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The perturbed angular correlatiofPAC) techniqgue has been used to characterize the
implantation-induced crystalline-to-amorphous transformation in InP. Radiod&timgorobes were

first introduced in InP substrates which were then irradiated with Ge ions over an ion-dose range
extending 2 orders of magnitude beyond that required for amorphization. Crystalline, disordered and
amorphous probe environments were subsequently identified with PAC. The dose dependence of the
relative fractions of the individual probe environments were determined, a direct amorphization
process consistent with the overlap model was quantified and evidence for a second amorphization
process via the overlap of disordered regions was observed. Given the ability to differentiate
disordered and amorphous probe environments, a greater effective resolution was achieved with the
PAC technique compared with other common analytical methodologies1999 American
Institute of Physicg.S0003-695(99)02639-X]

lon implantation has multiple applications in InP-basedhave been identified and hence, a greater effective resolution
device fabrication and thus, a further understanding ofvas attainable with PAC relative to the alternative analytical

irradiation-induced disorder production is of both scientific methodologies listed above. . _
and technological significance. In previous studies, the In general, PAC is sensitive to the local atomic environ-
crystalline-to-amorphous  transformation has been exterinent about a radioactive probe atom through the interaction

sively characterized with Rutherford backscattering spect9f the probe nuclear quadrupole moment of an intermediate

rometry/channelingRBS/Q* and the influences of ion mass, nuclear state and the local 'electrlc field gradidzC) pro-
. . . . duced by the substrate lattice. As a consequence of this in-
ion dose, ion-dose rate and implantation temperature h

) , Araction, the angular correlation of the twaays associated
been well established. A variety of models for the amor-yit, he intermediate state is altered, yielding a modulation
phization process have been propdsé@nd RBS/C mea- of the spectrum dependent on the time spent in the interme-
surements of the relative concentrationdi$placedlattice  diate state. Deviations from cubic lattice symmetry due to
atoms have commonly been used to validate such theoreticihplantation-induced disorder result in an EFG and hence,
predictions. Note however that the displaced-lattice-atomPAC can yield information on defects in close proximity to
calculation includes point defects, defect complexes andhe probe and displacements of the probe relative to an un-
amorphous clusters and thus, necessarily overestimates tRerturbed location. Although PAC has been utilized previ-
amorphousfraction. Other methodologies such as opticaloUsly to characterize defects and/or dopant activation in

absorptioh similarly measure the superposition of defect €ompound semiconductotshe radioactive probe was typi-

configurations. For the present report, the crystalline—to—fzmally an 'Z’l’.'frgpljaer;gec(:'m?_'u;g’n ag:i tooggmp‘allz);a ‘.’Zgh
amorphous transformation in ion-implanted InP has been purity-specifi ecls. rierein, probe wasagdice

. . constituent in a cubic environment prior to ion irradiation
characterized with the perturbed angular correlatiBAC)

) _ and as a consequence, represents a unique application of the
techniqué® Measurements have been compared with theoretp o technique to characteriztattice disorder in ion-

ical models and correlated with RBS/C and transmissioqmmamed InP.

electron microscopy results. As demonstrated below, mul-  Radioactive *in probes were introduced in semi-
tiple atomic-scale environments of an interacting probe atonmsulating InP substrates dfl00) orientation by a direct-
production/recoil-implantation methodology as shown sche-
aAuthor to whom correspondence should be addressed. matically in Fig. 1 and described in Ref. 10. A Rh foil of
Electronic mail: mer109@rsphysse.anu.edu.au thickness~2.5 um was irradiated witht?C ions of energy
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FIG. 1. Schematic diagram of the direct-production/recoil-implantation
methodology. ! ‘ | L'
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69 MeV and in isotopes were produced via the

103Rh(*2C,p3n)tisn and®Rh(*2C,4n)1ISh reactions. The FIG. 2. Ratio functions for Ge-implanted InP samples as a function of ion

calculated angular distributions of the recoiled and transmitdese; Numbers on the figure indicate the total Ge dose in units of 1
104 e,

ted reaction products were significantly broader than that of<

the scattered and transmitt&C ions!! InP substrates were

thus positioned behind the Rh foil and offset from the inci-observedR(t) time dependence was consistent with the pres-

dent ion-beam direction such that60% of the recoiled and ence of a nonunique EFG or equivalently, multiple perturba-

transmitted reaction products were implanted in the substraféve sources. However, two distinct frequency distributions

(with an average energy of 4 M@While the introduction of ~ (assumed Lorentzianwith mean frequencies»; and w,

12C was negligible. For the geometrical conditions utilized(15.4=0.3 and 197.3 2.2 MHz, respectivelyand widthss;

herein, the radioactive probe concentration within the InFand 8, (24.2-0.6 and 69.8:2.0 MHz, respectively were

substrates was approximately uniform over depths ofpparent following Fourier transformation. Accordingly, the

