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STRUCTURAL AND ELECTRICAL CHARACTERISATION OF SEMICONDUCTOR
MATERIALS USING A NUCLEAR MICROPROBE

D.N. Jamieson, School of Physics, Microanalytical Research Centre, University of Melbourne,
Parkville, 3052, AUSTRALIA.

Abstract

The domain of high-resolution imaging techniques (sub-micron) traditionally belongs to low-energy
ion beams (keV ion microprobe), electrons (transmission or scanning electron microscopy), light (near
field microscopy), or all variants of scanning probe microscopies. Now, nuclear techniques of
analysis, with a nuclear microprobe, have entered this domain, bringing a range of unique techniques
for making images. In addition to conventional techniques like Rutherford (and non-Rutherford)
backscattering spectrometry and particle induced x-ray emission for structural characterisation, new
ion beam analysis techniques have been developed for electrical characterisation as well. Foremost of
these new techniques is ion beam induced charge (IBIC) which has seen an explosion of applications
in the last five years to the study of charge transport properties of a variety of materials including
polycrystalline diamond and silicon. An additional novel technique is ionoluminescence, which may
be used to image various electronic properties of the material. Presented here are some examples of
these imaging techniques in a variety of semiconductor materials. In all these examples, the
specimens display structural inhomogeneities on the scale of 10 micrometres, making it essential to
employ a focused beam.

Introduction

More than 40 laboratories worldwide are equipped with nuclear microprobe systems. In these
laboratories, approximately 25% of the work is directed to the study of problems involving
semiconductor materials [1]. A sequence of reviews of this expanding field is available [2-10] and
complete details of all analytical techniques discussed here can be found in a recent book [11].

High Beam Current

E Signal Output

Low Beam Current

Depletion region

E Signal Output

2. Ion Beam Induced Charge
(With depletion region)

1. Conventional
RBS/PIXE/Channeling/

(NRA)

E Signal Output

3. Ion Beam Induced Charge
(Without depletion region)

Figure I: Signals from specimens analysed with high and low beam current techniques.

The techniques applied to the analysis of semiconductors with a nuclear microprobe may be divided
into two categories: high current techniques and low current techniques on the basis of the source of
the signal used to make images as shown in Fig. 1. The high current techniques (lOOpA or more) are
those of traditional Ion Beam Analysis: Rutherford Backscattering, Particle induced X-ray Emission,
Ion channeling, and, less frequently, Nuclear Reaction Analysis. These traditional ion beam analysis
techniques are mainly aimed at analysis of the elemental structure of the sample. Low current



techniques (100 pA or less) employ the specimen itself as the detector so the number of incident beam
particles required to form images is considerably reduced compared to traditional techniques. This
allows the diameter of the beam collimators to be reduced with a consequent improvement in
resolution, often well into the submicron domain. One of the most widely applied is ion beam induced
charge, where the charged induced in a sample by the beam is collected and regions of differing
collection efficiency form contrast in images. A list of the physical parameters of the Melboune
nuclear microprobe system appears in Table 1 below.

Applications I - High Current Techniques

Epitaxial growth of diamond on large area synthetic diamond substrates is important to many potential
applications in the microelectronics device industry. A method for the production of large area single
crystal has been devised by Pehrsson et al. [13]. This uses chemical vapour deposition (CVD) to grow
a homoepitaxial layer on a diamond substrate containing a buried damage layer created by ion
implantation. Chemical etching is used to attack the buried layer resulting in the lift off of a large area
slab. A key question is whether the implantation has an effect on the quality of the homoepitaxial
layer. As shown in Fig. 2, growth defects are evident in the surface of the as-grown layers.
Channeling contrast images reveal that, apart from the localised defects, the implantation did not
change the quality of the film. Spectra extracted from the growth defects show no signal from the
buried damaged layer suggesting surface dust masked the original implant. The edges of the masked
region are tilted due to implantation induced swelling and hence nucleated misaligned crystal during
the CVD growth phase.

Another aspect to the growth of CVD diamond is that it may readily be distinguished from natural
diamond on the basis of its luminescence spectrum. Electrons (Cathodoluminescence, CL)
traditionally excite this spectrum, however ionoluminescence, IL, is a novel technique that can also be
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Figure 2: Channeling contrast microscopy images with photo (top right) and RBS spectra from growth
defects in a homoepitaxial diamond film.

used for this purpose. IL has not been widely used in the past, owing probably to the rapid build-up of
damage that can change or otherwise degrade the luminescence spectrum. Where this is well
understood, IL can be useful, particularly as it has the potential to be used in conjunction with
traditional IBA techniques. For example, Fig. 3 shows IL measurements on a CVD film. The ion
beam is able to penetrate through the thickness of the as-grown CVD film to probe the natural
diamond substrate beneath. The luminescence from the CVD layer is lower in energy than the
luminescence from the substrate owing the fact that the luminescence arises from donor-acceptor pairs
that are further apart in the CVD film.



Figure 3: lonoluminescence spectra from a CVD diamond film on a natural diamond substrate. For
comparison, the IL spectrum from a bare natural diamond substrate is also shown by comparison.

By use of several beams of differing range, the unique spectrum from the CVDfilm can be identified.
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Applications II - Low Current Techniques

Here are some examples of electrical characterisation of several different semiconductor materials and
devices. In each case the sample itself is the detector and the microprobe is used to induce charge
which is then collected by appropriate contacts applied to the device (see Fig. 1).

Polycrystalline silicon in photovoltaic cells offers interesting challenges to nuclear microprobe
analysis [13]. Induced charge is collected owing to the presence of a depletion layer at the p-n
junction. Grain boundaries and other defects trap charge reducing the efficiency of the device. The
efficiency of the cell can be imaged with IBIC as shown in Fig. 4. In addition to the obvious grain
boundaries, additional structure is visible within individual grains that appears to be correlated with
surface structure visible in SEM images. A potential advantage of this work with MeV ion beams is
that the range of a MeV ion is comparable to longer wavelengths of light in single crystal silicon. In
addition PIXE has sufficient sensitivity to detect some trace contaminants that perhaps contribute to
the degradation of the charge collection efficiency [14].

Figure 4: IBIC images of grain boundaries in a commercially available poly-silicon solar cell. A
2 MeV He* beam was used for these images.

surface

7-



Diamond has been proposed for many possible applications in microelectronic devices, particularly as
a radiation detector. High quality polycrystalline diamond films manufactured by the Norton company
have been the subject of extensive study by IBIC (see list of references in [10]). This work has been
done to investigate the charge transport properties of the material by using the focused ion beam to
create electron-hole pairs within the material which are then collected by biased electrodes applied to
the diamond surface (the "energy signal"). On average, the diamond films are about 8 % efficient,
with localised regions in the centres of grains rising to an efficiency of 24 % [15], or greater. High-
resolution IBIC images from within single diamond grains reveal significant structure as shown in Fig.
5. Analysis of spectra extracted from these different regions will allow insights to be gained into the
charge collection mechanisms as a function of diamond growth direction. The charge collection
efficiency from the centres of the most efficient grain in this specimen was about 5 times greater than
the average efficiency of the whole film. The most efficient grain in this specimen appeared to have a
charge collection efficiency of close to 100%.

Future of Microbeams

A variety of new techniques are emerging for new imaging methods employing focused MeV ion
beams. One of these exploits the deeply penetration of the beam to form tomographic images of
microscopic objects smaller than the range of the ion beam [16]. This provided insights into the
growth mechanism of the crystal. An extension of this technique involves PIXE tomography [17]
where the characteristic x-rays are detected instead of the energy loss of the transmitted ions. This
will potentially allow three-dimensional maps of trace elements in microscopic objects to be obtained.

For the future, it would be desirable to have much brighter ion sources to allow smaller probes to be
obtained with a similar beam current to those available now. Apart from this, further advances will
come from probe forming lens systems with even greater demagnification compared to the present
systems that are more closely matched to the characteristics of the ion source and accelerator where
further optimisation is possible [18]. At present the main barrier to further reduction in probe size
appears to be mainly mechanical vibrations and parasitic magnetic fields which limit the resolution to
100 run. Also, more sophisticated instrumentation would be valuable to more fully exploit limited
beam time.

As shown by the many applications here, the ability to make images opens provides a large range of
valuable information. In fact a key common factor in all of these applications presented here is that

Figure 5: High resolution IBIC images of charge collection efficiency in a Norton polycrystalline
diamond. Images made with a 2MeVH beam focused to a sub-micron probe.
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Increasing charge collection efficiency

crucial information about the structure and electrical characteristics of the samples would have been



lost had unfocused beams been employed.
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Table 1; Physical Parameters of the Melbourne microprobe.
Accelerator

Object diaphragm
Aperture diaphragm
Object - Aperture distance
Aperture- Specimen distance
Aperture - Scan coils distance
Probe forming lens system

Lens bore radius
Turns per pole

Lens 1 and 4 length

Lens 2 and 3 length
Lens spacing
Working distance (last lens to specimen), WD
Demagnification at shortest WD

X-ray detector (A, d, 6)

Particle detectors (A, n , 9)
(Additional forward detectors can be fitted as
required)
Typical parameters for analysis
Object diameter
Aperture diameter
Beam convergence angle
Beam current for 2 MeV He+

Beam current for 3 MeV IT

NEC 5U pelletron with RF ion source

5 to 200 um diameter
50 um to 3 mm diameter
7250 mm
1200 mm
300 mm
Russian antisymmetric quadruplet of magnetic quadrupole lenses

6 mm
15
30 mm

60 mm
35 mm
150 to 500 mm
26
Si(Li) 30 mm2,33 msr, 135°
PIPS 450 mm', 126 msr, 135°
PIPS 100 mm2, 30 msr, 145°
Annular 300 mm2, 97 msr, 175°
High current techniques

100 um
1 mm
0.16°
200 pA
360 pA

Low current techniques

5 |im
50 um
0.013°
~2fA
~5fA
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Atmospheric Aerosol Characterisation at Cape Grim and Global Warming

David D. Cohen. David Garton

Physics Division, Australian nuclear Science and Technology Organisation
Private Mail Bag 1, Menai, NSW, Australia, 2234.

