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Ion-dose-dependent microstructure in amorphous Ge
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Implantation-induced, microstructural modifications including increased bond length and non-Gaussian
static disorder have been measured in amorphous Ge using extended x-ray absorption fine-structure spectros-
copy. The evolution of theamorphous phaseinteratomic distance distribution as functions of ion dose and
implant temperature demonstrates the influence of implantation conditions onamorphous phasestructure.
Results are attributed to increased fractions of three- and fivefold coordinated atoms as a means of accommo-
dating implantation-induced point defects.
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Implantation-induced structural changes in semicondu
substrates can include the crystalline-to-amorphous1 and
continuous-to-porous2 transformations at low (;1014/cm2)
and high (*1016/cm2) ion doses, respectively. Though su
phenomena have been previously investigated, the ato
scale structure of theamorphous phaseformed by ion im-
plantation has not been determined in detail nor has the
tential influence of the implant conditions on such struct
been considered. Herein, we demonstrate that the micros
ture of the semiconductor Ge evolves, in theamorphous
phase, as functions of both ion dose and implant tempe
ture. The four moments of the amorphous-Ge interato
distance distribution have been determined using exten
x-ray absorption fine-structure spectroscopy~EXAFS! and
unambiguously show the presence of implant-conditi
dependent non-Gaussian static disorder.

EXAFS is a proven technique for the measurement of
structural parameters of disordered materials such as a
phous semiconductors.3 Of the latter, amorphous Ge ha
been studied extensively, though conflicting experimental
sults have been reported due to differences in both d
analysis and sample fabrication methodologies.4 For ex-
ample, thoughcrystallineGe can be correctly analyzed wit
the standard EXAFS formalism that assumes a Gaussian
tribution of interatomic distances, anharmonicity in the fo
of non-Gaussian static disorder inamorphousGe can require
a model-independent approach to avoid significant error
analysis.5 Similarly, with a common analytica
methodology,4 different results have been reported f
samples fabricated by sputtering and evaporation. For
present report, the structural parameters of amorphous
PRB 610163-1829/2000/61~19!/12586~4!/$15.00
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formed by ion implantation were determined using t
model-independent cumulant method.6 This means of analy-
sis is based on the expansion of the EXAFS amplitudes
phases as a moment series of the interatomic distance d
bution and is appropriate for the amorphous-Ge mater
system with low to moderate anharmonic disorder.4

As demonstrated previously, ion implantation is an effe
tive methodology for the fabrication of amorphous semico
ductor EXAFS samples.7 For the present report, a crystallin
Ge layer of thickness;2 mm was deposited by molecula
beam epitaxy at 600 °C on a Si-on-insulator heterostruc
@Si~0.2mm!/SiO2~0.4mm!/Si~substrate!#. Samples were an
nealed bothin situ and ex situ to fully relax the epitaxial
layer. The lattice-mismatched Ge layer was then mas
with Apezion black wax and detached, with the Si layer
thickness 0.2mm, from the Si substrate by selective chemic
etching of the SiO2 layer in HF:H2O ~1:2! solution. Utilizing
the black wax for structural stability and C dag for electric
and thermal conductivity, the thin Ge layer was then am
phized with a multiple-energy, multiple-dose Ge-io
implantation sequence.~For the given ion energy and dos
combinations,8 the nuclear energy deposition density was a
proximately constant over the extent of the Ge laye!
Samples were implanted at both2196 and 21 °C~63 °C!
with an ion-dose range extending approximately two ord
of magnitude beyond that required for amorphizati
(;1014/cm2). The amorphous-Ge films were then ground
a fine powder,9 evenly dispersed in a BN binder, and press
into an Al support between Kapton films such thatmx;1,
wherem is the x-ray attenuation coefficient andx is the ef-
fective Ge sample thickness.~A crystalline reference sampl
12 586 ©2000 The American Physical Society
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was fabricated in an identical manner excluding ion impla
tation.!

Transmission EXAFS measurements at the GeK edge
were performed on unoxidized samples at a temperatur
12 K at the Stanford Synchrotron Radiation Laborato
~beamlines 2-3 and 4-3! and the Photon Factory, Japa
~beamline 20-B!. EXAFS data were extracted from the a
sorption spectra in a conventional manner and for spec
comparison, a common energy origin (E0) and reference
~the absorption-spectra first-derivative maximum! were uti-
lized to align the absorption edges within 0.1 eV. T
k3-weighted EXAFS~wherek is the photoelectron momen
tum! was then Fourier transformed over ak range of 2–16
Å21.

