
ance

PHYSICAL REVIEW B, VOLUME 63, 073204
Structural-relaxation-induced bond length and bond angle changes in amorphized Ge
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Low-temperature structural relaxation in amorphized Ge has been characterized by extended x-ray-
absorption fine-structure spectroscopy and Raman spectroscopy. A relaxation-temperature-dependent decrease
in the mean value and asymmetry of the interatomic distance distribution has been shown to accompany the
well-documented reduction in bond angle distribution. While the initial, as-implanted state of amorphous Ge
was ion-dosedependent, relaxation at 200 °C yielded a common ion-dose-independentinteratomic distance
distribution. The heat release upon structural relaxation due to reductions in both bond length and bond angle
distortion was calculated separately and the former exhibited an ion-dose dependence. The results provide
compelling support for the defect annihilation model of structural relaxation and imply that the heat release
upon structural relaxation should be implant-condition dependent.
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Amorphous semiconductors have stimulated great inte
during the past century yet a definitive microscopic und
standing of these materials is still lacking. For examp
though preparation conditions and thermal history influe
the structure of an amorphous semiconductor, the atom
scale nature of such structural differences has not been
cidated. Conceptually, the minimum-energy configuration
the amorphous state is a fully coordinated, continuous r
dom network1 ~CRN! while the preparation-specific struc
tural fluctuations described above are considered hig
energy variants, potentially containing defects, impuriti
and/or voids. Structural relaxation is necessary to attain
minimum-energy configuration, as potentially mediated
thermally-induced topological reorganization and/or def
annealing and accompanied by changes in the vibratio
structural, and thermodynamic properties. Structural re
ation has been observed in the amorphous semicondu
Si,2,3 Ge,3,4 and InP~Ref. 5! and was first considered a reo
ganization of the matrix to minimize bond angle strain a
thus, the free energy of the amorphous network.6,7 An alter-
native interpretation suggested that relaxation is a local p
nomenon, attributable to pointlike defect annihilation in t
amorphous phase.2 This view is supported by a recent the
retical study;8 however, others have suggested that structu
relaxation is a more diverse process, potentially involv
many different mechanisms.9 The use of a variety of differ-
ent computational frameworks in theoretical studies and
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lack of microstructural data from experimental studies th
necessitates further, refined investigation.

In amorphous Ge~a-Ge!, structural relaxation has bee
characterized with many techniques, including different
scanning calorimetry~DSC!,4 Raman spectroscopy,3 infrared
spectroscopy,10 x-ray diffraction,11 and extended x-ray-
absorption fine-structure spectroscopy~EXAFS!.12,13 Upon
relaxation, a heat release of;6 kJ/mol ~Ref. 4! ~or equiva-
lently, half of the crystallization enthalpy! was measured
with DSC, while Raman spectroscopy revealed
temperature-dependent reduction in the width of the bo
angle distribution.3 EXAFS experiments with sputtered12 and
ion-implanted13 samples demonstrated that structural rela
ation resulted in local reordering as manifested by a red
tion in the Debye-Waller factor (s2), or equivalently, the
mean-square relative displacement of the interatomic
tance distribution. In all previous studies, the influence of
initial, as-implantedstructure and the potential presence
non-Gaussian disorder on the extent of structural relaxa
have not been considered. Herein, we present high-resolu
EXAFS measurements complemented with Raman spec
copy data of the thermally-induced structural relaxation
a-Ge. We show that structural relaxation is manifested
reductions inboth the bond length and bond angle distrib
tions and calculate the heat release associated with
component. Furthermore, we show that the extent of str
tural relaxation ina-Ge produced by ion implantation is de
©2001 The American Physical Society04-1
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pendent on the extent of disorder in the as-implanted st
ture.

