resulting deviation from stoichiome(@.5 at. %  sample, the amplitude of the first nearest-neighbor peak in-
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354 TABLE Il. Refined parameters obtained for the polycrystalline
304 standard (c-InP), as-implanted(25°C) and annealed200 and
wn 25 237 °Q amorphous InP. CN, BL, and DWF stand for coordination
% 20-: number, bond length, and Debye-Waller factor, respectively.
15
é 10 c-InP  As-implanted Annealed Annealed
3 59 (25°0 (200°0  (270°0
2 S
e _(5)_' In-P CN 4 3.2 3.4 3.9
104 +0.2 *+0.1 +0.2
In-P BL (A) 2.526 2.551 2,544 2.527
+0.002  +0.002 +0.002 *0.002
30— TP el G o In-P DWF(A%)  0.0022 0.0044 0.0040 0.0022
55 Jr= = a-InP anncaled (237°C) [ +0.0002 +0.0003 +0.0002 +0.0002
B In-In CN 0.7 0.6
g +0.1 *0.1
e In-In BL (A) 2.757 2.745
é +0.004 +0.004
g In-In DWF(A?) 0.006 0.006
S +0.002 (constrained

R &) in the form of homopolar bonds. A detailed examination of
Fig. 1(a) reveals beats in the EXAFS amplitude for amor-

FIG. 1. (@ k®weighted EXAFS spectra for polycrystalline phized InP, characteristic of a first nearest-neighbor shell
(c-InP) and amorphized InPa£INP) (solid and dashed lines, respec- comprised of two different bond Iengtﬁs%ccordingly, the
tively) as a function of photoelectron momentum (b) Fourier  model utilized during structural refinement of the amorphous
transforms of the spectra shown in paf®| as a function of non-  gamples consisted of a mixed first shell, comprised of P and
phase-corrected radial distance. Also shown, are Fourier transforrr]?I scatterers, necessitating six fitting parametéosnd
for amorphous samples annealed at 200 and 23@filted and |gqths coordination numbers, and, Debye-Waller fagtors
dashed-dotted lines, respectivelyor clarity of presentation, the Though the number of fitting parameters is smaller than
spectra for polycrystalline InP have been offset vertically and th he number of independent points in the experimental data
EXAFS ar_1d'Fourier transforms for_the amorphous samples hav?ll, as estimated from Nyquist formﬁﬂa the correlation
been multiplied by 3 and 2, respectively. between the In-In coordination number and Debye-Waller
fgf:tor was 0.95 or greater. Thus, these two parameters could

ot be determined independently, i.e., only five parameters
237°C, indicative of the onset of crystallization, and esti-S2" be simultaneously refined. Fozr that reason, we fixed the
mate the crystalline volume fraction for this sample wasm'In Debye—WaIIer factor at 0.006 Athg value d.etermmed
20%. The sample is clearly amorphous for annealing tem‘pr the as—lmplanted.sample when refining the.S|x pa}rameters
peratures up to 200 °C. S|multan¢ous_ly. While this procedure potentially yields an

underestimation of the absolute number of In-In bonds, it

provides a more robust evaluation of the relative changes in
their number, as a function of annealing temperature.

We have utilized multiparametric, nonlinear least-squares Figures 2a) and 2b) show fitted and experimental filtered
fitting via the IFEFFIT codeé® with single-scattering and (back-transformedEXAFS and Fourier-transformed spectra,
Gaussian approximations. The phase and backscattering af@SPectively, for the as-implanted and annealed samples, to-
plitude were calculateelb initio with the FEFrs.ocode?® Fit-  gether with contributions due to In-P and In-In bonds.
tings were performed ik space in the range of 2—16 &  Clearly, the fitting to the experimental data is good in both
with the filtered EXAFS obtained via back-Fourier transfor- 2dR space, over the given windowed ranges of 2—16'A
mation over a non-phase-corrected radial range of 1.5-2.9 /and 1.5-2.9 A, thus confirming the multielemental nature of
To minimize the number of free parameters during structuraihe first shell.
refinement, the amplitude reduction factog3) and the
threshold energyH,) were determined from the polycrystal-
line InP reference sample and held constant during analysis
of the amorphous samples. The parameters obtained in the Coordination numbers, bond lengths and Debye-Waller
fitting of the crystalline standard are listed in Table II. factors are plotted as functions of temperature in Fig),3