Introduction
The Intergovernmental Panel on Climate Change (IPCC) produced its first report in August 1990 on climate
effects related to increased greenhouse gases such as carbon dioxide in the atmosphere since pre-industrial
times. However, this report did not find clear evidence that the anthropogenic increase in greenhouse gases
had led to significant global climate change. Since 1990 there has been the first Earth Summit in Rio de
Janeiro in 1992, attended by many key politicians from nations around the world, a second IPCC report in 1995
summarising new research [1] and a second Earth Summit of politicians in New York in June 1997. The
second IPCC report [1] concluded that "there is now a discernible human influence on global climate change".
The current body of evidence is now compelling, both greenhouse gases and fine particle aerosols in the
atmosphere affect global warming. Anthropogenic fine particles influence climate change directly, by
scattering and absorbing radiation and indirectly by modifying cloud properties. The problem of global climate
change is now well and truly in the politicians court to try and tackle on a global scale.

Methane Concentrations
from Antarctic Ice

Carbon Dioxide Concentrations from
Antarctic Ice

1800 1850 1900
Year AD

1950 2000 1800 1850 1900 1950
Year AD

2000

Fig. 1. Global atmospheric methane concentrations. Fig. 2. Global atmospheric CO2 concentrations.

Research shows[l] that the concentration of gases such as carbon dioxide and methane have been increasing
over many decades (see Figs. 1 and 2). Fig. 3 shows the mean adjusted global temperature from 1850 to the
present, it shows large fluctuations due to several phenomena, including fine particle effects from volcanic
action. It also demonstrates that the increase in greenhouse gases has not been matched by a similar increase in
average global temperatures over the past 100 years or so.

Gases such as carbon dioxide, methane, halocarbons and tropospheric ozone produce positive climate forcing of
about 2 to 3 W/m2, whereas atmospheric aerosols from the combustion of fossil fuels and biomass burning,
together with stratospheric ozone produce negative climate forcing of a few W/m2. This effect may, to some
extent, explain the major differences between global temperature changes and model predictions of global
temperature change using only greenhouse gas effects [1]. Australia plays a key role in this area, it is currently
the second largest producer of carbon dioxide gas per capita (see Table 1).
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Fig. 3. Global temperature change since 1850 [1].

Country

USA
Australia
Japan
European Union
New Zealand
Mexico
China
Brazil
Indonesia
India

CO2

Emissions
(Mtonnes)

4,935
266

1,080
2,812

24
325

2,421
202
155
675

CO2

Emissions
per capita
(tonnes)

19
16
8.6
8.0
6.7
3.5
2.0
1.2
0.8
0.7

Table 1. Major global carbon dioxide emitters.
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Furthermore, it performs world class global climate research at its key Global Baseline Station in Tasmania,
providing vital information for the southern hemisphere. Parameters associated with global atmospheric
aerosols are not well known and unlike greenhouse gas concentrations have a low to very low confidence
interval defining them. This puts large uncertainties into the understanding of climate forcing and into model
temperature change predictions.

Fine Particle Baseline Sampling at Cape Grim
The Australia Global Baseline monitoring station at Cape Grim in north western Tasmania is operated by the
Australian Bureau of Meteorology. The fine particle Lead Scientist at this station is Dr. John Gras from CSIRO
Atmospheric Research, Melbourne. ANSTO has been sampling, measuring and characterising fine particles of

Cape Grim Mass PM2.5
Species
PM2.5
Mass (,ug/m3)
Ammonium Sulphate
Organics (ug/m3)
Elemental carbon
Soil (ng/m3)
Seasalt (ug/m3)
Sulphur (ng/m3)
nss-Sulphate (ug/m3)
Non soil K (ng/m3)
Iron (ng/m3)
Zn (ng/m3)
Pb (ng/m3)

Average
1992-97
6.1±3.4
0.96±0.6
0.61±0.9
0.34±0.2
0.15±0.2
2.5±2.2
0.23±0.1
0.45±0.2

35±22
5±8

1.6±3
3±28

Max.
1992-97

28
5.9
10.7
1.9
2.9
10.8
1.4

0.90
181
52
36
542

Table 2. Average PM2.5 concentrations at the
Cape Grim site from July 1992 to June 1997.

Monthly Mean Jul92-Jun97

Fig. 4. Average monthly fine particle mass concentrations

2.5 um diameters and less (PM2.5) at Cape Grim since the middle of 1992. Accelerator based ion beam
analysis (BBA) techniques [2-4] have been used to identify over 25 different elemental species present in over
500 filters collected to date. The elements measured by PIXE, PIGME, ERDA and RBS include, H, C, N, O, F,
Na, Al, Si, P, S, Cl, K, Ca, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Br and Pb. Average measured concentrations of the
major components of the PM2.5 fraction are given in Table 2, of the measured elements not listed in the Table
the majority occurred at concentrations below 10 ng/m3. The average monthly mass variations over the 5 year
period from 1992 to 1997 are given in Fig. 4. The average non-soil potassium was 92% of the total potassium,
showing that the vast majority of fine potassium was associated with smoke from biomass burning. The highest
lead value of 542 ng/m3 occurred on 21 June 1992 and was associated with 337 ng/m3 of bromine which, after
correction for bromine in seasalt (Na was <20 ng/m3), was about the correct ratio to be associated with
combustion of leaded petrol in motor vehicles.

Cape Grim Sulphur PM2.5 Cape Grim nss-Sulphur PM2.5

Monthly Mean Jul92-Jun97

Fig. 5. Average monthly fine sulphur concentrations.

N « (H \C

Monthly Mean Jul92-Jun97

Fig. 6. Average monthly fine sulphur concentrations,
after correction for sulphur in seasalt.

A plot for the measured sulphur concentrations is shown in Fig. 5. Sulphur at Cape Grim originates mainly
from seaspray and from anthropogenic sources such as fossil fuel burning. The sulphur content of seaspray is
generally well known [3,4] and considered to be about 8.4% of the sodium concentration. Since we measure
both sulphur and sodium we can calculate the non seasalt sulphur (nss-S), which is directly related to



anthropogenic sulphur. This is shown in Fig. 6. The average non-seasalt sulphur was (60±29) % of the total
sulphur measured at Cape Grim over the 5 year period July 1992 to June 1997. Both the total, Fig. 5, and the
anthropogenic sulphur, Fig. 6, show strong seasonal variations at Cape Grim, with summer sulphur being
higher than winter sulphur.

Cape Grim was picked as a Global Baseline Station because for a large fraction of the time strong winds blow
for days from the west and south westerly direction across thousands of miles of ocean. The air sampled from
this site at these times should therefore be representative of global air and not be too strongly influenced by
regional or local anthropogenic sources from continental Australia or the rest of Tasmania to the east.
However, we would also expect this global air to contain a high contribution of seasalt particles from the ocean.
Dry seasalt is over 90% sodium chloride [4]. Both these elements are well measured by our IBA techniques. A
plot of the measured sodium plus chlorine concentration against 2.54 times the sodium concentration is shown
in Fig. 7 for all Cape Grim data between July 1992 and June 1997. A plot of this type should be linear and
have a gradient of 1.0 if there is no chlorine loss and all the sodium is associated with chlorine in seasalt. The
correlation was good (R2=0.90) and the gradient of the least squares fit to the data of Fig. 7 was (0.97±0.11),
showing that at this site there is very little chlorine loss from the filters and that the majority of sodium was
associated with chlorine in seasalt. On average seasalt was (42±11)% of the fine particle mass at Cape Grim.
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Fig. 7. Plot of (Na+Cl) against 2.54Na for PM2.5.
Fig. 8. Plot of monthly percentage seasalt at Cape

Grim for fine particles.

The total sulphur measured at Cape Grim has a natural and an anthropogenic component. Sulphur in seaspray
is expected to occur in a relativity fixed ratio to sodium of (S/Na)=0.084 [3,4]. Whereas non seasalt sulphur
(nss-S) has anthropogenic origins in fossil fuel burning, mainly originating from non baseline sectors at Cape
Grim. In Fig. 9 we show total measured fine sulphur against sodium. The data falls into two clear groups as
shown by the open circles and the crosses. The open circles represent data where the (S/Na) ratio falls within
±25% of the expected value for seasalt. Whereas the crosses represent excess anthropogenic sulphur not
associated with seaspray. The linear fit to the circle data showed about (5O±3O) ng/m3 of sulphur always
present even in the absence of seaspray (Na=0). This corresponds to about (210±120) ng/m3 of ammonium

sulphate that is always present Cape Grim even from
Cape Grim 1992-1996 ^ b a s d i n e ^ ^ whereas the high values of

700 T x^ ^ v n & M | f s excess sulphur shown in Fig. 9 probably originate

600 -I
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Fig. 9. Sodium versus sulphur at Cape Grim.

4500

from major cities such as Melbourne, Adelaide on the
mainland and Launceston and Hobart in Tasmania.

This effect is well demonstrated by the plots of Figs.
10 and 11. Where we show 24 hour back trajectories,
using average hourly wind speed and directions at the
Cape Grim site. Fig. 10 is for the 28 November 1993
which had the highest sodium/ sulphur ratio for the
study period. The Baseline Sector is defined by 190°
to 280°, that is from south to just north of west.
Clearly the data for 28 November 1993 originated
from this sector and represents baseline air with a
high seasalt component and a low anthropogenic
sulphur component. Fig. 11 shows back trajectories



for a low sodium, high sulphur event on 29 September 1993. This represents data from the Continental Sector
280° to 90° and in particular the Urban Sector defined mainly by Melbourne, 330° to 30°. It is low in seasalt
sodium but high in anthropogenic sulphur.
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Fig. 10. 24 hour back trajectories for 28/11/93
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Fig. 11. 24 hour back trajectories for 29/9/93.

Back trajectory plots of the type shown in Figs. 10 and 11 are interesting because they demonstrate that fine
particles collected at Cape Grim come from hundreds of kilometres away. Indeed this is not unexpected as a
steady 20 km/ hr breeze for 24 hours would transport fine particles 480 kilometres, typical of the distances
shown in Figs. 10 and 11.

