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The structure of implantation-induced damage in amorphized Ge has been investigated using
high resolution extended x-ray absorption fine structure spectroscopy (EXAFS). EXAFS data
analysis was performed with the Cumulant Method, allowing a full reconstruction of the inter-
atomic distance distribution (RDF). For the case of MeV implantation at -196 °C, for an ion-
dose range extending two orders of magnitude beyond that required for amorphization, a
dose-dependent asymmetric RDF was determined for the amorphous phase including an
increase in bond-length as a function of ion dose. Low-temperature thermal annealing
resulted in structural relaxation of the amorphous phase as evidenced by a reduction in the
centroid, asymmetry and width of the RDF. Such an effect was attributed to the formation
(and subsequent annihilation) of three- and five-fold co-ordinated atoms, comparing
favourably to theoretical simulations of the structure of a-Ge.

Introduction
Despite many years of intensive research a thorough understanding of the structure and
dynamical process occurring in amorphous materials is still lacking. For example, it is
unclear as to whether differences in the structural properties of amorphous semiconductors
prepared by different methods are artefacts of their respective preparation methodology, or is
it possible that a continuum of metastable states allowed!. Structural relaxation of amorphous
semiconductors [1] has also been studied in order to understand the characteristic structure of
these materials. For example, studies of amorphous Ge [2] and Si [3] have suggested two
possible models for structural relaxation. From Raman and neutron diffraction studies [4] it
was thought that this relaxation was due the rearrangement of bond angle distortions
throughout the amorphous network. Later, a combination of DSC and Raman measurements,
Roorda [3] determined a relationship between the kinetics of relaxation for amorphized Si
with defect annealing in lightly damaged crystalline Si. Those studies concluded that the
relaxation was due to annihilation of point defects in the amorphous phase, however a model
incorporating bond angle re-ordering gave equally good fits to the data. It stands to reason
that the annihilation of defects would necessarily involve rearrangements of bond angles on a
local scale. EXAFS measurements of amorphous material are relatively insensitive to
distortion in the bond angle distribution for the first co-ordination shell and can thus provide
information about the bondlength changes on relaxation [5].

The goal of the present work has been to determine the structural parameters of ion-
implantation induced amorphized and relaxed Ge, to aid the understanding of these intriguing
materials systems by comparison to relevant theoretical works.

Experimental
Transmission EXAFS measurements of the Ge K-edge were performed at 10K on beamlines
2-3 and 4-3 of the Stanford Synchrotron Radiation Laboratory and 20-B of the Photon
Factory. Samples were prepared by implanting ~ 2 u.m thick crystalline films. 74Ge
implantations were performed at -196 °C, at 7° incidence. Multiple-energy, multiple-dose
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MeV implantation sequence was utilised to produce a near-constant distribution of energy
deposition in vacancy production over depths of -0.2-2.2 jam. A low ion flux (power density
~ 0.5 W/cm2) was utilised to avoid beam induced heating [6]. Selected samples were relaxed
by annealing at 200 C for lhr in an air ambient.

The EXAFS data was extracted from an absorption spectrum in the conventional manner [7],
utilising the SPLINE code [8] for interactive background subtraction.

The EXAFS data, was ^-weighted (where k is the photoelectron momentum), as shown in
Figure la for crystalline and amorphous Ge samples. A single modulated sinusoid in the
amorphous spectrum, indicates scattering from a single atomic shell, as consistent with the
Fourier Transform (FT) (Figure lb) which is comprised of a single peak.

The cumulant method [9,10] is a model-independent technique based on the expansion of
EXAFS amplitudes and phases as a series of cumulants of the interatomic distance
distribution. The cumulants were determined by comparing the EXAFS amplitude and phase
of the implanted samples (s) to that of a known reference (r) in this case a crystalline sample.
The difference in the cumulants ACl and AC3 were obtained from a fit to the phase difference
as given by eq. 1, and AC0, AC2 and AC4, (where ACi = Cis - Clr) from a fit to the logarithm
of the amplitude ratio (eq. 2),
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Figure 1. EXAFS (a) and Fourier-
transformed (b) spectra comparing crystalline
and amorphised Ge.
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Absolute magnitudes for the sample cumulants were obtained from the reference cumulants of
the crystalline spectra, the latter determined assuming a Gaussian interatomic distance
distribution. The electron mean free path, X., was set at 5A independent of k, and the
structural parameters were then be obtained from the cumulants using eqs. 3 and 4.