Figures 1~a! and 1~b! show EXAFS and Fourier-
transformed spectra, respectively, for both crystalline a
amorphous samples. For the crystalline sample of Fig. 1~a!,
the complicated EXAFS spectrum resulted from the sup
position of the scattering contributions from multiple atom
shells. In the corresponding Fourier-transformed spectrum
Fig. 1~b!, first, second, and third nearest neighbors w
readily apparent. In contrast, the single-frequency EXA
spectrum of the amorphous sample was characteristic of s
tering from a single shell, and thus only contributions fro
the nearest neighbors were resolvable in the Four
transformed spectrum. Beyond the first shell, disord
induced broadening of the interatomic distance distribut
was sufficient to damp out scattering contributions fro

FIG. 1. ~a! EXAFS and~b! Fourier-transformed spectra compa
ing crystalline and amorphized Ge.
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next-nearest neighbors.@Note that the EXAFS amplitude fo
a given shell is proportional to exp(22s2k2) and the damping
due to disorder results from the disorder-induced increas
the Debye-Waller factor (s2) value.#

Back-transformed spectra were then calculated using
r-space window over the range 1.73–2.63 Å to extract
separate first-shell amplitude and phase functions requ
for the cumulant expansion. Following Dalbaet al.,4 the co-
ordination number of the amorphized sample (Ns) and the
first four relative cumulants~DCi , whereDCi5Ci s

2Ci r
! of

theeffectiveinteratomic distance distribution were calculat
from a comparison of the amplitude and phase of an am
phized sample~s! to that of the crystalline reference~r! over
thek range 4–14 Å21. ~Specifically,Ns , DC2 , andDC4 are
determined from the logarithm of the amplitude ratio whi
DC1 and DC3 are determined from the phase difference4!
The coordination number (Nr) and bond length (C1r

) of the
crystalline reference were set equal to four atoms and
x-ray diffraction standard of 2.4496 Å, respectively. Abs
lute values of the amorphous-sample cumulants were
tained by addingDCi to the absolute values of th
crystalline-reference cumulants, the latter determined ass
ing a Gaussian interatomic distance distribution. A value
0.001860.0003 Å2 was determined forC2r

using theXFIT

code10 and errors were calculated by varyingE0 and the
windowing conditions over an experimentally meaning
range.

The real @p(r )# and effective@P(r ,l)# interatomic dis-
tance distributions with cumulantsCi s

* andCi s
respectively,

are such that

P~r ,l!5p~r !@exp~22r /l!#/r 2, ~1!

with Ci s
;Ci s

* for i>2.11 The average position of the rea

distributionC1s
* was calculated following Ref. 12 wherein

k-independent photoelectron mean free path~l! of 8 Å was
assumed.

Figures 2~a! and 2~b! show examples of the ion-dose an
implant-temperature dependence of the structural parame
of amorphized Ge. For an implant temperature of2196 °C,
the bond lengthC1s

* progressively increased as a function

ion dose with a significantly lesser change apparent
samples implanted at 21 °C@Fig. 2~a!#. In contrast, the
Debye-Waller factorC2s

* ~not shown! exhibited no ion-dose

or implant-temperature dependence within experimental
ror. For all amorphized samples, the experimentalC1s

* and

C2s
* values~>2.45860.002 Å and>0.002860.0005 Å2, re-

spectively! exceeded those of the crystalline referen
~2.4496 Å and 0.001860.0003 Å2, respectively!. In general,
increased values of both bond length and Debye-Waller
tor, the latter consistent with the presence of structural d
order, have been reported for amorphous Ge independe
the preparation technique.4

The presence of anharmonicity was manifested by n
zero values of the cumulantsC3s

* and C4s
* which measured,

respectively, asymmetric and symmetric deviations of the
teratomic distance distribution from Gaussian behav
From Fig. 2~b!, a progressive increase ofC3s

* value as a
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function of ion dose was observed for an implant tempe
ture of2196 °C. As above, a lesser change was apparen
samples implanted at 21 °C.C4s

* values~not shown! exhib-

ited comparable behavior. For the crystalline referen
~where a Gaussian interatomic distance distribution was
sumed!, C3r

* 5C4r
* 50. In previously published reports, th

presence and extent of anharmonicity in amorphous Ge
specific to the fabrication methodology.4

In contrast to the results presented above, the first-s
coordination numberNs was, within experimental error, ion
dose independentwith measured values of 3.8260.2 and
3.9460.2 atoms for implant temperatures of2196 and
21 °C, respectively. Such values did not differ from those
the crystalline reference~four atoms! and, though represen
tative of the superposition of all interatomic configuration
were consistent with the general retention of tetrahedral
ordination in the local atomic environment as previously
ported for amorphous Ge prepared with differe
techniques.4