Summary
Climate change is currently seen as a most important international issue. Millions of people who live on atolls
and outcrops barely above sea level may be submerged by rising seas levels, Samoans maybe the first to feel
these effects. In Bangladesh seventeen percent of land may be lost and 6M people affected. The European
Union wants all developing countries to accept a legally binding 15% reduction in greenhouse emissions by
2010 (based on 1990 levels). This would affect Australian aluminium and coal exports considerably.

Of all the atmospheric pollutants, fine particles are the most evident because they affect visibility by changing
an otherwise deep blue sky. However, the uncertainty associated with our knowledge of fine atmospheric
particles and their role in global climate change is considerably greater than that related to greenhouse gases.
Effects in the southern hemisphere are quite different to the northern hemisphere. It is therefore important to
obtain data relevant to our own situation. Fine particle characterisation research is therefore very important.
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Radioactive isotopic tracers are widely used in biomedical research, but for some elements
of much current interest such as aluminium, silicon and plutonium, suitable isotopes for
radioactive decay counting are not available. Each of these elements, however, possesses a
long-lived isotope which could in principle be used if a suitable atom-counting detection
technique were available. Accelerator Mass Spectrometry (AMS) is such a technique.

A significant challenge to the AMS detection of 32Si (T^ = 150 a) is posed by the ubiquity
of the stable isobar 32S which leads to prohibitively-high counting rates in a conventional
AMS detector. Consequently, we have recently developed a gas-filled magnet technique
for measuring 32Si which allows a spatial separation of 32S from 32Si and hence a reduction
in the counting rate entering the detector by a factor of 106. The ion-identification
capability of the detector then provides an additional factor of 106 discrimination against
residual 32S ions, and permits measurements of the 32Si/Si ratio down to 10"15.

As a first application of this technique to a biomedical project, the first measurement of
silicon uptake by a human subject has been carried out. The motivation for this study arose
from the proposition that silicate may be important in human physiology in protecting
against aluminium toxicity. Indeed, in an earlier study of aluminium uptake, using the
isotopic tracer, 26A1, it had been shown that blood-Al levels following Al dosing were
lower when the dose was accompanied by dissolved silicate than when it was not [1], and
in a recent study we concluded that this effect was largely due to enhanced Al excretion
when silicate was present [2]. Specifically, in the two subjects studied, the renal clearance
of Al was enhanced nearly twofold for the first 12-24 hours following the Al dose in the
case where the dose was accompanied by silicate, although after this period Al clearance
fell to the normal (i.e. non-silicate) level. It was suggested that the concurrent presence of
aluminium and silicate in the blood plasma could lead to an increase in low molecular-
weight Al species, more readily eliminated by the kidney than the transferrin-bound Al, of
high molecular weight, known to be the dominant plasma-Al species under normal
circumstances.

There is very little quantitative information on the uptake, elimination and retention of
silicate. However, the credibility of the above Al-silicate binding hypothesis would be
greatly enhanced if the kinetics of silicate uptake and elimination were shown to occur on



the same time scale as the enhanced Al elimination, i.e. if it were demonstrated that the
enhanced levels of plasma silicate following uptake persisted for no more than 12-24
hours. Thus, we set out to determine directly the fraction of silicate absorbed from the
gastrointestinal tract, and to quantify the kinetics of renal elimination, using the silicon
isotopic tracer, 32Si.

A healthy male volunteer ingested the dose solution which consisted of 53pg of 32Si and 1
mg of stable silicon in a form which was expected to be monomeric silicic acid Si(OH)4.
Urine collections were made for extending intervals from 2 to 12 hours over 2 days
following ingestion. Silicon was isolated as SiO2 by first co-precipitating calcium silicate
and calcium phosphate from the urine samples, and then distilling SiF4 into a solution of
dilute nitric acid where it precipitated as silica gel. After firing and mixing with silver
powder, the 32Si content of the resulting samples was determined by AMS.

The results are shown in figure 1, from which the following can be deduced:
a) Uptake appears to have been essentially complete within 2 hours of ingestion, and the

gastrointestinal uptake factor was an unexpectedly large 36%.
b) Excretion occurred by two simultaneous first-order processes with half-lives of 2.0 and

8.6 hours, representing 90 and 10%, respectively, of the total output.
c) The main body reservoir appears to be the extracellular fluid volume, and there was no

evidence for any specific binding or retention of silicate under these conditions. The
10% component may represent intracellular silicate absorption, or may reflect the
presence of a component of oligomeric silicate.

Note that these results for silicon absorption and excretion are in marked contrast to those
obtained for aluminium, where the uptake factor is typically 0.1%, excretion is an order of
magnitude slower, and there is good evidence for long-term retention of some of the
absorbed aluminium. Nevertheless, the results of this study are consistent with the
hypothesis advanced in our earlier study [2], that the simultaneous ingestion of aluminium
and silicate enhances the rate of aluminium excretion for a period of 12-24 hours, because
this is just the period when silicate would be present and during which a silicate interaction
would be possible.

1.) J.A. Edwardson, P.B. Moore, I.N. Ferrier, J.S. Lilley, G.W.A. Newton, J. Barker, J.
Templar and J.P. Day, Lancet 342 211-212 (1993).

2.) S.J. King, J.P. Day, C. Oldham, J.F. Popplewell, P. Ackrill, P.B. Moore, G.A. Taylor,
J.A. Edwardson, L.K. Fifield, K. Liu and R.G. Cresswell, Nuclear Instruments and
Methods in Physics Research B 123 254 - 258 (1997).
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Figure 1. Urinary 32Si excretion following a single dose: (a) the ordinate is expressed as the

fraction (%) of the ingested dose excreted in each urine collection, or cumulatively (times are

recorded as the mid-point of the relevant intervals); (b) the ordinate is the logarithm (base

10) of the cumulative excretion subtracted from the limiting value estimated from the

cumulative plot in graph (a).
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INTRODUCTION

Cement is often used to condition and encapsulate low level radioactive waste before it is
disposed of in a repository. Ground water can attack these waste-forms by transporting
aggressive ions into the cement paste and by removing radioactive ions from the paste. The
extent of the attack will be governed by the diffusion of the ions in the cement paste. In this
study we examine the migration of aggressive carbonate ions and inactive Cs and Sr through
cement pastes. The use of SIMS for establishing the penetration depths and diffusion profiles
for Cs and Sr in cement will be explored.

Atkinson et al [1,2] have examined the leaching of Cs & Sr from cement and shown that the
addition of a zeolite increases the binding of the Cs and Sr to the cemented matrix. Atkinson
[1] measured the penetration profile of Sr and Cs in cement paste and from this calculated
their diffusion coefficients. However, the penetration profile in pastes containing zeolites were
not measured. In this paper we examine the penetration profiles of Cs and Sr in a non-zeolite
cement paste and compare these to those of a paste made with zeolite.

EXPERIMENTAL

The durability of cement paste in water has previously been studied by Revertegat et al [3]
who circulated demineralised water over the paste for extended periods while acids such as
CO2 were bubbled through the water. This technique was used to expose samples of cement
to carbonated water for 6 weeks. A small sample (20 mm long, 5mm wide, and 2mm thick)
was cut from the sample, polished and gold coated. The carbon content of the cement was
measured from the leach front to a depth of 5.5 mm into the cement at analysis intervals of
1.5mm using SIMS. A lOkV cesium primary ion beam of l-2nA was focussed to a spot of
around 5[im and rastered over an area of 250um x 250|4.m. Negative secondary ions of *H,
12C, 16O, ^ a , 28Si, 32S and 39K were detected. To minimise edge effects only ions from a
60um analytical area within the crater were selected for detection.

In another series of experiments the diffusion profiles of Sr and Cs through cement paste were
measured. Two different cement pastes were prepared one being a normal Portland cement
and the other with the addition of 35% Werris Creek zeolite. A solution of 0.6 molar Cs and
Sr nitrate was allowed to diffuse into cement paste for 27 days. After drying at 60 °C an
unpolished slice (6 mm long, 6 mm wide and 1 mm thick) was cut from the paste for study by
SIMS. A 12.5kV O" primary ion beam of lOOnA was focussed to a spot of ca 50|im and
rastered over an area of 50um x 50(im. Ions from an analytical area of 30|im within the
sputtered crater were selected for detection. Moderate energy filtering was utilised as a means

-If-



of suppressing molecular interferences. Positive secondary ions of 27A1, 28Si, ^Ca, 48Ti, 56Fe,
Sr and Cs were profiled. One slice of cement was specifically selected in order to assess

the imaging capabilities of the Cameca on this particular substrate. This sample was polished
to diamond grade and gold coated as the previous samples. For the imaging experiments a
12.5kV O" primary ion beam was focussed to a small spot of around 5jxm corresponding to a
primary current of ~ 4nA. The instrument was operated at full transmission in order to
maximise detection. Molecular interferences on the peaks of interest were suppressed using
moderate energy filtering.

RESULTS

The cement paste that was exposed to the carbonated water had an obvious leach front about
1.5 mm deep from the surface. Following Glasser [4] we would expect this surface layer to
consist of a silica rich layer from which calcium had been removed. In theory, beneath this
layer the cement should be strongly carbonated. The SIMS analyses confirm this
interpretation. A maximum carbon concentration was observed at approximately 1.5mm from
the leach front.

Figure 1 displays the SIMS concentration profiles for Cs and Sr as measured in the Portland
cement paste. The cesium has penetrated the cement to a depth of around 2mm. The
strontium is not detected by SIMS beyond a distance of approximately lmm.
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Figure 1 Concentration profiles for cesium and strontium in Portland Cement as measured by SIMS

Figure 2 displays the SIMS concentration profiles for Cs and Sr as measured in a zeolite-rich
cement. The strontium has penetrated to a detectable distance of around 1-1.5mm. The
concentration of cesium from spot to spot is more variable. A general trend similar to that
seen in Figure 1 is observed and a reduction in the number of cesium ions detected is apparent.
In the zeolite-rich cement the cesium drops to SIMS detection limits at around 1.5mm.
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Figure 2. Concentration profiles for cesium and strontium in a zeolite rich cement

Ion imaging experiments demonstrated the heterogeneous and fine-grained nature of the
cement matrix. Images acquired for various species, including Cs and Sr, illustrated this
heterogeneity showing that within a 250um x 250um area there are regions within which both
high and low Cs & Sr concentrations occur.