ACl
AC0 = -2 -2(lnCl5-lnCl r)

182



Rs=Cl +
2C2

Cl

C\

Specifically, CO is a normalisation factor, C\ is related to Rs, C2 is the mean square
displacement of the backscattering atoms to absorbing atoms, C3 measures asymmetry of the
interatomic distance distribution, and CA is connected to the width and shape of the
distribution. The real interatomic distance distribution was determined from the Fourier
Transform of the reconstructed characteristic function in the range -25 : k : 25 A'1.

Results
Figure 2 shows the ion-dose dependence of the EXAFS-determined bondlength, R, and
asymmetry parameter, C3, for amorphized Ge. For all samples, the experimental R and C2S

values (>2.458 + 0.002A and >0.0028 + 0.0005A2, respectively) exceeded those of the
crystalline reference (2.4496A and 0.0018 ± 0.0003A2, respectively), consistent with the
presence of structural disorder in the amorphous phase. Shown in Figure 3 are the
reconstructed real RDF's for selected samples, compared to the crystalline reference. Clearly
the increase in bondlength is manifested by a shift to generally higher bondlengths, with an
exaggeration of the large R tail, due to the presence asymmetry. It should be noted that
analysis by the so-called standard method with a Gaussian RDF does not reveal this important
detail (not shown).
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Figure 2. Nearest-neighbour a-Ge
bondlength JR, and asymmetry
parameter C3, as functions of ion dose
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The observed trends in structural evolution were entirely consistent with an implantation-
induced increase in the fraction of defective inter-atomic configurations. Ab-initio molecular-
dynamics calculations [11] have predicted that amorphous Ge is comprised of three-, four-
and five-fold coordinated atoms. The three- and five- fold coordinated atoms in the
amorphous phase may be envisaged as analogues to the fundamental crystalline defects - a
vacancy and interstitial, respectively. The presence of the three- and five-fold coordinated
atoms, with bondlengths of 2.52 and 2.57 A respectively, exceeding that of the tetragonal site
(2.47A), would produce a dose dependant shift to longer bondlengths, as observed. This can
considered to be evidence for the increase of the defective site population (ie point defects)
with increasing ion bombardment.

The reconstructed RDF for the structurally relaxed a-Ge is shown in Fig 3. Readily apparent
was a reduction in bondlength, Debye-Waller factor and asymmetry of the RDF. The RDF
for the annealed sample clearly shows a reduction in mainly longer bondlength components,
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indicative of a change in the short range ordering of the amorphous network. This appears to
be the reverse of the dose dependant trend, indicating the removal of the ion implantation
produced point defects, fully supporting the defect annihilation model for structural relaxation
[3]. Further, the determined structural parameters for the relaxed sample were identical to
that of the lowest dose implanted sample (a dose slightly greater by ~ lei3 ions/cm2 than the
amorphization threshold). It is proposed that the measured structure for the relaxed and low
dose implanted samples may thus be characteristic of an ideal continuous random network
[12]. Such a result appears surprising due to the highly non-equilibrium nature of ion
implantation.

Figure 3. Real a-Ge inter-atomic
distance distribution for a pair of
nearest-neighbor atoms as a function
of ion dose and relaxed at 200°C.
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Conclusion
EXAFS has been used to characterize atomic-scale structural modifications in amorphous Ge
produced by ion implantation. The inter-atomic distance distribution of amorphised Ge was
shown to continuously evolve as a function of ion dose. Ion-dose dependent increases in
bondlength and asymmetry in the inter-atomic distance distribution were observed. For an
implant temperature of -196°C, we suggest these micro-structural modifications resulted from
an implantation-induced increase in the three- and five-fold coordinated atom fractions and
represented a mechanism of accommodating vacancies and interstitials within the amorphous
phase. Subsequent structural relaxation showed changes in the RDF which were attributed to
a reduction of the three- and five-fold coordinated atom fractions, thus supporting a model for
relaxation via point defect annihilation. The usefulness of ion implantation as a technique for
the preparation of amorphous semiconductor samples for structural studies has also been
shown.
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