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SUMMARY
The ion beam amorphization of InP and Ge has been studied using the Perturbed Angular Correlation (PAC)
technique. Semiconductor samples were preimplanted with the radioisotope " ' in using a direct production-recoil
implantation method and beams from the ANU Heavy-ion Facility. Following annealing samples were
amorphized using Ge beams with doses between 2 x 1012 ion/cm2 and 5000 x 1012 ion/cm2. For InP the PAC
spectra identified three distinct regimes, crystalline, disordered and amorphous environments, with a smooth
transition observed as a function of dose. The dose dependence of the relative fractions of the individual probe
environments has been 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.
The PAC method compares favorably with other methods used in its ability to differentiate changes at high dose.
The results for InP will be compared with those in Ge. The implantation method will be discussed, as will
developments in the establishment of a dedicated facility for the implantation of radioisotopes.

1. INTRODUCTION

Ion implantation is an increasingly important
technique in the fabrication of semiconductor
devices. The understanding of irradiation produced
disorder is thus of important scientific and
technological significance. While many techniques
have been applied to the study of semiconductor
materials, no single method can provide a full
characterization and a detailed understanding of the
physical processes relies on the application of a
diverse range of complimentary techniques. In this
paper we discuss the application of the Perturbed
Angular Correlation technique to the study of ion
beam amorphization in semiconductor materials.

2. PERTURBED ANGULAR CORRELATIONS

The nuclear hyperfine method of Perturbed Angular
Correlations (PAC ) uses radioactive atoms at very
low concentrations to provide information about the
local electronic or magnetic structure around the
probe atom. The method relies on the change in the

radiation pattern observed when an excited nucleus
decays in an extra-nuclear field. A good description
of the fundamental principles of the PAC method
and its application to semiconductors is provided by
the recent review of Wichert (1). The current
measurements have used the m I n probe nucleus.
This nucleus decays via electron capture to the
daughter, u lCd, which is formed in an excited state.
The nucleus then de-excites by the emission of two
gamma-rays. It is the perturbation of the y-y angular
correlation of these two y-rays by the presence of
non zero electric field gradients at the probe site
which is observed in the current measurements.

3. IMPLANTATION OF m I n

Critical in the application of PAC techniques to
semiconductors is the introduction of the radioactive
probe into the sample. In the work to date m I n was
produced in heavy ion reactions, using beams from
the 14UD tandem accelerator at Australian National
University, then directly implanted into
semiconductor samples positioned behind the target.
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Figure 1. Production/Recoil implantation facility

The following nuclear reactions were used for
production:

12C, p3n) m S n -> (35min) l"ln and

103Rh(12C,4n)lllSb UiSn (35min) m In

with both dominant reactions leading to '"in. An
average production cross-section of approximately
600 mb was obtained using a 69 MeV carbon beam
and 2.5 \im rhodium foil.

A schematic of the irradiation facility is indicated
in figure 1. In this arrangement most of the carbon
beam passes through the target without significant
dispersion, with an average exit angle of
approximately 1°. The indium ions, on the other
hand, have a much larger average exit angle of
approximately 20°, and exit from the back of the
target foil with average energy of around 4.0 MeV.
The samples were mounted approximately 2 cm
behind a the target with the edge offset by about 1.7
mm from the beam axis, allowing the undeflected
beam to pass between them. Up to 60% of all m I n
nuclei that leave the target, foil can be collected on
the samples. The typical activity of each sample
after implantation was about 0.1 MBq, with TRIM
calculations indicating that most of the l uIn ions
come to rest within 1 to 2.5 microns.

4. PAC MEASUREMENTS

4.1. Amorphization measurements in InP

H1In was implanted into LEC semi-insulating (100)
InP(Fe) wafers using the direct production and
recoil-implantation technique. After the
implantation the samples were annealed using rapid
thermal annealing (RTA) (800°, 10 s) before

subsequent processing. Off-line PAC measurements
on annealed samples confirmed that the samples
were undamaged (no electric field gradients
present) prior to implantation sequences designed
to produce amorphization.

Ion beam amorphization of the samples was
performed on the ANU 1.7 MeV ion implanter, by
implanting 74Ge beams with dose concentrations
between 2xlO12 and 150xl012 ions/cm2 at liquid
nitrogen temperature. These doses give a range of
samples (11 in total) from unperturbed to
completely amorphous material. A range of ion
beam energies was used for each implantation dose
in order to produce uniform depth profile of
damage from the surface to 2.5 |im depth. The
samples were tilted at 7° during implantation to
avoid channeling.

After implantation, PAC measurements were
performed using a spectrometer, with four BaF2

detectors arranged in a plane, at close geometry at
angles 0°, 90°, 180° and 270°. The samples were
positioned perpendicular to the detector plane and
at 45° with respect to the detectors. The time
differential intensity of the correlation pattern is
measured for all possible detector pairs.

The ratio function, R(t), was formed from the data
after the background subtraction and time
alignment of the spectra (1). The ratio function
removes the effect of the exponential lifetime of the
intermediate state and produces a signal directly
proportional to the nuclear perturbation function.
Some of the ratio functions are shown in figure 2.

124



0.05

0.00

S-0.05

-0.10

-0.15

dose

lCr^ ions/crrr

50

InP implanted with Ge

0 100 200 300
time(ns)

Figure 2. Time differential ratio functions for '"in in amorphized InP

The spectrum for the unimplanted sample (0 dose)
shows no change in time, indicating that the
damage caused by the introduction of the
radioisotope into the sample has been removed by
the RTA and that the probe nuclei are now situated
a substitutional sites where they experience no net
electric field gradient.