DISCUSSION

The heterogeneous nature of the cement samples was perhaps the most difficult aspect of the
study to be overcome. The SIMS sampling area was small (50-250um), and imaging and
optical investigations had both clearly indicated that the heterogeneity was on a smaller scale
than this sampling area. The effects of the non-homogeneity was most pronounced in the
study of the zeolite rich cement where the cesium has preferentially accumulated in the zeolite
material. When the sampling area intersected a zeolite rich area anomalously high cesium
concentrations were encountered. This results in the more variable Cs concentrations
observed in Figure 2.

SEM has also shown that Cs is preferentially adsorbed into the zeolite in a non homogeneous
manner. The Cs concentration is unevenly distributed in the zeolite with some parts
apparently being devoid of Cs. This is reflected by the penetration profile of Cs in the zeolite
where some regions are rich in Cs. When these regions were removed from the profile it
could be fitted to the equation in Atkinson's paper [1] by least squares to give a difiusion
coefficient that was indistinguishable to that fitted to Cs in cement paste. It would appear that
there is no measurable difference between the diffusion coefficients of Cs in cement paste and
in a zeolite cement paste.
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ABSTRACT

The results on structural aspects and superconductivity of LaBaCaCusO? (La:1113) are

reported. Both X-ray and neutron diffraction studies reveal that the La: 1113 compound

crystallises in P4/mmm tetragonal structure. Our careful and detailed neutron diffraction study

reveals that in this compound the La, Ca and Ba sites are intermixed with each other. Nearly

46% of Ca occupies the usual La-site, while the remaining 54% stays at the Ba-site. In

stoichiometric La: 1113 compound, a corresponding amount of La substitutes at the Ba-site.

These occupancy refinements explain the tejragonal structure of the compound, despite having an

oxygen content close to 7.04. The compound studied presently shows a Tcof 68K.

L INTRODUCTION.

There are several RE (rare earth) based HTSC (High Temperature superconducting)

families such as REBa2Cu3O7(RE:123), REBa2Cu,O8(RE: 124), and RE2Ba,Cu7Oi4(RE:247)

[1,2]. RE based 123, 124, and 247 superconducting families are known for nearly all rare earths

except Ce, Pr and Tb. RE: 123 compounds show superconductivity around 90K with oxygen

content close to 7.0, for all rare earths, except Ce Pr and Tb. While Ce and Tb do not form the

required structure, the case of Pr is unique due to its magnetic interaction with the neighbouring

Cu-0 conduction band [3,4]. The same is true in the case of RE: 124 and 247 compounds [2,5].

Another relatively new RE based HTSC family is called RE: 1113 (REBa2Cu3O7). The

RE: 1113 family is unique in terms of phase formation and crystal structure. Unlike RE: 123 and

124, RE: 1113 compounds form only with heavier rare earths such as La, Pr and Nd [6].

Moreover RE: 1113 compounds crystallise in a tetragonal structure with an oxygen content close

to 7.0 [6,7]. The main aim of the present study is to explore the finer structural details of this

compound by Rietveld analysis of the neutron diffraction patterns of the superconducting (Tc =

68K) LaBaCaCusO? compound. Our results reveal that it is the intermixing of Ba, Ca and La

sites in the parent RE: 123 structure which gives rise to the formation of teragonal RE: 1113

compound with equal occupancies of 0(1) and 0(5) sites in Cu-0 chains.

II. EXPERIMENTAL DETAILS

The presently studied LaBaCaCu3O7 compound is synthesised through solid state

reaction route. The ingredients i.e La2O3, BaCO3, CaCO3 and CuO were mixed in a

stoichiometric ratio and fired at 975 C for several hours. Finally the as formed compound is

annealed in flow of oxygen at 575C for 24 hours and subsequently allowed to cool to room



temperature in the same gas environment over a span of 6 hours. AC magnetic susceptibility

measurements were done using a Quantum Design SQUID magnetometer with an applied r.m.s

field of 0.10 gauss and at 1117 Hertz.. The Neutron diffraction pattern at room temperature was

obtained using the Research Reactor Facility of the University of Missouri. The experimental

details applied are similar to those reported earlier for RE: 123 ceramic samples [8]. In brief, the

samples were contained in a thin walled vanadium can. Neutrons of wavelength 1.4783 A were

selected for the diffraction experiments. The diffraction data were recorded from 10° to 100°,

0.05° intervals, using a 5 element position sensitive array covering 20°.

BDL RESULTS AND DISCUSSION.

AC susceptibility versus temperature plot for the LaBaCaCu3O7 compound is shown

below in Figure 1. The superconducting transition temperature, Tc, is defined as the onset of

diamagnetic transition, which is around 68K with a sharp transition and no visible second step

in the susceptibility down to 4.2 K
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Figure. 1 AC susceptibility versus temperature plot for LaBaCaCu3O7

The neutron diffraction powder data was analysed by the Rietveld refinement procedure using

the Generalised Structural Analysis System (GSAS) program. A typical observed and fitted

neutron diffraction pattern of LaBaCaCu3O7 sample is shown below in Fig.2.
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Figure.2 Fitted and observed neutron diffraction patterns for LaBaCaCu3O7.

It becomes evident from this figure that small peaks, attributed to un-reacted material, are

present, similar to those found in the X-ray diffractograms of this compounds [6,7]. The results

of Rietveld analysis for LaBaCaCu3O7 sample reveal (see Table. 1) that part of the La occupies

the Ba site with a corresponding amount of Ca occupying the nominal RE site. As shown in



Table. 1, 46% of Ca atoms occupies the usual La-site, and the remaining 54% is at the Ba-site.

In the stoichiometric compound subsequently 46% of La occupies the Ba-site in the structure.

This suggests that RE: 1113 compound can form with only the bigger ionic radius members,

which can substitute easily at Ba-site, like as Nd, La and Pr. Also the mixing of Ca, Ba and La in

the structure can bring the 0(1) and 0(5) site occupancies closer to each other giving rise to a

tetragonal system [8,9].

Table.2 Structural parameters for LaBaCaCu3O7.04 (space group P4mmm):

Atomic positions (x, y, z) occupancy and isotropic thermal parameter (UisO).

Atom

Ba

Cu(l)

Cu(2)

0(1)

0(2)

O(4)

Ca@Ba

Ca@La

La@Ba

La@La

Space Group positions

2t

la

2q

le

2s

2q

2t

lh

2t

lh

X

0.5

0

0

0

0.5

0

05

0.5

0.5

0.5

y

0.5

0

0

0

0

0

05

0.5

0.5

0.5

z

0.1849(5)

0

0.3527(5)

0

0.3664(4)

0.1579(9)

0.1849(5)

0.5

0.1849(5)

0.5

Occupancy

0.5x2

l x l

2 x 1

0.72(3) x 2

0.99(2) x 4

0.83(3) x 2

0.27(2) x 2

0.46(5) x 1

0.23(2) x 2

0.54(5) x 1

100 x Ubo (A
3)

0.55(19)

1.10(10)

1.10(10)

8.28(69)

0.46(14)

1.73(40)

0.55(19)

0.29(28)

0.229(23)

0.29(28)
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1. Introduction

The ion beam induced amorphization of InP has been studied using perturbed angu-
lar correlation (PAC) technique. The technique uses radioactive atoms as probes and
measures the hyperfine interaction of these probes with the local fields in the sample.
The charge distributions of particular defects induce electric field gradients which couple
to the electric quadrupole moment of the excited state of the radioactive nucleus. As
a result of this interaction the distribution pattern of the emitted radiation is changed
as a function of time. Observation of these changes can provide information about the
structure and concentration of defects. More details about the technique can be found
elsewhere [1,2,3].

2. Experimental Methods

a) Production and Implantation of111 In

The radioactive isotope m I n was implanted into InP wafers using a direct production
and recoil-implantation technique. This method uses heavy ion beams from the ANU
HUD accelerator to both produce and implant the isotope. The experimental setup is
shown in Fig. 1. The following nuclear reactions were used for production of m I n :

103Rh(i2C, p3n)mSn

103Rh(12C, 4n)mSb X ^ i n l u Sn ^ 2 ? m I n

Beam • >

: 'Rh+ :-C=> 1!lSn=> : | :In u Sample

Fig. 1: Experimental setup for production and recoil-implantation of m I n

43-



The energy of carbon beam was 69 MeV. Samples were mounted approximately 2 cm
behind, a thin rhodium target and around 60% of all recoils can be implanted into the
samples (see Fig. 1). The activity of each sample was about 3.3 fiCi corresponding to
about 1.3xlO10 indium ions. TRIM calculations indicate that most of the ions come to
rest within 1 to 2.5 microns in InP wafers. After radioisotope implantation the samples
were annealed at 800° C for 10 s (using rapid thermal annealing technique) in order to
remove any damage.

b) Amorphization of InP Samples and PAC Measurements

Ion beam amorphization was achieved using Ge beams with dose concentrations between
2 x 1012 ions cm"2 and 150 x 1012 ions cm"2. Ion beams of different energies were
used in order to obtain uniform damage from the surface to 2.5 /zm depth. Off-line
PAC measurements were performed for each sample using a four detector BaF2 array
and a ratio function, R(t), was formed from the measured spectra in order to factor
out the exponential from the decay curves. This function is equal to the product of the
pertubation function and the anisotropy coefficient.

a) b)
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Fig. 2 Measured Ratio Function, R-(t), for samples implanted with Germanium ions of
different dose concentrations (1012ions/cm~2)



Results

The ratio functions for 6 of the samples are shown in Fig. 2. They show a smooth
transition from the crystaline (a) to amorphous (f) state as a function of dose. Two
regimes can be observed, one where the probe nucleus sits on a weakly disturbed site
and the other corresponding to a very damaged environment. In order to describe this
behaviour the spectra were fitted with the "two fraction" pertubation function:

G2(t) = fiG2(a>ut) +/2(?2(w2,t)
where fractions, f, correspond to the number of indium nuclei associated

I

100

80
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40

20

n

-

-

-

-

i

i ' i '

i , i i

• + :

-
-

i i i i i i

0 10 20 30 40 50
dose [10 ions]

Fig. 3: Dependence of the amorphous
fraction on the implantation dose

with non-amorphous and amorphous sites in InP samples. Fig. 3 shows the dependence
of the amorphous fraction on the Germanium implantation dose. The portion of this
fraction increases linearly with implantation dose. Rutherford backscattering and X-ray
Diffraction measurements have been performed on the equivalent samples and the results
correlate well with PAC results.
Work is currently under way to calculate the expected pertubation function correspond-
ing to particular damage distributions.