The nature of disorder in amorphous compound semicon3(b), and 3c), respectively. Error bars were determined by
ductors is more complex than in their elemental counterpartstandard methods. For the as-implanted sample, we note
given the potential presence of chemical disorder manifestethe In environment remains approximately fourfold coordi-

creases with annealing temperature. We note the presence
a second nearest-neighbor contribution after annealing

IIl. DATA ANALYSIS

IV. RESULTS AND DISCUSSION
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FIG. 2. (a) Filtered (back-transformed EXAFS spectra as a emperature (*C)

function of photoelectron momentum for the as-implanted sample. |G, 3. Structural parameters as a function of annealing tem-
(b) Magnitude of the Fourier transforms for the first coordination perature including coordination numbegs, bond lengthgb), and

;hell as a function of non-phase-corrected .radial distance for appepye-Waller factorsc). The dotted lines are a guide to the view-
implanted and anneale@00 °Q samples. Thick-dashed lines are er's eye. The shaded area indicates the presence of crystallites in the
the experimental data, solid lines are the fitting results, and thingnnealed samples.

dashed and dotted lines are the contributions due to In-In and In-P

bonds. Black and gray Iings correspond to the as-implanted and The results presented above for the as-implanted sample
annealed samples, respectively. unequivocally demonstrate the presence of In-In bonds in
amorphous InP. Homopolar bonds have been reported in pre-
nated with an average of 3t®.3 neighbors comprised of vious EXAFS experiments that characterized the structure of
3.2+0.2 P atoms and 0:70.1 In atoms. Given the trivalence amorphous InP prepared by flash evapordtioand
of In, O'Reilly et al. suggested threefold coordinated atomsdeposition” However, the samples investigated were highly
are the most common structural defect in amorphous-inP, nonstoichiometric with an excess of P atoms. The proportion
potentially yielding undercoordination<4 atoms. In con-  Of wrong bonds was reported to be between 10% and 40%,
trast, Lewiset al. anticipated the over coordination of In at- @S a result, the origin of the homopolar bonding was not
oms (3.91 P atoms and 0.34 In atoms surrounding each Iif/éar. Flanket al.” have suggested that the system partly
atom.?2 The experimental uncertainty associated with thePhase separatedue to clustering of excess P atomehile
results presented herein impedes our ability to unambigul_Jdron et al. indicated that P is more or less uniformly dis-

ously identify an under or overcoordinated In environment tributed in the samples, but suggested that wrong bonds were

Relative to the polycrystalline standard, the In-P bond Iengtrgue to local composition fluctuations rather than the presence

. . of topological defects.
imd Igefgg;/Waller factt_orlln tthhe almt(t)rphous .p?aste |r.1tchrease_ tjy Phase separation or local compositional quctuatiqns are
and 2O, respectively, the 1atier consistent with an in unlikely causes of the presence of homopolar bonding re-
crease in static disordéwe have reported similar observa- ported herein. First, recall that the amorphous samples were
tions for amorphous GaARef. 5 and InAs(Ref. 23]. An 544y ced by ion implantation into stoichiometric polycrys-
increase in the In-P bond length is expected given the shapg)jine InP. Secondly, the In-In bond lengths are consistent
of the interatomic potential near the equilibrium distance anqyith covalent bonds between In atoms. If small metallic In
reflects the means by which the amorphous network accontjysters were present, we would have expected to observe
modates the elastic deformation due to the presence of strugynger metallic In-In bond$~3.2 A). Thirdly, additional ex-
tural and chemical disorder. Calculations by Leweal, periments indicate the as-implanted structure of amorphous
predict the In-P bond length in amorphous InP should in-nP is independent of the total implanted ion dose over more
crease by 2%, relative to the crystalline ph&si qualita- than two orders of magnitude above the amorphization
tive agreement with our results. Finally, the In-In bondthreshold, with no observable variation in the number of
length is 2.76 A, consistent with that expected from the Inin-In bonds?® The latter result indicates that an 18% In-In
covalent radiug1.4 A).2* bonding fraction is intrinsic to the as-implanted amorphous

115204-4



DIRECT EVIDENCE OF DEFECT ANNIHILATION . .. PHYSICAL REVIEW B68, 115204 (2003

1.2 L

phase of InP and does not stem from extrinsic effects such as
phase separation or local compositional fluctuatfons.

