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Structural and elastic properties of Ge after Kr-ion irradiation at room temperature
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Changes in the elastic properties of Ge induced by room-temperature irradiation with 3.5-MeV Kr
ions have been determined and correlated with changes in the microstructure determined by transmis-
sion electron microscopy. Elastic-shear-moduli changes were measured by Brillouin scattering, and

changes in local atomic arrangement were determined by Raman scattering. Amorphization decreased
the elastic shear modulus of Ge by 17%. The fractional decrease was correlated with the amorphous
volume fraction with a cross section of 4.5+0.5 nm'/ion. No change was observed in the shear modulus

during void formation and growth. The elastic properties of the voided material are described by the

Voigt averaging. However, as the voids evolved into a fibrous spongelike microstructure, a second
dramatic elastic softening occurs which we attribute to the inability of the fibrous structure to support
shear stresses. Raman scattering showed that, once formed, there was no change in the structure of the
amorphous material at the atomic scale during void formation and subsequent void coalescence.

INTRODUCTION

Many crystalline materials can be rendered amorphous
by a variety of techniques. ' However, except for ion irra-
diation, none of these techniques are able to control in a
reproducible manner both the rate and degree of the
amorphization process. This control allows measurement
of changes that occur during the amorphization process.
The ultimate aim of this type of investigation is to under-
stand the microscopic nature of the amorphization pro-
cess. The most severe difficulty in studying irradiation-
amorphized samples is that the damage is confined to a
relatively thin region (=1 p, m) near the irradiated sur-
face, requiring measurement techniques that are sensitive
to small amounts of material. Based on the behavior of
elastic properties during amorphization, Okamoto and
Meshii have suggested that the amorphization process
can be described by a generalization of the Lindemann
melting criterion in which the critical mean atomic dis-
placement required for melting is replaced by a critical
strain required for amorphization. The role of strain gen-
erated by defects and chemical disordering has been in-
vestigated with molecular dynamics for several ordered
alloyed systems. ' Both chemical disordering and point
defects increase the system energy and volume. In some
intermetallic systems, chemical disorder is sufficient to in-
duce amorphization, while point defects, i.e., interstitials
and vacancies, are required in others.

The energy dependence of amorphization of Ge by Kr
ions has been previously determined for thin, approxi-
mately 50-nm-thick, specimens as a function of energy by
in situ transmission electron microscopy (TEM). Because
amorphization of Ge is produced by a single ion, there is
no threshold dose for the onset of amorphization. Dur-
ing 3.5-MeV Kr irradiation, the thin specimen remained
in a mixed crystalline and amorphous state until a doge of

2.0X 10' Kr/cm, above which electron di8'raction spots
were no longer detectable and complete amorphization
had occurred. Complete amorphization in the above con-
text does not provide a quantitative measure of the limits
at which some crystalline material remains. Within ex-
perimental uncertainty, between ion energies EK, of 0.5
and 3.5 MeV the ion dose P„required for complete
amorphization is given by

P„(10' Kr/cm )=0.55+0.43Ex, (MeV) .

The increase in the complete amorphization dose with in-
creasing ion energy rejects a decreasing displacement
cross section and a decreasing efficiently to produce dam-
age with increasing ion energy.

In a thick specimen, the dose required for full amorph-
ization is depth dependent, due to the variation of the re-
quired amorphization dose with ion energy and due to
ion energy loss, straggling, and stopping. Penetration of
3.5-MeV ions into Ge was calculated by the TRIM pro-
gram. ' The calculated ion stopping and energy losses
were combined with Eq. (1) to estimate the depth depen-
dence of the complete amorphization dose shown in Fig.
1. The 3.5-MeV ions produce inhomogeneous damage
along their paths, and averages can present a somewhat
misleading picture. Since there is no threshold dose for
amorphization, amorphization of a bulk specimen starts
at the lowest dose and the specimen will be in a mixed
crystalline and amorphous state. Complete amorphiza-
tion at a depth of 1.2 pm below the specimen surface will
be achieved after a dose of 1.2 X 10' Kr/cm and
amorphization will progress with increasing ion dose to-
ward both the surface and the interior. The amorphous
layer extends to the Ge surface after a dose of 2.0X10'
Kr/cm and penetrates to a depth of about 1.7 pm. The
rate of amorphization as a function of depth can be in-
ferred from Fig. 1.
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FIG. 1. 3.5-MeV Kr ion dose required for complete amorphi-
zation of bulk Ge at room temperature as a function of depth
based on measured amorphization doses in thin specimens and

TRIM calculation of ion stopping and energy loss.