References

1. Wichert, T. and Reckangel,E., Microscopic Method's in Metals,Springei Verlag, 1986
2. Mahnke,H.E., Hyperfine Interactions 49 (1989), 77
3. Deicher,M., Hyperfine Interactions 79 (1993), 681



NTA6
AU9817101

NEUTRON ACTIVATION ANALYSIS - AN OLD TECHNIQUE
BUT IS IT STILL USEFUL?

Gordon D. McOrist
Environmental Radiochemistry Group, Environment Division, ANSTO, PMB 1, Menai, 2234.

For over 30 years, neutron activation analysis (NAA) has proven to be a sensitive and
accurate method for determining the concentration of a large number of trace elements in a
wide variety of samples. More recently, however, other techniques such as ICPMS, ICPOES,
XRF and others have replaced NAA as the method preferred by a large number of analytical
laboratories around the world. As the capital cost of these instruments has fallen, an
increasing number of these laboratories have been able to purchase and locate them within
their own facilities. Since they are now able to quickly analyse samples and determine trace
elements at levels similar to NAA, the result appears to be a decline in the number of samples
requiring analysis by NAA. Therefore, is NAA still useful?

All analytical methods have applications to which they are particularly suited while at the
same time being totally unsuited to others. By changing other characteristics such as sample
preparation protocol, instrument settings and so on, they can now analyse a reasonably wide
variety of samples, for most elements, at reasonable levels of detection. However, when
compared with these other analytical techniques, there are certain aspects of NAA which
make it uniquely suitable to analyse certain types of samples and for particular elements:

1. NAA is a non-destructive technique of analysis making it particularly suitable for valuable
or irreplaceable types of sample. We have carried out comprehensive trace element
analysis on diamonds, black precious opal and ancient fish fossil bones and have been
then able to return the sample to the client.

2. It is particularly suited to analysing solid samples since no sample dissolution, with its
associated problems, prior to analysis is necessary.

3. NAA is remarkably free of matrix effects essentially eliminating complex pre-analysis
procedures.

4. Unlike the methods previously mentioned, it is uniquely suited to determining low levels
of certain elements such as Cl, Br and I, particularly in organic samples. Our ability to
determine sub-ppm levels of Cl in transformer oils has greatly assisted in the development
of a patented method for the destruction of PCB's.

5. It is possible to analyse large samples in order to overcome homogeneity problems, which
is particularly useful in the precious metals industry.

6. Radiochemical NAA enables the determination of very low levels of particular elements
(eg Ta) in samples traditionally difficult to dissolve.

It is these and other aspects of NAA which ensure that it is still the preferred method of
analysis in many instances. As with any other method of analysis NAA has certain
deficiencies, but these are more than outweighed by the benefits derived in the particular
applications described above.
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An EXAFS study of ion-induced structural modification of GaAs.
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Ion-induced structural modification of GaAs has been investigated using extended x-ray absorption
fine structure spectroscopy (EXAFS). The local atomic structure has been probed to understand the
characteristic properties of amorphous GaAs, in particular, the existence of wrong bonds, potentially
the cause of defective recrystalisation during solid phase epitaxial growth (SPEG). EXAFS, utilising a
novel sample fabrication technique, has been utilised to measure the artefact-free structural
parameters of stoichiometric amorphised GaAs for the first time. All experimentally determined
structural parameters were found to be independent of both implant temperature and incident ion
dose, and were considered representative of intrinsic amorphous GaAs, as opposed to implantation
induced extrinsic structure. The defective recrystalisation of amorphous GaAs was subsequently
attributed to this intrinsic disorder as opposed to ion implantation induced specific disorder.

1. Introduction.
The low temperature (200°C - 400°C)
recrystalisation of amorphised GaAs yields
defects in the form of twins and stacking faults
[1], as shown in the cross section transmission
electron micrograph in Fig 1. It has been
suggested that this defective solid-phase
epitaxial growth (SPEG) can be the result of
localised microscopic non-stoichiometry
induced by ion implantation, the latter required
to initially amorphise the material. The extent
of twinning was expected to be ion dose
dependent [2]. Also, theoretical calculations of
the structure of amorphous GaAs predict the
existence of significant fractions (-12%) of
like-atom bonding (so called wrong bonds) and
under- or over-coordinated atoms (40%) [3],
which implies non-equivalent atomic
environments of Ga and As. Previous
transmission EXAFS studies of amorphous
GaAs [4,5] have reported contradictory results,
attributed to differences in sample fabrication
methodologies [5]. Both flash evaporation and
sputtering have been used in the past, which
have resulted in non stoichiometric films [4-8].
These studies show that the resulting structural
disorder demonstrates a stoichiometric
dependence [7], in agreement with theoretical
results [10,11]. For this study, extended x-ray
absorption fine structure spectroscopy
(EXAFS), has been utilised with a novel
sample processing technique, to measure the
artefact free structural parameters of

stoichiometric amorphised GaAs for the first
time.

Figure 1. Micrograph of defective SPEG of GaAs
annealed at 260°C. (Courtesy K. Belay).

2. Experimental.
Amorphous GaAs samples were prepared by a
novel technique based on epitaxial lift-off
(ELO) and ion implantation [12]. As can be
seen in Fig 2, a 2.5 |J,m GaAs sample layer and
a 0.02 (xm AlAs release layer have been grown
on a GaAs (100) substrate under lattice-
matched conditions. The heterostructures were
grown by metal organic chemical vapour
deposition (MOCVD) at 650°C, and were
subsequently amorphised to a depth of -2.7 |xm
by Ga and As co-implantation. Multiple energy
/ dose implants at -196°C were utilised to
produce a near constant value of energy
deposited in vacancy production as calculated
by the TRIM code [13] and as shown
schematically in Fig 3. Equal doses of Ga and



As were implanted to maintain stoichiometry (±
<0.01%), ranging two orders of magnitude
greater than the amorphisation threshold [1].
The AlAs release layer was preferentially
etched in a 10% HF solution1 then the
amorphised GaAs layer was bonded to
adhesive, x-ray transparent, Kapton film.

l.MOCVD growth

2. Ion implantation

3. Etch AlAs layer

4. Bonding to Kapton

c-GaAs

a-GaAs

AlAs

Kflpton film

Figure 2. Schematic diagram of GaAs sample
fabrication utilizing selective chemical etching.

3.0x10** I ' • ' ' I ' ' ' ' I ' ' ' ' I ' '

•* 1 MeV
• 3 MeV :
• ? MeV
* sum

0.5 1.0 1.5 2.0
Depth (yam)

2.5 3.0

Figure 3. Energy deposited in vacancy production
following a multiple energy, multiple dose As
implant sequence. The implant energies for the lower
mass Ga ions were less than As to maintain local
stoichiometry.

The x-ray absorption spectra of Ga and As K-
edges, at 10.37 and 11.86 keV respectively,
were recorded in transmission geometry at 10K
on beamline 2-3 of the Stanford Synchrotron
Radiation Laboratory (SSRL). A Si(220)
channel cut crystal monochromator was used,

1 The selectivity of HF for AlAs / GaAs is
approximately 108:l.

with energy resolution estimated to be AE ~ 1
eV at 10 keV. Crystalline reference samples
were prepared from finely crushed powders
mixed with a BN binder. The effective sample
thickness, x, was -16 |lm (ie pc ~ 1.5, where fi
is the energy dependent absorption coefficient).
Amorphous samples were simply stacked
together to gain this required thickness.
Following removal of both the pre-edge and
post-edge background by spline polynomial
approximations, the normalised EXAFS was
Fourier transformed over a photoelectron
momentum2 (k) range of 3-18 A and 3-20 A for
the Ga and As K-edges respectively. The
structural parameters of the first nearest
neighbour shell were isolated by inverse
transforming over a non-phase corrected radial
distance range of 1.5-2.7 A for both Ga and As
absorbers. Analysis was performed with the
XFTT code [14], in the single scattering
approximation, with phase and backscattering
amplitude calculated ab initio with the FEFF4.0
code [15]. The ratio method [16] was then
utilised for more accurate determination of
single shell coordination numbers.

For each K-edge, the amplitude reduction
factor, So, was determined from the crystalline
reference sample with the nearest neighbour
coordination number, n, set to 4. This edge
specific value of So

2 was subsequently fixed in
the analysis of amorphous spectra [17]. The
subsequent refinement of the threshold energy
(Eo), nearest neighbour bond length (r), Debye-
Waller factor (o2) and n, allowed meaningful
comparison of implantation induced structural
modification of the amorphous material to
crystalline GaAs.

3. Results.

Figure 4 shows the EXAFS and Fourier
transforms of the crystalline and amorphous
samples. For the crystalline sample, the detailed
structure apparent in the EXAFS spectrum was
the result of scattering from first, second and
third nearest neighbours, as can be readily seen
from the corresponding Fourier transform. In
contrast, the EXAFS of all the amorphous

* = nt(E-E0)
n

, where E is the energy of the

incident x-ray photon and Eo is the threshold energy
for removal of the core electron.



samples were composed of a single frequency,
indicating scattering from a single shell only.
Correspondingly, the Fourier transform shows
no evidence of scattering from next nearest
neighbours, consistent with the lack of any
long range order and a tetragonal distortion in
the amorphous material.