We have utilized the processing methodology descri
in Refs. 14 and 15 to prepare void-free, homogeneousa-Ge
films for transmission EXAFS measurements. Crystalline
layers deposited by molecular-beam epitaxy were am
phized with a multiple-energy Ge ion-implantation sequen
~1, 3, and 6.1 MeV! at 2196 °C. The ion doses were select
to yield a constant value of energy deposition in vacan
production16 ~EDVP! over the extent of the Ge layer~2 mm!.
Note that the given low-temperature implant conditions
not yield porous material as consistent with previo
reports.17 For the Raman measurements, bulk Ge waf
were implanted with 500-keV Ge ions with the ion dos
scaled to yield a similar value of EDVP as utilized f
EXAFS measurements. First-order Raman spectra were
tained in vacuum with a DILORZ-24 triple spectrometer by
excitation with the 514.5-nm line from an Ar-ion laser. A
nealing was performed for 1 h in a N2 ambient with a tem-
perature accuracy of65 °C. Transmission EXAFS measure
ments at the GeK edge were performed at 12 K o
beamlines 2-3 and 4-3 of the Stanford Synchrotron Radia
Laboratory and 20-B of the Photon Factory. Complete deta
of the data processing will be presented elsewhere;18 how-
ever, a brief summary follows herein. EXAFS data were
tracted from absorption spectra in the conventional mann19

utilizing the SPLINE code20 for the interactive background
subtraction. The relative energy-scale calibration w
achieved by aligning each absorption edge to within 0.1
The energy origin (E0) was set at the maximum of th
absorption-edge first derivative.21 As shown in Fig. 1, the
EXAFS data,k3 weighted~wherek is the photoelectron mo
mentum!, was Fourier transformed~FT! over the k range
2–18 Å21 using a 5% Hanning window. The back transfor
was calculated using anR-space 20% Hanning window in
the range 1.77–2.58 Å. The Fourier filtering process allow

FIG. 1. ~a! EXAFS and~b! Fourier-transformed spectra fora-Ge im-
planted with 1e16 Ge ions/cm2.
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a direct extraction of the separate amplitude@A(k)# and
phase@F(k)# of the first-shell data used in the cumula
expansion. Relative cumulants were determined by com
ing the EXAFS amplitudes and phases of the implan
samples (s) to a crystalline reference (r ) fitted over thek
range 4–16 Å21. Relative cumulantsDC1 andDC3 ~where
DCi5Cis2Cir) were obtained from a fit to the phase di
ference, whileDC4 and a constant containingDC2 andN
were obtained from a fit to the logarithm of the amplitu
ratio.21,22Absolute magnitudes of the sample cumulants w
calculated from absolute values of the reference cumula
the latter determined assuming a Gaussian interatomic
tance distribution (C35C450). The XFIT code,23 with
phase and amplitude functions calculated with FEFF4
yielded as r

2 value of 0.001860.0003 Å2. The Debye-Waller
factor for a-Ge, ss

2, was determined by addingDC2 to s r
2.

The crystalline nearest-neighbor bond length was set to
x-ray diffraction standard 2.4496 Å. The average interatom
distance fora-Ge and thereal interatomic distance distribu
tion were calculated following Dalba21 wherein a
k-independent photoelectron mean free path of 8 Å was
sumed. Errors were determined statistically by varyingE0
and the windowing conditions over an experimentally me
ingful range.

Shown in Fig. 2 are~a! the bond length (Rs), as functions
of both ion dose and annealing temperature, and~b! the
phase difference~DF! as a function of photoelectron mo
mentum. We previously reported implant-conditio
dependent changes in the structural parameters ofas-
implanted a-Ge ~Ref. 15! including increasedRs @Fig. 2~a!#
and C3 values as functions of ion dose. These trends w
attributed to increased disorder within the amorphous n
work as consistent with increased fractions of threefold- a

FIG. 2. ~a! Nearest-neighbor bond length (Rs) as functions of ion dose
and relaxation temperature and~b! phase difference~DF! for ~i! as-
implanted, 1.4e14 ions/cm2 and ~ii ! as-implanted, 1e16 ions/cm2 samples
relative to the crystalline Ge standard and~iii ! a relaxed, 1.4e14 ions/cm2