Upon annealing, a clear reduction in the In-P and In-In
bond lengths, as well as changes in the Debye-Waller factor
associated with In-P bonds are observed, consistent with a
thermally induced reduction in static disorder. The number of
homopolar(heteropolarbonds decreasdmcreasey as con-
sistent with a thermally induced reduction in chemical disor-
der. At 200 °C, In-In homopolar bonding is reduced by 20%
relative to the as-implanted sample.

Should the In-In Debye-Waller Factor decrease in a man-

ner similar to that observed for In-P bonding, the reduction in 4 6 8 10 12 14

In-In bonding would begreaterthan that quoted in Fig. 3. k@AY

Therefore, we note that having constrained the Debye-Waller

factor associated with In-In bonding, 20% is thus thini- FIG. 4. Phase differenc@®=d(k)—®4(k) between the

mumrelative change in the In-In coordination number result-Phase of the filtered EXAFS for the polycrystalline standard
ing from structural relaxation. Finally, we also note the struc ®c(k)] and the annealed samplp®,(k)], as a function of the
tural parameters after annealing at 270°C are the sanfdotoelectron momenturk
(within error barg as those for the polycrystalline reference
(see Table ), i.e., the sample has recrystallized. 2(a), the filtered EXAFS corresponding to In-P and In-In
Figure 3 establishes two important facts. First, structurabonds have comparable amplitudes in theange above
relaxation of amorphous InP proceeds via the reduction o0 A ~1. At lesserk values, the filtered EXAFS is dominated
both chemical and static disorder associated with homopolasy the In-P contribution. We also note that the In-P and In-In
and heteropolar bonding, respectively. The reduction in theontributions are out of phase t7.0 A~ Given In-In
In-In bonding fraction identifies defect annihilation in the bonds are absent in the polycrystalline standard, the annihi-
amorphous phase. Second, despite the observed reductionlation of In-In bonds during structural relaxation of amor-
chemical disorder, the fully relax¢@00 °C annealingamor- ~ phous InP should yield the greatest change in the phase dif-
phous structureretains a significant homo-polar bonding ference(Fig. 4) at k values around 7 and above 107A.
fraction (15%) as consistent with the calculations of Lewis Such changes are readily apparent and progressively increase
et al?* Equivalently, homopolar bonding isitrinsic to the ~ with annealing temperature. This analysis in conjunction
amorphous phase. with the Fourier-transformed spectra and the structural pa-
The changes in the structural parameters due to annealinggmeters presented in Fig(k? and 3a)—3(c), respectively,
as presented in Fig. 3, are subtle. As noted previously, weemonstrate the removal of homopolar bonds during the
minimized experimental error by utilizing the same samplethermally induced structural relaxation of amorphous InP. To
for all measurements of the amorphous-phase structure armir knowledge, this represents the first identification of a
fixed as many free parameters as possible during structurapecific defect annihilation mechanism associated with the
refinement. Nonetheless, the validity of our observations carelaxation process. Although annihilation of point defects
be confirmed by a model-independent means. Specificallsuch as undercoordinated and overcoordinated atoms are
by analysis of the phase differendeb=® .~ ®, between possibly operative during structural relaxation, the identifica-
the filtered, back-transformed EXAFS for polycrystalline tion of annihilation of the latter point defects is impeded by
(d.) and annealed sample${) as a function of photoelec- the error bars associated with coordination numbers, listed in
tron momentunk. Figure 4 shows such a plot for the given Table II.
annealing conditions. A fully recrystallized sample with The presence of homopolar bonds suggests odd-
structural parameters identical to that of the first nearestmembered rings exist in the topology of the amorphous
neighbor of the polycrystalline standard would yield a phaseghase. Although their presence cannot be proven directly
difference of zero over the entikerange examined. Clearly, from our data, the connection between wrong bonds and
the phase difference decreases over the ektiemnge as the odd-membered rings in amorphous InP is supported by the
annealing temperature increases and the sample becomeaculations of Lewiset al, which predict a significant frac-
more “crystalline-like.” Similar trends are apparent in plots tion of five- and seven-membered ririgsThe latter are the
of the logarithm of the ratio of the amplitudes of the filtered most frequent in the topolog¢4.37 per atorhfollowed by