Figure 3 shows the real distribution of interatomic d
tances for a pair of nearest-neighbor atoms in amorphous
as a function of ion dose.~The implant temperature wa
2196 °C and for clarity, only the spectra for the two do
extrema have been included.! For the lowest-dose-sampl
spectrum only, the deviation from a Gaussian distribut
was insignificant and as a consequence, analysis with e
the standard formalism or cumulant method yielded eq

FIG. 2. ~a! Nearest-neighbor bond lengthC1s
* and~b! asymmet-

ric anharmonicityC3s
* as functions of ion dose and implant temper

ture.
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structural parameter values. In contrast, note the asymm
in the high-dose-sample spectrum or equivalently, the
creased proportion of bond lengths greater than the m
probable value.

We suggest the observed trends in structural evolu
presented in Figs. 2 and 3 were consistent with
implantation-induced increase in the fraction of defect
atomic configurations. Ab initio molecular-dynamics
calculations12 predict that amorphous Ge is comprised
three-, four-, and fivefold coordinated atoms. Similar co
centrations of the two defective configurations~5% and 11%
for three- and fivefold coordinated atoms, respectively! result
in an average theoretical coordination number of 4.05 ato
where the three- and five-fold coordinated atom bond leng
~2.52 and 2.57 Å, respectively! exceed the value for the te
tragonal site~2.47 Å!. An ion-dose-dependentincrease in the
fractions of the two defective configurations should th
yield an increase in average bond length and anharmon
parameter values~including an increased proportion of bon
lengths exceeding the most probable value! yet produce an
ion-dose-independent coordination number as measure
herein.13 Also, the lesser change in all structural parame
values measured for samples implanted at 21 °C was con
tent with increased defect mobility and dynamic anneal
relative to a temperature of2196 °C.

Implantation-induced porosity in Ge substrates has b
attributed to the nucleation and growth of voidlike caviti
via vacancy clustering.2 Though readily induced at room
temperature with ion doses of*1016/cm2, the onset of po-
rosity has not been observed at2196 °C.14 At this lower
temperature, we suggest the implantation-induced Fren
pair components—vacancy- and interstitial-like defectsin
the amorphous phase—that do not recombine may preferen
tially be accommodated via three- and fivefold coordina
atoms, respectively. The production and retention of s
defects in the bulk yields the ion-dose-dependent change
structural parameter values determined herein using EXA
@Note that structural changes were evident using EXAFS
ion doses (*1014/cm2) significantly less than that require
to observe porosity using transmission electron microsc
(*1016/cm2).2# In contrast, implantation-enhanced defe
mobility at 21 °C is evidently sufficient to initiate porosity.14

FIG. 3. Real interatomic distance distribution for a pair
nearest-neighbor atoms as a function of ion dose for an imp
temperature of2196 °C.
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At this higher temperature, we further suggest that
vacancy- and interstitial-like defects that do not recomb
may, respectively, preferentially diffuse to voidlike sinks a
self-anneal through bond rearrangements with nea
neighbors.15 A reduced fraction of defects was thus retain
within the bulk, and, accordingly the change in all structu
parameter values was less relative to samples implante
2196 °C.

Additional evidence for an ion-dose-dependent fraction
defective configurations in amorphous Ge was obtained f
Raman measurements.16 For samples implanted at2196 °C,
changes in the frequency and width of the TO-like band w
consistent with increased disordering of the amorph
structure as a function of ion dose. Thermal annealing
such defective configurations was also investigate
selected samples used in the present report were su
quently annealed at a temperature~200 °C! which was insuf-
ficient to induce recrystallization. Using EXAFS,17 structural
relaxation of amorphous Ge was readily apparent throug
reduction in bond length and asymmetry to a common i
dose-independent, minimum-energy configuration.18 These
observations were consistent with a reduction in the frac
of defective configurations.

In conclusion, EXAFS has been used to characte
implantation-induced, microstructural modifications inamor-
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phousGe. Increases in bond length and anharmonicity w
observed without a change in coordination number. The
teratomic distance distribution ofamorphousGe was shown
to evolve as functions of both ion dose and implant tempe
ture, demonstrating the influence of implantation conditio
on amorphous phasestructure. For an implant temperature
2196 °C, we suggest the structural modifications resul
from an implantation-induced increase in the three- and fi
fold coordinated atom fractions and represented a mec
nism of accommodating vacancy- and interstitial-like defe
within the amorphous phase. For an implant temperature
21 °C, the structural evolution was less as attributed t
reduced fraction of point defects retained within the bulk
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