40

so

BO

I
L- 2 0

- 4 0

(a):

crystalline

5 10 15

Photoelectron Momentum (A"1)
20

2 3
Radial Distance (A)

Figure 4: (a) Spectra of A^-weighted EXAFS as a
function of photoelectron momentum, k and (b) Non
phase corrected Fourier transform as a function of
radial distance of crystalline and amorphous GaAs at
10K. Individual spectra have been offset for visual
clarity.

Figure 5a shows phase corrected r of
amorphised samples as a function of the energy
deposited in vacancy production3 for both Ga
and As absorbers. From this it can be seen that
ion implantation induced amorphisation
produced an increase in nearest neighbour bond
length from 2.445±0.003A for crystalline GaAs
to 2.451+0.006A for amorphous GaAs, the
latter being independent of ion dose4. This

3 Energy deposited in vacancy production, Evac, is
proportional to total ion dose.
4 Though the magnitude of this difference was within
the bounds of experimental uncertainty, the relative

increase agrees with other EXAFS
measurements of sputter deposited and flash
evaporated amorphous GaAs [5-7].
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Figure 5: Experimental values of (a) nearest
neighbour bond length, (b) relative mean square
deviation in nearest-neighbour bond length and (c)
nearest neighbour coordination number for both Ga
and As absorbers as a function of energy deposited
in vacancy production. Horizontal lines represent
uncertainty limits of values measured in crystalline
sample at both edges.

From Fig 5b, the o2 values for the amorphised
material were greater than that of the
crystalline, consistent with increased structural
disorder inherent in an amorphous phase. As
for r, o2 was independent of the energy
deposited in vacancy production (and thus ion

difference was consistently measured over the ion
dose range examined



dose), although o2 measured at the Ga edge was
consistently greater than that of the As edge.
This is potentially indicative of like atom
bonding, where Ga-Ga bonding could manifest
itself by differences in a2 and/or r, and n.
Figure 5c shows nearest neighbour
coordination numbers of both Ga and As
absorbers, obtained via the ratio method. The
observed reduction in coordination number
from 4 to ~ 3.85 ± 4%5 was also independent of
ion dose. This indicates that the majority of
atoms in a-GaAs that were not four-fold
coordinated were under coordinated. This
agrees well with the theoretical prediction that
the predominant defect in stoichiometric,
amorphous JJI-V semiconductors is a three-fold
coordinated atom [10]. Further, sets of samples
produced under different implant conditions
were also analysed. Selected a-GaAs samples
were annealed at 200°C for lhr to investigate
potential structural relaxation in the amorphous
phase. Other samples were implanted at 20°C
to investigate a possible implant temperature
dependence of a-GaAs. However, changes in r,
(forn were not observed in either case, nor did
they exhibit any ion dose dependence. Given
this, and the complete lack of ion dose
dependence for the structural parameters, it is
suggested that the experimentally measured
structural parameters of ion-implantation
induced amorphous GaAs are representative of
stoichiometric, intrinsic amorphous GaAs. It is
further suggested that the defective
recrystalisation observed following SPEG of
amorphous GaAs has not resulted from
extrinsic, ion-implantation induced disorder,
but rather the presence of intrinsic disorder
characteristic of amorphous GaAs. This is
supported by the observation of defective
SPEG of stoichiometric, amorphous GaAs
produced by molecular beam epitaxy [18].

4. Conclusions.
Transmission EXAFS has been utilised to
measure the structural parameters of
amorphous GaAs samples, fabricated using a
novel, artefact free, preparation methodology.
Relative to crystalline GaAs, the nearest
neighbour coordination number has decreased
and the nearest neighbour bond lengths and the

5 Again, the relative change in n was considered
experimentally valid.

Debye-Waller factors have increased, the latter
consistent with structural disorder. Differences
in Debye-Waller factor about the two lattice
constituents were potentially indicative of like-
atom bonding. Also, no ion dose dependence of
any of the measured structural parameters was
observed, and thus the experimental values of
o2, r, and n were considered representative of
the intrinsic structure of amorphous GaAs , as
opposed to implant induced extrinsic structure.
It is also proposed that the defective
recrystalisation of amorphous GaAs occurs due
to the incorporation of intrinsic defects from
the amorphous phase, and not from
implantation induced specific disorder.
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Abstract:
We present here a paper describing the new Transient - IBIC data acquisition and analysis system at

MARC. A discussion on the need for single ion control and temperature control is also given. The new
cryostatic temperature control stage is introduced. Data is presented demonstrating the potential
improvements in spatial resolution in materials of long lifetime by mapping on timing windows around
the prompt charge component in the charge transient.

Introduction:
Ions traversing a semiconductor material give rise to an e-h plasma whose subsequent interaction with

the local crystal structure and collection via neighboring space-charge regions is the basis of the Ion Beam
Induced Charge (IBIC). Transient current techniques using heavy MeV ions have been used for the
simulation of single event process (SEU). IBIC has also been applied to the SEU problem with its main
advantage over the EBIC and OBIC technique being an energy selectable end of range to probe structure
at a particular depth without removal of passivation layers. For a more complete characterization of a
device though, the temporal dependence of the collection process contains more information than the
integrated charge pulse height alone, as typically used in IBIC analysis. Acquisition of the spatio-temporal
response of the device leads to investigation of time dependent device phenomena such as those associated
with trapping processes and lifetimes.

Purpose of Single Ion Control
Single ion control in Transient-IBIC is necessary due to the low transfer rates found with transient

recorders and Digital Storage Oscilloscopes (DSO's). The damage induced from ions striking the device
during the transient capture and transfer process degrades the device. Ideally the beam current is matched
to the transient collection rate (typically less than 20Hz). Maintaining such current is difficult since beam
bunching and timing spread leads to frequency components larger than the steady state required. Minimal
beam is necessary for non-destructive analysis. The second point in favor of single ion control is that of
controlling the timing of the ion injection process. The aspect of timing control needs careful
consideration as the dynamic range in transient widths can be from fractions of (isec's to many msec's in
the case of Scanning Ion-DLTS. At long transient widths pulse pileup in the current transients can
introduce a significant source of error reducing the available timing window. Using a single ion system
enables wider windows in transient widths for a given beam current.

Transient-IBIC System Design
The single ion system employs rapid electrostatic beam switching after the event detection has

occurred. For Transient-IBIC the recorded signal is used as the event trigger for beam pulsing. Figure 1
below schematically illustrates the single ion beam line used for Transient-IBIC analysis.
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Figure 1: A schematic of the complete Transient-DBIC analysis system.

The diagrams consists of, going from right to left, a beam pulsing unit for fast timed deflection; the
microprobe object and aperture slits determining the 1st order beam spot size, lenses for beam focusing,
ferrite core coils for beam scanning with a transconductance amplifier supplied with scan signals from a
PC Lab PC+. The DUT is mounted on an X-Y-Z cryogenic stage with an Amptek A250 charge
preamplifier for charge transient collection.

Scanning System and Beam Pulsing
The scanning system comprises a PC running Labview 4.0 equipped with a National Instruments

LabPC+ and GPIB-TNT+ card for both scan generation and lab control. A GPIB-TNT+ card is used for
instrumental control of a 300MHz Lecroy 9361 DSO, Keithley 487 bias supply and Conductus LTC-10
temperature controller. Scan generation is achieved by the dual 16-bit DAC's onboard the Lab PC+ card
driving a transconductance amplifier through orthogonal magnetic dipole coils.

The scanning software allows programmed shape scanning with adjustable pixel spacing
accommodates, multiple ions per pixel. Scan rastering is based upon the hardware trigger supplied by the
Amptek A250. Upon receiving an event tag, the beam pulsing system blanks the beam, downloads the
transient as captured on the DSO and repositions the beam to the next scan position. Having repositioned
the beam, the BPU receives an ON condition, and the process is repeated over the array. For any given
array, a Keithley 487 picoammeter Voltage source both monitors the device leakage and sets the operating
bias. Likewise, the temperature for the array can also be set and monitored during an individual pass,
although in practice the reduction in the collection rate due to extra instrument calls means the internal
scan loop is designed to make no more calls than necessary. Temperature and leakage readings are
acquired at the completion of a given scan. The software is written in a modular fashion to accommodate
various experimental configurations with the optimal collection rate being 18Hz.

Cryogenic Temperature Control
A CTI Cryogenics cryodyne liquid He cryostat and compressor with a Conductus LTC-10 Temperature

Controller are used for device heating and cooling between 30-320K in the microprobe chamber. The
LTC-10 controller incorporates an automated PID feedback system using 2 Si - diode temperature sensors
and a 100Q heater as shown in figure 2. The controller is able to maintain temperature stability of 0.005K
over a broad range of thermal loads. Since typical vacuums in operation are of the order of 10"6-10"7 torr
convective loss is negligible. Radiative losses requires IR shielding. A polished aluminium shroud sitting
at 77K acts as a radiative shield in the lower section of the cryostat (1st and 2nd stages ). From the base
of the balanced bellows section and into the target chamber, thin aluminized mila foil covers the copper
conduction path providing radiative shielding. The entire cryostatic and interface to the target chamber
are mounted on a x-y-z stage for external alignment

Large vibrations from the refrigerator and liquid He compressor require vibrational isolation for the
spatial resolution not to be adversely affected. We achieve this using a balanced bellows in the y-direction
for decoupling vibrations along the housing. A Bruel & Kjaar piezoelectric accelerometer and charge
sensitive preamplifier connected to the DSO are used to examine the vibrational spectrum using Fourier



decomposition. Both the damping factors and directionnal components can be analyzed. Both STIM and
vibrational monitoring point to near complete damping of the vibration along the vacuum housing to
within a nm. Vibrations on the thermal pathway are more difficult to remove primarily because
mechanical interference reduces both conductivity to the sample and introduces thermal leakage. Design
is therefore crucial and we have taken the approach of designing a rigid vertical pathway connected to the
target holder via a series of copper braid wound into springs.