EXAFS for polycrystalline and amorphous samples, as dhe crystalline-type six-membered ring8.35 per atomn??
function ofk? (not shown. These systematic changes in the Five-, four-, and three-membered rings are also present, but
phase difference and amplitude ratio confirm our ability toin lesser amount$<0.5 per atom?®? Based on the calcula-
identify the subtle annealing-induced changes in the structions by Lewis, we speculate the reduction of homopolar
tural parameters presented above. Although changes in borbnding demonstrated in the present experiment is consistent
lengths, Debye-Waller factors and coordination numbers ocwith a reduction in the numbers of five- and seven-
cur concomitantly during thermal annealing, Fig. 4 can bemembered rings.
utilized as model-independent evidence of homopolar bond Raman scattering and EXABE-'?have been previously
annihilation during structural relaxation, as follows. In Fig. utilized to characterize structural relaxation in amorphous Si
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and Ge. A concomitant reduction in bond length and width ofabove. This is a reasonable number given the present data
the bond-length and bond-angle distributions was reportedndicates a comparable number of In-In bor@s7 per In
The relaxation of amorphous elemental Si and Ge thus preatom. The above discussion highlights the importance of a
sents several similarities to the relaxation of the amorphoudetailed structural characterization of the atomic environ-
compound semiconductor InP. Concomitant to a reduction iment surrounding P atoms in amorphous InP. Such experi-
homopolar bonding, we observe a reduction in bond lengtiments are underway.
and Debye-Waller factor associated with heteropolar bond-
ing. For compound semiconductors, heteropolar bonding is
characteristic of the crystalline phase. During structural re-
laxation of the amorphous phase, the reduction in disorder In summary, we have demonstrated that structural relax-
associated with the “crystalline-type” bonding is thus com- ation of amorphous InP proceeds via the reduction of both
mon to both compound and elemental semiconductors. Thishemical and structural disorder. We have also shown that
reduction in structural disorder yields a decrease in residuahe fully relaxed amorphous-phase structure of InP retains
strain or elastic energy while reduction in chemical disordethomopolar bonding confirming that chemical disorder is not
yields a decrease in both elastic and Coulombic energy, the preparation-specific artifact, being intrinsic to the
latter due to partial ionic character of the bonding in InP. minimum-energy structure of amorphous compound semi-
Cliche et al. have shown as-implanted amorphous InP isconductors. Furthermore, our quantitative measurements of
0.5% denser than the crystalline pha$e® Lewis et al?>  the extent of homopolar bonding were consistent with recent,
suggested the overcoordination of both In and P environfirst-principles calculations.
ments could be a potential cause for a denser amorphous
phase. As we have discussed above, the data presented herein
cannot unambiguously identify whether the In environment
is undercoordinated or overcoordinated. At first glance, the G.M.A. acknowledges the Brazilian agency CN{&pn-
presence of In-In bondavhich are longer than In-P bornids selho Nacional de Desenvolvimento Cidico e Tecno-
suggests a less dense amorphous phase. Neverthelesslogico) for financial support. G.M.A., M.C.R., and G.J.F.
simple calculation shows that our data can be consistent wittvere supported by the Australian Synchrotron Research Pro-
that of Cliche et al. Our results clearly indicate covalent gram, which is funded by the Commonwealth of Australia
In-In bonds are present in the amorphous InP. It is thus rearia the Major National Research Facilities Program. K.M.Y.
sonable to assume P-P borfdsith bond length of 2.2 A was supported by the Office of Science, Office of Basic En-
(Ref. 24] also exist in the amorphous network. With this ergy Science, Division of Materials Sciences and Engineer-
assumption and the structural parameters listed in Table Il foing, of the US Department of Energy under Contract No.
the as-implanted InP sample, it is trivial to show that a 0.5%DE-AC03-76SF00098. The Stanford Synchrotron Radiation
denser amorphous phase requires the presence of 0.85 R-Bboratory is supported by the Office of Basic Energy Sci-
bonds per P atonfwith the 3.2 In-P bonds per P atom as ences of the US Department of Energy.

V. CONCLUSIONS
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