sample relative to an as-implanted, 1.4e14 ions/cm2 sample. Dotted lines
represent third-order odd polynomial best fits~see text!.
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fivefold-coordinated atoms—molecular-dynamics simu
tions suggest that the bond lengths of such defective confi
rations exceed those of fourfold-coordinated atoms.24 For re-
laxed a-Ge, thermal annealing at a temperature of 200
yielded a common bond length value of 2.45960.002 Å in-
dependent of the ion dose. Note that no change inRs (DRs
520.000760.001 Å) was observed upon relaxation of t
lowest dose sample, resulting in the near-zero slope of
phase difference relative to the as-implanted sample@Fig.
2~b!#. Similarly, no asymmetry in the interatomic distan
distribution was measurable in either the as-implanted or
laxed states, as evidenced by the linear phase difference
tive to the crystalline standard@Fig. 2~b!#. The interatomic
distance distribution of the lowest dose sample was t
Gaussian. In contrast, significant asymmetry was presen
the as-implanted, high dose sample as evidenced by thk3

curvature of the phase difference relative to the crystal
standard@Fig. 2~b!#. Such asymmetry in the as-implante
state was manifested by an increased proportion of b
lengths greater than the most probable value, yielding
increased bond length shown in Fig. 2~a!. Significant reduc-
tions in Rs @Fig. 2~a!#, s2 and C3 were observed upon re
laxation of the high dose sample (C3 decreased from 9.4 to
2.960.3e25 Å3).

Figure 3 shows the reconstructed interatomic distance
tribution for selected samples. Note the significant reduct
in asymmetry upon relaxation of the high dose sample
thereafter, the similarity of the distributions for the low dos
as-implanted and high dose, relaxed samples. For the
dose sample, the as-implanted and relaxed distributions w
indistinguishable. Within experimental error, no change fr
the fourfold coordination was measurable for the giv
annealing-temperature range studied.

The temperature-dependent structural changes obse
upon relaxation are consistent with the thermally-induced
duction of the threefold- and fivefold-coordinated atom fra
tions. Though others have previously used EXAFS to ch
acterize structural relaxation ina-Ge, neither an ion-dose
dependence nor the presence of non-Gaussian structura
order were considered. Therein,13 relaxation at a temperatur
of 200 °C was manifested solely by a reduction in the Deb
Waller factor with no measurable change in bond length~to
within ;0.01 Å! or bond angle distribution, the latter me
sured with Raman spectroscopy. Paesler also reporte
change in the Debye-Waller factor for relaxation at 400 °C12

The present report has demonstrated that structural relax

FIG. 3. Reconstructed interatomic distance distributions for
implanted and relaxed samples as a function of ion dose.
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was also accompanied by reductions in both bond length
non-Gaussian structural disorder, the extent of which w
dependent on theinitial, as-implantedstate ofa-Ge. Com-
pared with previous reports, we attribute the greater richn
of our results to improvements in the sample preparat
methodology, the experimental conditions~low-temperature
EXAFS in the transmission mode yielding a greater acc
sible k range!, and the analysis methodology~explicit treat-
ment of the non-Gaussian static disorder!.

Complementary Raman measurements of as-implan
a-Ge samples were consistent with the conclusions deri
from EXAFS measurements. Figure 4 shows the full width
half maximum~FWHM! of the TO-like band at 270 cm21

~GTO! as a function of ion dose. For the as-implant
samples, a decrease in peak frequency~not shown! and in-
crease inGTO as functions of ion dose were consistent w
increased disorder in the amorphous structure. Upon re
ation at a temperature of 200 °C, a reduction inGTO of ;4
cm21 was measured for selected samples, independent o
dose. Such a change was equivalent to a reduction in
bond angle distribution~DQ! of ;1.1°.25 Others have re-
ported comparableGTO values for as-implanted and relaxe
samples.3,26

The EXAFS and Raman measurements described in
present paper have shown that the thermally induced re
ation of a-Ge involved reductions inboth the bond length
and bond angle distributions. The stored relaxation entha
in both components can be estimated. From the EXA
measurements, the unrelaxed and relaxed interatomic
tance distributions were integrated27 with the potential-
energy formalism of Ding and Anderson.28 For the lowest
dose sample, the change in the bond length distribution
negligible and thus, there was negligible calculated heat
lease attributable to bond length distortion. In contrast,
the highest dose sample, the calculated stored relaxation
thalpy was;3.0 kJ/mol in bond length distortion upon an
nealing at 200 °C. From the Raman measurements, using
procedure of Tsu,26 the ion-dose-independent;1.1° change
in DQ yielded a stored relaxation enthalpy of;4.8 kJ/mol in
bond angle distortion.If the two components contributing t
relaxation were mutually exclusive and hence additive,
ion-dose-dependent total heat release upon relaxation
thus 4.8–7.8 kJ/mol, depending on the initial, as-implan