Data and Results:
Shown below are the extracted line profiles across the edge of a Au-Si junction collected at 52K. The

profile is produced by integrating the transient in a given timing window and normalizing to the complete
charge transient. The images are sensitive to pulse shape and indicate the dependence on diffusion on
carrier velocity and distance of injection point to the Au-Si pad. The Au-Si pad is seen to sharpen in
response to forming shorter timing windows. Diffusion from outside the pad can be removed as shown in
fig 2(a). In figure 2(b) the image is most comprised on diffusing charge over longer time intervals.
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The analysis of the profile has involved electrical characterization over the temperature range of 25-
300K using a developed C-V and I-V variable temperature stage incorporating a liquid helium cryostat.
Bandwidth limitations have been theoretically calculated for a junction including regions of partial
depletion and compared to the risetime measurement of 60ns.
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ABSTRACT

Reversed bias p-n junction offered an excellent opportunity to understand the radiobiological effects of Boron
Neutron Capture Therapy (BNCT) in tissues and carcinoma cells. Ionising radiation creates electron hole pairs in
semiconducting materials. Under an electric field the charge carriers can be tapped externally to produce charge
pulses. Therefore the junction can serve as a micro-dosimeter for the detection of charged particles such as
lithium and helium ions produced as a by-product of neutron capture by the boron and nitrogen nuclei
respectively. By arranging the reverse biased p-n junctions into a two dimensional array, it offers the possibility
of measuring the energy deposition pattern. In this paper, we have used the Ion Beam Induced Charge (IBIC)
with a scanned MeV ion microbeam to image and characterise the array of p-n junctions.

INTRODUCTION

Boron neutron capture therapy involves the administration of a suitable boron compound to the lesions followed
by thermal neutron irradiation of the target cells. The boron atom captures a neutron, which results in the release
of highly linear energy transfer (LET) radiations such as alpha and lithium ions that are highly damaging and are
usually lethal to carcinoma cells. Traditionally, dosimetry in this area has been difficult. Rosenfeld et al has
suggested the use of array of miniature p-n junctions as microdosimetry detectors to model biological cell under
the influence of neutron beam [1]. The problems associated with the use of silicon diode arrays as
microdosimetric detectors have been outlined by Bradley et al [2]. The main issue is that silicon is not tissue
equivalent. However, it was found by using Monte Carlo simulation to examine the energy deposition, a
geometric scaling factor (which is ~ 0.63) is required to convert microdosimetric energy deposition
measurements performed in silicon to equivalent deposition in tissue [2]. The second issue is the accurate
knowledge of the charge collection volume of the reverse biased p-n junction, which will be discussed in this
paper together with the investigation of the spatial response of the microdosimeter similar to the operation of the
detector under high LET radiations.

EXPERIMENTAL

The IBIC experiments were carried out at the Microanalytical Research Centre in the University of Melbourne,
which has a NEC 5U Pelletron accelerator. IBIC was performed on the diodes with H \ H2

+ and He+ ion beams.
The beam was initially focused to a micron spot size on the target and was further reduced to submicron by
reducing the diameter of both the object and collimator diaphragms. The focused beam was rastered across the
array and the IBIC signals were collected by charge sensitive preamplifier, whose output is digitised and
recorded by the data acquisition computer in event-by-event mode.

Fujitsu1 designed the prototype silicon array of p-n diodes. The n-type Si was developed by implanting
phosphorus to a dose of 1015 atoms per cm3 at energy of 30keV, while the p-type was fabricated with similar
dose and energy by implanting boron. A p-type substrate was used. Aluminium contact layer of thickness 0.6 |J.m
was deposited above the p-n junction, and a passivation layer of SiO2 was deposited on top of it. The n-type
regions are interconnected together with aluminium tracks, and the same applied to the p-type regions. The
capacitance-voltage measurement (CV) shows that the depletion thickness of the diodes at reverse bias diodes of
9.3 volts is ~2 (xm. A second similar device except that it has a 2 Jim thick silicon dioxide underneath the
depletion layer was fabricated: silicon on insulator (SOI). The insulating layer acts as a barrier that cutoff charge

1 Fujitsu Pte. Ltd, Japan.



carriers from the substrate diffusing toward the deleption layer. With this it allows varying the collection volume
to simulate different cells thickness by changing the reverse bias voltage.

RESULTS AND DISCUSSION

Figure 1 shows the full IBIC spectrum of the p-n array. An alpha beam of 1.5 MeV was scanned over the device
to produce this spectrum. Shown in figure 2(a) is the optical micrograph of the device. By gating at various
windows in the spectrum as indicated in figure 1, we could obtain information indicating where the various IBIC
signals came from in figure 2(b). Signals from window 1 is attributed to the charge collection from the p+

regions and the horizontal Al tracks. The p+ was fabricated as an ohmic contact to establish a low resistivity
connection to the p substrate. As expected the charge collection and from the p+ region should be at the
minimum as it is the furthest away from the depletion region and only diffusion component contributed to the
collection. It was found that this region is more susceptible to ion beam induced damage as compared to the rest
of the device. A plot of IBIC signal as a function of dose per area shows that the signals started to shift down in
energy even after a dose of 4 ions per |Jm2, but levelled off at doses around 62 ions per um2. This indicated that
the ion beam induces defects that allow higher trapping of charge carriers, as a result higher probability of charge
recombination, which leads to lesser charge collected. After doses of 62 ions per \im2 the charge produced at the
end of range of the 1.5 MeV alphas contribute little to the charge collection, which explains that no further
visible shift of the IBIC signals were observed. Similar phenomena were reported by Koehler [3]. He observed
that at large doses to a silicon diode, the charge collected was dramatically reduced, but on subsequent radiation
the changes in the signal was low. IBIC signals from windows 2 and 4 are contributed from the diffusion of
charge carriers underneath the vertical tracks and from the substrate respectively. In having a thick aluminium
layer over (0.6(xm) the n+ region, the energy of the alpha particles were reduced, resulting in having the IBIC
signal pushed down to window 3 in the IBIC spectrum. Window 5 is the collected charge from within the
depletion region and includes the diffusion of charge carriers from the substrate. Region 6 is rather interesting
and cannot be accounted for by using energy loss calculation over the Al cap. It is thought to be attributed to
either the enhanced charge generation mechanism due to a charging effect or the alpha particle glancing through
the side of the n+ mask resulting in having greater energy reaching the depletion region.

A prime factor involved in the data interpretation of neutron experiments required the knowledge of the average
chord length of the sensitive volume, which in turn required the information on the diffusion length of the
material. This factor is required for the conversion of charge pulse height spectrum to LET spectrum [4]. To
determine the diffusion length, proton beams with energies 2 MeV and 3 MeV respectively were rastered over
the device and the result is shown in figure 3. To calculate the diffusion length, the following equation was
applied:

Ion induced charge pulse height = fZdjZ (eqn. 1)

Where dE/dz is the electronic stopping
power, Zd is the depth of the deleption
layer, and L is the diffusion length. The first
term on the right hand side of the equality is
the contribution from the charge carriers
generated within the depletion region, while
the second term refer to the contribution
from the charge carriers diffusing towards
the depletion region from the substrate. A
fit to equation 1 with diffusion length of 51
jj.m is required to produce the solid curve
shown in figure 3.
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Figure 1. IBIC spectrum from p-n array.
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Figure 2. (a) Optical micrograph of the array of p-n cells (b). EBIC map of the same device.
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A second device with a 2 ^un SOI was used
to simulate biological cells and was
analysed with a 3 MeV H2

+ microbeam. In
here, there is no contribution of charge
carriers from the substrate, instead only
charge carriers generated from within the
depletion regions and lateral diffusion
towards the depletion regions are detected.
Similar to the device without SOI, larger
IBIC signals were obtained from the n+

regions than the p+ regions. IBIC signals
extracted from the p+ and n+ cells indicated
that the diffusion length in this device is 53
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Figure 3. Charge pulse height as a function of proton's energy.

CONCLUSION

In conclusion, a reverse biased p-n array could be used to provide an insight on the energy deposition of alpha
and lithium in biological cells. It could provide answers pertaining to the role of boron distribution on the pattern
of energy disposition at microscopic level, crossfire effect that is the deposition of the alphas and lithium
particles' energy in nearby neighbouring cells from an irradiated cell and the boron concentration within the
nucleus. The present results can be used to assess the sensitivity of the dosimeter to the ionising radiation.
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Visualization of Semiconductor Surface Etching With Scanning
Tunneling Microscopy

Professor J.H. Weaver
Department of Chemical Engineering & Materials Science

University of Minnesota

Abstract

Etching, or the process of producing a pattern, is central to a great many technologies. In the world
of thin films and multilayers, etching (material removal) plays a complementary role to growth
(material addition), and product fabrication is likely to include both etching and growth. This talk
will review recent progress made in understanding surface etching of semiconductors. Emphasis
will be on atomic-scale changes in surface morphology as revealed through scanning tunneling
microscopy. We will consider a specific case, the etching of Si by halogens, where the parameters
that are controlled are the flux and the fluence of the halogen beam and the reaction temperature of
the substrate. The talk will highlight the kinds of information that can be gained and the new
insights that are provided. Studies such as these are being extended to include the effects of photon
irradiation, ion impact, and electron impact, as they pertain to plasma processing of
semiconductors.

John H. Weaver, Professor and Head, Electronic Materials Group
Dept. of Chem. Eng. and Materials Science, University of Minnesota
421 Washington Avenue, SE, Minneapolis, Minnesota 55455

www. cems. umn. edu/~weaver/jhw/jhw. html
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Various scenarios have been depicted for the evolution of semiconductor
surfaces as a function of temperature. These include, for example, order-order
transitions, surface metallization, and incomplete melting. In this context, the
SI(lll) surface is an intriguing test-bench for both experiments and theory. The
(7x7) to (lxl) transition (about 1140 K) of the Si(lll) surface has been qualified as
an order-disorder one. Here, we report on an experimental systematic study of
the Si(lll) surface as a function of temperature up to the bulk melting
temperature (about 1683 K). The experiment has been performed at the beamline
TGM3 of the BESSY (Berlin) synchrotron radiation facility.
Si 2p core level and angle-integrated valence band photoemission spectra have
been measured on a wide of selected temperatures.
Bulk versus surface electronic structure have been discriminated by exploiting
the synchrotron radiation runability. The unoccupied conduction states have
been probed by means of Si 2p X-ray absorption spectroscopy. A surface phase
transition is found at about 1550 K which is interpreted in terms of incomplete
surface melting.