Brillouin and Raman scattering measurements were
made on a polished bulk Ge single crystal irradiated in a

An extensive discussion of the microstructural evolu-
tion observed by transmission electron microscopy has
been reported for Ge irradiated at room temperature
with 1.5-MeV Kr ions. At doses greater than 5X10'
Kr/cm, voids form in amorphous HGE at room temper-
ature. These voids grow during continued irradiation but
do not coalesce, as is found for metals. Instead they repel
each other as they grow. As also found in other amor-
phous materials during irradiation, ' the material around
voids exhibits plastic flow which leads to large deforma-
tions. Repulsion between growing voids in Ge leads to
the development of a porous spongy structure at an ion
does of 10' Kr/cm . Fully developed, the sponge struc-
ture consists of 15-20-nm thick fibers and results in a
volume swelling of several hundred percent.

Conversion to the amorphous state is known to pro-
duce drastic changes to mechanical properties. The elas-
tic moduli of bulk zirconium silicate (mineral zircon,
ZrSi04) showed a decrease of 70go upon amorphization
due to damage produced by naturally occurring radioac-
tive impurities. "' Brillouin scattering has been used to
investigate changes in the shear elastic modulus after
ion-beam irradiation in several intermetallic alloys and
semiconductors. A large elastic softening preceded
amorphization of Zr3A1, ' Nb3Ir, ' and FeTi, ' while the
softening was concurrent with amorphization in Si (Ref.
16) and GaAs. ' The large softening in the intermetallics
is believed to be due to chemical disordering that pre-
cedes amorphization. The concurrence in the cases of Si
and GaAs is a consequence of direct amorphization by
individual ions and the resulting mixture of amorphous
and crystalline material.

In this work, radiation-induced amorphization of pure
Ge has been studied using Brillouin and Raman scatter-
ing. We have determined changes in the shear elastic
modulus by Brillouin scattering as a function of ion dose
through the regimes of amorphization, void formation
and growth, and void coalescence into a spongelike
framework.

EXPERIMENTAL

high-vacuum chamber with 3.5-MeV Kr ions provided by
a tandem ion accelerator. Discrete irradiation doses be-
tween 10' and 2 X 10' Kr/cm were made at room tem-
perature inside separate 3-mm-diameter circumscribed
areas on the surface. Based on TRIM calculations, almost
all implanted Kr ions stop at depths greater that 1.5 pm,
and after our highest Kr dose, only an estimated 135 ppm
of Kr ions were retained in the 0.5-pm-thick surface layer
of the specimen that is sampled by Brillouin scattering.

After irradiation the specimen was removed from the
ion-beam facility, and Brillouin scattering was used to
measure the velocity of the surface waves in each of the
diferent irradiated spots and several unirradiated areas. '

These measurements employed a single-mode Ar laser,
polarized in the scattering plane with approximately 150
mW of power at a wavelength of 514.5 nm. Measure-
ments were made in a backscattering arrangement with
the incident and scattered beams 60' from the normal to
the specimen surface. The scattered light was frequency
analyzed with a scanning 5+2 tandem Fabry-Perot inter-
ferometer. Measured frequency shifts were used to calcu-
late the surface wave velocity. The phonons probed with
this technique and in this scattering geometry are surface
waves with a wavelength of 297 nm. The frequency of
surface waves is determined in principle by the shear elas-
tic constants of the damaged layer and those of the sub-
strate. However, because the surface waves penetrate less
than =0.5 pm into the material, only the modulus of the
irradiated near-surface region is probed. Implanted Kr
ions can be neglected because they penetrate to depths far
beyond the depth probed by the phonons. Raman
scattering experiments, which provide a measure of the
density of vibrational states, were recorded on the same
samples used for the Brillouin measurements. Spectra
were recorded on a double spectrometer using 100 mW of
476-nm radiation.