At low implantation dose a very gradual loss of
alignment is observed consistent with the presence
of long range disorder, similar to previous
measurements of residual disorder in annealed
heavily doped InP samples (2). As the implantation
dose is increased a very rapid loss of alignment
occurs, before the ratio function returns to the
"hard-core" value.

The measured spectra show a smooth transition
from crystalline to amorphous behaviour as a
function of implantation dose. Two regimes can be
delineated, one where the m In sits on a weakly
disturbed site and the other related to a very
damaged (amorphous) environment. Accordingly,
the spectra were fitted with the "two fraction"
perturbation function:

G2(t) =f,G2((o,,t) +f2G2(a>2,t)

where fractions, ft and f2 correspond to the number
of indium nuclei associated with amorphous and
non-amorphous fractions and G2(o)/,t) and

describe quadrupole interactions, with a
Lorentzian distribution of transition frequencies
centered around coj and fi% at these sites. The
transition frequency of the amorphous site was
found to be 197 MHz (with a distribution of 69
MHz). The low-damage site was associated with
the distribution of frequencies (up to 15 MHz)
around zero.

The current PAC measurements show that the
disorder in InP is a result of the coexistence of
regions resulting from simple defect production and
the amorphization processes.

The initial linear dependence of the amorphized
fraction on the implantation dose shown in figure 3
indicates that heterogeneous nucleation is probably
the main mechanism of amorphization at least up to
doses resulting in amorphization of 70% of the
irradiated volume.

Existing amorphization models can be characterized
by the number of hits, m, required to produce
amorphization. Figure 3 shows the fit to the
experimental data using a direct amorphization
model (m=l) (3). It confirms that the
amorphization of InP is achieved by accumulation
and overlap of amorphous and heavily damaged
clusters.
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Deviation of the experimental data at implantation
doses around 40x10 ions/cm2 indicates that other
processes may also be involved,
for example the increased overlap of simple
defected regions (4) or a growth of an amorphous
phase stimulated by the defective crystalline
surroundings. The fit for m=2 is also shown.

We have also performed more conventional
Rutherford Backscattering measurements on a
samples with the same amorphizing doses. A
comparison the two methods (5) indicates that the
PAC method may provide a greater effective
resolution, particularly at high doses.

Structural relaxation effects resulting from room
temperature annealing have also been measured in
InP with the measurement of PAC spectra in
damaged samples as a function of time. This work
has identified two relaxation lifetimes, one on the
order of 6 hours and the second on the order of 5
days (6). The exact origins of these lifetimes are not
known. The short lifetime is probably the result of
local recombination of point defects and the longer
lifetime is associated with the migration of
vacancies and other defects further into the lattice.

4.2. Amorphization measurements in Ge.

A similar methodology to the InP study has been
applied for the PAC study of amorphization in Ge.
Again i nIn was produced and recoil implanted
using the facility described in section 3. An RTA
cycle of 750° for 20 seconds was applied after
radioisotope implantation to remove initial damage.
Amorphization was achieved using Ge beams at
energies chosen to reproduce the depth distribution
of the u lIn. Ratio spectra from these measurements
are shown in figure 4. While similar differentiation
into fractions associated with highly damaged
amorphous and disordered environments and also
be distinguished here additional features can be
identified in the Ge case which are absent in the InP
measurements. In particular, two additional
frequencies, 390 and 49 MHz, can be distinguished,

notably in the sample which has an implant dose of
2x1012 ions/cm2. These frequencies are in contrast
to those observed in InP which are associated with
a broad distribution of frequencies. Here the
frequencies are well defined, and consequently can
be associated with a specific defect configuration.
Our results are similar to those seen in a recent
PAC study by Haesslein et al. of point defects
introduced into Ge by electron irradiation (7) and
the point character of the defects has been
confirmed using positron annihilation spectroscopy
(8). Haesslein et al. ascribe the lower frequency as
arising from an "'in-vacancy pair, with the larger
frequency arising from a self-interstitial trapped at
the substitutional u lIn probe. Earlier PAC studies
using llIIn in Ge associated the higher frequency
with the vacancy (9). At this stage we are unable to
distinguish between the two defects.

The difference in spectra between the Ge and InP
occurs because of the nature of the PAC probe
itself. With InP the radioisotope exactly replaces
one of the atoms of the lattice, preserving the
original lattice environment. In the germanium
lattice the indium atom sits at a substitutional site,
but is much larger than the Ge atom that it replaces.
Consequently a gettering of defects occurs and
these migrate to the probe site.

We have also performed extended X-ray absorption
fine structure spectroscopy (EXFAS) and RBS
measurements on a similar range of samples to
more fully characterize the effect of ion beam
induced damage (10).

5. DIRECT IMPLANTATION OF RADIO-
ISOTOPES.

The current facility has provided a useful tool for
the study of a variety of materials and is
particularly convenient in that the radioisotopic
material is produced and implanted in one step
without any intermediate handling. The principle
disadvantage of the method is the rather large range
distribution of implanted ions (up to several
microns). While, for the type of experiments
described above, this is not a problem since
subsequent implants can be chosen to completely
overlap the region of active nuclei, this is not the
case in many other applications. For example, the
study of gettering layers or heterostructure devices,
the regions of interest are much smaller in extent. In
order to address this problem we have recently
commissioned an ion implanter designed for use
with radioisotopes. This facility, which has been
build as part of a collaboration between the ANU
and the Department of Physics, University College
ADFA, consists of SNICS II ion source on a
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150kV deck, followed by a 90° bending magnet.
This facility is shown in figure 5 and has currently
been tested with stable ions. A depth distribution of

Less than 40 nm will be obtainable for In with
this implanter.
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Figure 4. Ratio spectra for disordered Ge samples as a function of ion does. The curves are labeled by
the dose in units of ions/cm2.
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Figure 5. ADFA/ANU ion implanter for radioisotopes.
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