-
FIG. 4. FWHM of the Raman TO peak~GTO! as functions of ion dose

and relaxation temperature~200 °C!. Absolute errors are shown and th
relative changes measured on relaxation of the same samples are expe
tally valid. For comparison with Fig. 2, the abscissa must be multiplied
;3 to yield equivalent EDVP~see text!.
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BRIEF REPORTS PHYSICAL REVIEW B 63 073204
state ofa-Ge ~or equivalently, ion dose!. In previous mea-
surements, a total stored relaxation enthalpy of;6 kJ/mol
was measured with DSC upon annealing to 400 °C.4

The results presented above demonstrate the influenc
the initial, as-implanted structure on the extent of heat
lease during structural relaxation. The nonequilibrium nat
of the ion implantation process yielded the ion-dos
dependent increases in both the as-implanted bond le
and bond angle distributions as apparent from Figs. 2~b! and
4, respectively. Thereafter, structural relaxation was sho
to result from reductions in the distortion associated w
both parameters. Though the structural parameters meas
upon annealing at 200 °C were indicative of a ‘‘relaxed
state ofa-Ge, annealing at higher temperature may yield f
ther relaxation. The parameters presented herein were
not necessarily those of the minimum-energy CRN confi
ration. Furthermore, the relaxed state need not be defect
but may contain a critical concentration of stable defec
Thus, defining an average bond length for intrinsica-Ge be-
comes a nontrivial task, as this value will necessarily
relaxation-state dependent. Previous measurements r
from 2.45–2.47 Å ~see Refs. 15 and 21 and referenc
therein! as consistent with the results presented herein.

Our experimental results aid in identifying the nature
structural relaxation ina-Ge. We suggest a two-stage mech
nism, similar to that described by Bouldin.13 The ion-dose-
independent bond length measured upon annealing
<200 °C resulted from the rapid relaxation of energetica
unfavorable strained bonds, associated primarily with und
and overcoordinated atoms. The reduction in bond angle
tribution resulted from the relaxation of a large number
energetically more favorable, distorted bond angles.~Note
that analyses of the force constants for bond stretching
bond bending indicate that the latter is energetically m
favorable.28! None the less, both the EXAFS and Raman d
were consistent with defect annihilation as a mechanism
structural relaxation. Theoretical calculations support this
.
2
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sertion: Kresse and Hafner24 demonstrated that the presen
of threefold- and fivefold-coordinated atoms yields bo
bond length and bond angle distortions. The subsequen
moval of such defective configurations~or reduction in rela-
tive fraction! would yield a reduction in both forms of dis
tortion, exactly as measured herein. Note that o
conclusions are equally applicable to amorphous semic
ductors prepared with other methods—the nonequilibri
nature of flash evaporation, sputtering, etc., can also y
structural defects that can be subsequently annihilated
structural relaxation.

In conclusion, EXAFS and Raman spectroscopies h
been used to measure the structural parameters of amorp
Ge, in as-implanted and relaxed states, to characterize
thermally-induced ordering of the amorphous phase in
absence of recrystallization. In the initial, as-implanted for
the extent of both bond length and bond angle distortion w
implant condition dependent. Thereafter, structural rel
ation was manifested by reductions in both forms of dist
tion. EXAFS analysis has shown that the average bo
length decreased upon relaxation to an ion-dose-indepen
common value. Experimental results were consistent w
defect annihilation as the mechanism for structural rel
ation. Furthermore, the heat release due to the reductio
both bond length and bond angle distortion was calcula
separately and the former was ion-dose dependent. We
suggest that the heat release measured by DSC upon s
tural relaxation of amorphous Ge should also be influen
by the implant conditions.
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