RESULTS AND DISCUSSION

A. Brillouin scattering

Creation of an amorphous volume fraction in Ge leads
to a decrease or softening of the average elastic shear
modulus and a consequent reduction in the velocity of
the surface modes. Figure 2 shows the dose dependence
of the velocity of surfaces waves on a ( 111) face of Ge.
Values plotted at a dose of 10" Kr/cm are for unirradi-
ated spots on the Ge surface. The data in Fig. 2 show
two sharp decreases with increasing ion dose. The first
decrease of the surface wave velocity starting from the
lowest doses coincides with the appearance of diS'use
electron scattering during in situ transmission electron
microscopy experiment, ' indicating the presence of an
amorphous volume fraction. The second decrease occur
sat doses where a spongelike structure is observed.

The shear velocity is a function of the material density
and its shear elastic modulus. Considering the irradiated
surface layer sampled by Brillouin scattering to be a com-
posite of crystalline and amorphous Cxe and using Voigt's
approximation, which assumes continuity of displace-
ments at the interfaces between constituents, for the aver-
age elastic constant, ' the shear wave velocity is given by
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FIG. 2. Shear wave velocity of Gc irradiated at room tem-

perature with 3.5-MeV Kr ions as measured by Brillouin
scattering. For convenience, values from unirradiated Ge are
plotted at a dose of 10"Kr/cm~. The symbols are experimental
points, and the line is a fit according to Eqs. (3) and (4).

C, C,
V = +

pa px

C, f. ~

pa
(3)

Since the density of Ge decreases by =3% on amorphiza-
tion, Eq. (3) should be a good approximation. We note
that, if the changes in both C and p are small, Eq. (3) is
independent of having used the Voigt average, and the
same expression is obtained if the Reuss average is as-
sumed.

Direct amorphization by individual ions results in the
volume fraction of crystalline material decreasing as
f„=e ~, where y is the ion dose and o is the cross sec-
tion for amorphization. The first decrease in Fig. 2 (up to
a dose of 2X10' Kr/cm ) has been fitted assuming this
form for f„and using Eq. (3). The fi yields a value for o
of 4.5+0.3 nm for 3.5-MeV Kr ions. Based on this
value for o., the fraction of crystalline material remaining
after complete amorphization, defined as the disappear-
ance of all diffraction spots in TEM, is 1 X 10

The interpretation given above is somewhat
oversimplified since it ignores the fact that the sensitivity
of the Brillouin measurements changes with depth and
that the production of amorphous material is depth
dependent. The amorphization cross section varies with
ion energy, and in a thick specimen both the ion energy

f„C„+f,C,V2-
f.p. +f.p.

'

where the subscript x refers to crystal material, the sub-
script a refers to amorphous material; and f, is the
volume fraction, C; is the shear modulus, and p; is the
density of the ith component in the composite. Since at
lower doses we see no void formation, f, =l f„.the-
shear velocity will vary between the unirradiated crystal
value of QC„/p„and the value for amorphous Ge of
gC, /p, . with the approximation that the diff'erence in

density is small, the shear velocity for the composite is
given by

and Aux vary with depth from the surface. The Kr-ion
energy variation with depth and ion stopping were calcu-
lated with the TRIM code, ' and variation of the complete
amorphization dose with energy has been taken from the
measured variation in thin specimens described by Eq.
(1). Brillouin scattering has a depth-dependent sensitivity
to the shear constant that decreases with an exponential
length constant related to the phonon wavelength. In
this work that length constant is 300 nm. In a more com-
plete calculation, the cross section for amorphization was
determined by 6tting the Srst decrease shown in Fig. 2
using Eq. (3) along with the depth dependencies of the
amorphization dose and sensitivity of Brillouin scatter-
ing. For the purpose of calculating the shear velocity,
the specimen was divided into 50-nm-thick layers and the
volume fraction amorphized with the ion dose was
summed over the 500-nm surface layer with the contribu-
tion to the Brillouin scattering from each layer exponen-
tially damped with a 300-nm length constant. The aver-

age cross section for amorphization determined by the fit
shown in Fig. 2 is 4.5+0.5 nm . This value is, within un-
certainty, the same as that derived under the assumptions
of uniform damage and measurement sensitivity. This is
because of the small variation of the amorphization cross
section with ion energy at the ion energy used in this ex-
periment.