~0.5-2.0um. An 800°C/10 s rapid thermal annealing PAC spectra were analyzed with a two-fraction perturbation

cycle, with proximity capping and an Nambient, was then function of the form:

utilized to remove recoil-implantation-induced disorder and _

ensure the*in probes occupied substitutional lattice posi- Gaol) =11God 01, 1) +12Gz w2, ), @

tions. The'*!in areal concentration was 1.3x 10'%cn®. wheref,+f,=1 and the implanted*in probes were thus

Radioactive InP substrates were then implanted at terfbongdered to occupy one of two possible environments—
peratures of~—196 °C with "“Ge ions, utilizing a multiple  disordered {,) or amorphous f,).}2 For doses <2
energy (1.0, 2.0, 3.5, and 6.8 MeV multiple dose(2.0  x10'%cn?, a third componenf, equivalent to an unper-
X10M, 2.7x10%, 4.0x10", and 1.%10"cn? and mul-  turbed site was also incorporated. In contrast, only a single
tiples thereof implantation sequence, to produce a nearcomponent equivalent to an amorphous environmeit (
constant distribution of energy deposited in vacancy produc=1) was necessary for ion doses greater than that required
tion over depths of~0.2-2.5 um.** PAC measurements for amorphization {-49x10*¥cr?) as confirmed from
were then performed at room temperature utilizing a coplaRBS/C measurement@ot shown. As anticipated, greater
nar array of four conically shaped Badetectors with a time  values of bothw and & were observed for a probe in an
resolution of ~550 ps, sufficient for measuring transition amorphous environment relative to that on a lesser perturbed
frequencies 0f<1000 MHz. Samples were positioned per- site. Comparable numbers have been reported for the former
pendicular to the detector plane and at 45° with respect to thg, other amorphous materiaf$.
detectors. The ratio functioR(t), or equivalently, the prod- Figure 3 shows themorphousfraction f, determined
uct of the perturbation functiopG,,(t) ] and effective an-  from PAC measurements as a function of ion dose including

isotropy coefficient AS), was determined from delayed co- ¢ comparisons with the overlap moééhwherein
incidence spectra collected over~&l0 h period. Given the

presence of nonunique EFGs as discussed below, subsequent o ‘ AD

analysis was performed assuming a polycrystalline material. fo= 1_20 [(AD)"/k!]e "7, 2

The validity of this assumption was confirmed given the

R(t) spectra converged asymptotically to the hardcore valugvhere A is the area damaged by a single idh,is the ion

of a powder sourc@. dose, andm is the number of overlaps required for amor-
Figure 2 showdR(t) spectra of implanted InP as a func- phization. For the implantation conditions utilized herein,

tion of total ion dose. Note that the unimplanted sampleamorphization evidently proceeded directly from individual

spectrum exhibited no time dependence, indicative of theollision cascades or equivalently, the overlap of disordered

lack of recoil-implantation-induced disorder over the extentregions was not required. A value of (48.2)x10 14

of the *4n probe distribution. In contrast, a dose-dependentn? was calculated foA, the area amorphized at the cascade

rise time was apparent in the implanted sample spectraore. In recent RBS/C measuremehtd, values reported

which converged at the hard-core value ©f~0.019 for therein for an ion of comparable ma$® exceeded those of

times in excess 0f-300 ns(for doses>2x10'%Ycn?). The  the present study by a factor 6f2.6 as potentially attribut-
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"""""""""""" amorphization. While no significant differences were ob-
served in theR(t) spectra, an ion-dose dependence for the
amorphous-phase structure cannot be discounted given the
amorphous environment identified with PAC was potentially
representative of the superposition of the multiple, theoreti-
cally predicted interatomic configurations. Subtle, dose-
dependent changes in the relative fractions of such configu-
rations may not be resolvable with this technique.

In conclusion, a methodology for the production and in-
troduction of radioactive'*in probes was developed and
thereafter, the crystalline-to-amorphous transformation in
ion-implanted InP was characterized with PAC. Crystalline,
oM™ v v disordered, and amorphous environments of the radioactive

0 10 . 20 Lot2 0 40 50 probe have been identified and thus, a greater effective reso-
ose (107/cm?) lution was achieved with PAC compared with other common
FIG. 3. Amorphous fraction determined with PAC for Ge-implanted InP analytical techniques. The dose dependence of the relative
samples as a function of ion dose. fractions of the individual probe environments were deter-
mined, a direct amorphization process consistent with the

able to the previously described overestimation of the amo overlap model was quantified and for the dose range ap-

phous fraction inherent with the RBS/C technique proaching the amorphization threshold, evidence of a second

From Fig. 3, a second possible amorphization mechaz_amorphlzatlon process via the overlap of disordered regions

nism was identified for the dose range~30x 10'%cn?. has been observed.
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