The above value of o can be compared with those for
other materials which have been derived with the as-
sumption that there was no depth dependence to amorph-
ization: a value of 0.125 nm was found for Si irradiated
with 1.8-MeV Kr ions at room temperature while after
liquid-nitrogen-temperature irradiation and anneal to
room temperature the value was approximately 1 nm . '

A value of 0.82 nm was found for GaAs irradiated with
1.5-MeV Kr ions at room temperature. ' Defect recovery
during irradiation of GaAs and Si increases the ion dose
required for amorphization, decreasing the effective
values of o. Because lower ion energies were used, dam-

age gradients in Si and GaAs produced by energy loss
and ion stopping will affect the extracted values of o.

Based on calculations using TRIM, 3.5-MeV Kr ions
produce an average of 12 vacancies/nm in the 500-nm-
thick region samples by Brillouin scattering. This yields
an average value of approximately 16 amorphized lattice
sites per vacancy in Ge. For Si the estimated values of o.

correspond to 0.23 and 2.1 amorphized lattice sites per
vacancy at room temperature and liquid-nitrogen temper-
ature, respectively. For GaAs, o corresponds to 2.3
amorphized lattice sites per vacancy. The values for Si
and GaAs are lowered by defect recovery.

Over the dose range between 0.25X10' and 5X10'
Kr/cm, there was no change in the surface wave velocity
measured by Brillouin scattering in spite of the formation
and growth of voids in the amorphous Ge. Considering
the surface layer sampled by Brillouin scattering to be a
composite of amorphous Ge and voids and using Voigt's
approximation for the average elastic constant, the sur-
face wave velocity is given by Eq. (2) where the subscript
x must now be replaced by a V representing the voids.
Since the voids contain at most a few Kr atoms,
Cv

=p v
=0, and Eq. (1) simplifies to
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(4) 300

It should be noted that Eq. (4) depends only on the choice
of the Voigt average for the elastic constants. We recall
that the Voigt average is based on the assumption that
the strain in the two constituents of the material is the
same; for an isolated void in a solid matrix this is a
reasonable assumption. Because Eq. (4) is independent of
the fraction of the material occupied by voids, Brillouin
scattering is insensitive to void formation provided the
elastic stiffness of the surrounding material is unchanged
by the structural arrangement. Equation (4) accurately
describes the results shown in Fig. 2 over two decades of
ion doses during which void growth occurs. At ion doses
above 5 X 10'5 Kr/cm, Eq. (4) clearly no longer describes
the observed behavior in spite of the fact that the struc-
ture of amorphous Ge at the atomic level does not
change appreciably above this dose (see next section).
Since the only other assumption in deriving Eq. (4) is the
choice of the Voigt averaging procedure, we conclude
that this form of averaging is not appropriate when the
voids become interconnected. Since the correct averag-
ing procedure for such a heterogeneous material is still an
unsolved problem, a discussion of our results in terms of
the various models and approximations proposed adds
little to an understanding of the experimental results. We
note, for example, that if the Reuss average were used,
the resulting velocity would be zero: also in clear
disagreement with experiment.

From a phenomenological standpoint the second sharp
decrease observed in Fig. 2, starting at about a dose of
10' Kr/cm, coincides with the appearance of the fibrous

spongy microstructure observed in TEM. This micros-
tructural change is responsible for a large amount of
swelling and a decrease in density of the surface layer. It
has been estimated that the swelling amounts to several
hundred percent, corresponding to a macroscopic density
decrease to a few percent of its initial value. As argued
above (using the Voigt average), this change in average
macroscopic density should not by itself change the shear
velocity measured by Brillouin scattering. Instead, the
observed decrease in the shear velocity arises from the to-
pological changes of the voided regions. A quantitative
understanding of this effect will require extensive model-
ing.

In addition to the decrease in shear velocity observed
at ion doses above 10' Kr/cm, the nature of the Bril-
louin spectra change. Figure 3 shows Brillouin spectra
recorded on samples irradiated to 1 and 2X 10' Kr/cm,
respectively. At the lower dose, a single peak charac-
teristic of a surface wave is observed; at the higher dose a
double-peak structure develops. Figure 4 shows the ve-
locity of the two modes as a function of the wave-vector
component along the surface. (The change in wave vec-
tor was achieved by varying the angle of incidence in the
Brillouin experiments. ) The velocity of the lower-
frequency mode is consistent with the expected depen-
dence for surface (also known as Rayleigh) waves on a
thin-film —substrate combination. The wave-vector
dependence of the upper mode is reminiscent of that of
higher-order (Sezawa) surface waves also expected for a
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FIG. 3. Brillouin spectra from Ge irradiated at room temper-
ature with (a) 1 and (b) 2X10' Kr/cm . The peaks labeled R
are the usual surface (Rayleigh) waves; the origin of the peaks
labeled S is unknown.
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FIG. 4. Wave-vector dependence of the velocity of the two
modes observed in Fig. 3(b). Triangles (circles) correspond to
the lower (upper) mode in Fig. 3(b). The lines are guides to the
eye.

thin film on a substrate. ' Because these modes result
from "reflections" at the interface and free surface they
can only exist for velocities lower than the substrate
shear velocity. (If this condition is not met the waves do
not "refiect" at the film-substrate interface. ) Since the
measured velocity is greater than the shear velocity in the
substrate, the interpretation of the additional feature as a
Sezawa mode is suspect. A second possible explanation is
that the optical properties of the porous Ge film are such
that it allows coupling to bulk waves propagating perpen-
dicular to the surface. If this were the case the measured
frequency shift should be independent of the component
of the wave vector parallel to the surface, qf, and the ve-

locity, calculated as b,ro/ql, should scale as 1/qI~. This is
also in disagreement with our observations. We believe
that the most reasonable explanation is that this mode is
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FIG. 5. Raman spectra from Ge irradiated at room tempera-
ture with 0.01 (solid squares), 0.2 (solid triangles), 2 (diamonds),
and 3 (open squares) X 10' Kr/cm'.

a Sezawa-like surface wave which exists as a "reso-
nance" with the substrate continuum of excitations.
Such resonances have been observed and could arise in
this case due to the large impedance mismatch between
the spongy film and the substrate.

B. Raman scattering

Figure 5 shows Raman spectra recorded from samples
irradiated with 0.01, 0.2, 2, and 3X10' Kr/cm . The
spectral features observed in Fig. 5 are typical of those of
"ordinary" a-Ge produced by sputtering techniques.
The most significant feature of Fig. 5 is that the spectral
features are not affected by the formation of voids or by
the formation of the spongelike structure. Since Raman
spectra reflect the density of vibrational states in the ma-
terial, our spectra imply that, at the microscopic level,
there is no structural change when the material under-
goes the second pronounced elastic softening. The modu-
li changes occurring at these does must therefore be relat-
ed to the connectivity of the structure and not to a
structural rearrangement at the atomic level.

Another feature of the spectra in Fig. 5 is that the Ra-
man spectra from the fibrous structure (diamonds and
open squares) are considerably more intense. Even
though a comparison of intensities between two spectra is
fraught with possible errors, the intensity changes are
large enough that it is clear that the differences produced

by the fibrous structure are real. We lack an explanation
for the observed increase. Speculations as to its origins
are that (i) the fibrous structure is optically more trans-
parent so that a larger volume of sample is probed; (ii) the
fibrous structure exposes a larger surface area to the in-
cident laser beam; or (iii) changes in the electron struc-
ture of the material lead to a resonant enhancement of
the scattering process. A definitive explanation of this
observation clearly requires further work. We believe that
an ellipsometric determination of the optical properties
of the surface layer could provide valuable insight into
the origin of the phenomenon.

CONCLUSIONS

The elastic properties of Ge, like those of Si and GaAs,
exhibit a softening with increasing degree of amorphiza-
tion during ion irradiation. This is in marked contrast
with the behavior of intermetallic compounds such as
Zr3Al and Nb3Ir in which the softening precedes
amorphization. Direct amorphization by single ions in
the semiconductors is responsible for the concurrent de-
crease of the elastic shear modulus with amorphization,
while chemical disordering before amorphization in the
intermetallics is responsible for softening of the shear
modulus before onset of amorphization. Based on fitting
the decrease in the shear velocity, the average cross sec-
tion of amorphization is 4.5+0.5 nm, and approximately
16 lattice sites are amorphized for each vacancy pro-
duced in Ge by 3.5-MeV Kr ions. This indicates that
complete amorphization observed by TEM occurs when
the volume fraction of crystalline material decreases to
1X10 . The formation and growth of voids in amor-
phous Ge do not affect the shear modulus. This implies
that the elastic properties of the voided material are de-
scribed by the Voigt average. This description remains
valid until the voids coalesce to form a fibrous spongy
structure. When this occurs, a substantial additional
softening of the shear modulus is observed but the micro-
scopic nature of the atomic bonding, as determined by
Raman scattering, is unchanged.
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