Contact person:
Massimo Sancrotti
Laboratorio Nazionale TASC-INFM
Padriciano 99,1-34012 Trieste
Italy
Phone +39-40-3756-435
FAX +39-40-226767
e-mail sancrotti@sci.area.trieste.it
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Abstract
Interesting features pertaining to three dimensional tomographic ion analysis of micro-
samples are presented. The technique is capable of extracting very accurate mass density
and composition information. Information is obtained by performing a tomographic STIM
and PIXE experiment on the sample. A priori information about low Z elements are easily
incorporated into this technique.

Introduction

Ion microscopy provides detailed quantitative information about microscopic samples.

The large penetrating distance of ion beams allows information from deep within the

sample to be measured. A particularly useful technique for calculating the internal prop-

erties of a sample is a tomographic experiment. With the use of Scanning Transmission

Ion Microscopy (STIM) and Particle Induced X-Ray Emission (PIXE) data, mass density

and elemental concentrations of a sample can be calculated. Implementation of these two

techniques into a tomographic experiment provides three dimensional distribution maps

of most micro-samples. Ion tomographic experiments involve non-linear processes which

preclude accurate reconstruction of a sample using conventional techniques. The Discrete

Image Space Reconstruction Aigoit̂ thm (DISRA)[1] has been devised to handle the com-

plexities of combined STIM and PIXE three dimensional ion micro-tomography[2]. The

data from a STIM tomography experiment can be very accurately reconstructed and the

accuracy of the solution is dependent only on the precision of the model used to simulate

the experiment. The inherent noise associated with multiple iterations is reduced by a

special discretisation.

The Features

The technique that we use to reconstruct STIM and PIXE tomography data is (DISRA) [1]

and is our extension of the Image Space Reconstruction Algorithm (ISRA)[3]. A technical

account of DISRA can be found in [1]. In summary, the DISRA technique can reconstruct

the density of inhomogeneous samples for which complicated physical phenomena occur

during tomographic experiments. The physical phenomena include: parallel, fan and cone



beam geometries; non-linear probe-sample interactions; and the interactions between the

sample and emission products of probe-sample interactions. This is accomplished whilst

also retaining accurate density information at every voxel. The DISRA technique is iter-

ative and, at every iteration, the approximated density of the sample is used in a simula-

tion of the tomographic experiment. The simulation involves a model of the experiment

incorporating as many significant physical phenomena as possible. The results of the

simulation are used to provide corrections to the density of the sample. Noise is reduced

by constraining the density to discrete bands, the size of which are related to the iteration

number. A STIM and PIXE tomography experiment involves the modelling of numerous

physical phenomena in a simulation. It is possible to choose a few phenomena that are

considered significant and that are not too computationally expensive. Below a list of the

included phenomena are discussed. The stopping power of the ion beam is implemented

and is simply a STIM tomography experiment. The only limitation is that a priori com-

position information is required and consequently the accuracy of the calculated mass

density is critically dependent on the accuracy of the composition information. However,

PIXE information is used to provide this composition information. This is done by per-

forming a full STIM and PIXE tomographic analysis of the sample. The characteristic

x-ray emission calculations consist of two parts. The first part is the calculation of the

x-ray fluorescence yield and x-ray energies. The second part is the calculation- of the pro-

ton induced ionisation cross-section. The x-ray production cross-section is calculated by

multiplying the x-ray fluorescence yield and the proton induced ionisation cross-section.

Most x-rays that are emitted originate from deep within the sample. As a result these

x-rays are absorbed and have a significant effect on the calculated elemental concentra-

tions of a sample. PIXE tomography experiments require good x-ray statistics. To reduce

the experiment time whilst maintaining adequate x-ray statistics, a compromise between

beam current and resolution is required. Also, a large solid angle subtended between the

sample and Si (Li) detector, up to 2?r steradians, can be accommodated into the model.

However, another compromise is necessary because the amount of required computing

resources increases substantially as the size of the solid angle increases. Unfortunately,

low Z elements can not be detected with PIXE analysis. This information can be in-

cluded in the reconstruction problem as a priori elemental composition data. Note that

the quantitative accuracy of the mass density and concentration tomograms will always

be limited by the numerical precision of the expressions that are used to emulate these

physical phenomena. To calculate accurate elemental concentrations, it is important that

the majority of noise in the tomogram results from noise in the measured data, not from



artifacts in the reconstruction technique. Since DISRA has this ability, it is possible to

reconstruct trace amount distributions of non-bulk elements, in samples that have sharp

and/or enclosing structures. Sometimes trace amount distributions of bulk elements can

be measured. These measurements are usually attained after only 10 iterations. However,

a lot of computation time is required to simulate the experiment.

Conclusion

Accurate mass density and elemental concentration tomograms of microscopic samples are

possible. This is because data collected from STIM and PIXE tomography experiments

are processed using the DISRA reconstruction technique. The DISRA technique uses a

simulation of the experiment in which any number of physical phenomena can be modelled.

Incorporating the beam energy dependence of stopping power and x-ray production cross-

section and the attenuation of the x-rays, for any type of detector geometry into the

model results in sufficiently accurate results. Incorporating secondary fluorescence will

improve the accuracy of tomograms for certain combinations of elements in samples but at

the expense of using more computer resources. However, the reconstruction time can be

considerably reduced if the x-ray detector is placed so that the normal of the surface of the

detector is parallel with the axis of sample rotation. This allows attenuation calculations

to be calculated once, independent of the projection angle. Doing this will reduce the

reconstruction time by a factor equal to the number of projections.
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1. Introduction

High dose ion bombardment of silicon with reactive species, such as oxygen and
nitrogen, has attracted considerable interest due to possible applications of beam-induced
chemical compounds with silicon [1]. For example, high energy oxygen bombardment of Si is
now routinely used to form buried oxide layers for device purposes, the so called SIMOX
structures. On the other hand, Si nitrides, formed by low energy (< 1 keV) or high energy
(> 100 keV) nitrogen beam bombardment of Si, are attractive as oxidation barriers or gate
insulators, primarily due to the low diffusivity of many species in Si nitrides [1]. However,
little data exists on silicon nitride formation during bombardment [2,3] and its angle
dependence, in particular for N2

+ bombardment in the 10 keV range, which is of interest for
analytical techniques such as SIMS. In SIMS, low energy oxygen ions are more commonly
used as bombarding species, as oxygen provides stable ion yields and enhances the positive
secondary ion yield. Therefore, a large body of data can be found in the literature on oxide
formation during low energy oxygen bombardment [4-7].

Nitrogen bombardment of Si may cause similar effects to oxygen bombardment, as
nitrogen and oxygen have similar masses and ranges in Si, show similar sputtering effects and
both have the ability to form chemical compounds with Si. In this work we explore this
possibility in some detail. We compare oxide and nitride formation during oxygen and nitrogen
ion bombardment of Si under similar conditions. Despite the expected similar behaviour, some
large differences in compound formation were found.

2. Experimental

In this study we used (100) Si wafers of n-type with resistivity of 10 flcm. Oxygen and
nitrogen bombardment was carried out either in a Riber MIQ 256 SIMS instrument (in which
the primary beam energy and angle of incidence can be changed independently) using 6-12 keV
O2"1" and N2+ ions at impact angles from 0°-60° or in an ion implanter using 15-40 keV O+ and
N+ ions. All samples and SIMS craters, obtained under different conditions (primary beam
energy, angle of incidence and the dose of implanted oxygen or nitrogen), were analysed by
SIMS (using Cs+ and O2+ beams) and Rutherford backscattering and channeling (RBS-C)
(using 2 MeV He+ ions) to determine the concentration profiles of oxygen and nitrogen and to
quantify the influence of primary beam parameters on the formation of surface compounds
(oxides and nitrides).

3. Results and discussion

Bombardment of the Si surface with oxygen ions at near-normal incidence eventually
transforms the surface into a continuous stoichiometric oxide, SiO2. Prior to SiO2 formation,
there is a transient region over which the oxygen concentration increases with dose. For
typical SIMS conditions, the O+ build-up profile changes smoothly, with a rather abrupt
change at saturation (for high energy primary ions) [8]. The situation is quite different in the
case of N2

+ bombardment, where the build-up profile of N+ can exhibit several rather intense
oscillations before reaching a constant level. This effect is shown in Fig.la giving the
dependence of N+ buildup profiles on the primary beam angle of incidence. As the impact angle



increases, oscillations become less intensive and at about 30° (measured from the normal to the
sample surface) they disappear. This behaviour suggests a critical angle of about 30° below
which nitride is formed under the bombardment conditions employed in this study.
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Fig.l: a) Build-up profiles of N+, measured during nitrogen bombardment at different
impact angles; b) RBS-C spectra following 10 keV N2+ bombardment of Si during SIMS at
two different angles (the solid curve corresponds to RUMP simulation).

To reveal the nitrogen distribution following 10 keV N2
+ bombardment at different

angles of incidence, the craters from Fig.la were analysed by RBS-C. Fig.lb shows RBS-
C spectra for two cases of nitrogen bombardment at 0° and 55° to the surface normal.
Bombardment at 0° clearly shows a composition close to Si3N,4, while the RUMP simulation
(solid curve in Fig.lb) indicates substantial over-stoichiometry of the nitride film. In contrast,
bombardment at 55° (Fig.lb) does not result in a surface nitride film, but rather in an
amorphous Si layer containing high nitrogen content.

The results on angular dependence are summarised in Fig.2a which reveals a
pronounced change in nitrogen content at about 30°. For comparison, Fig.2a also shows the
angular dependence for oxide formation (normalised to the nitrogen curve), following 10 keV
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02+ bombardment. As expected from similar ranges and sputtering rates in Si, both oxygen and
nitrogen bombardment exhibit similar angular dependence of compound formation.

To explain the differences between oxygen and nitrogen bombardment, one should
notice differences in formation and properties between Si and its oxide and nitride. There is a
large difference in atom density between SiO2 (7.05E22 atoms/cm3) and Si3N4 (1.03E23
atoms/cm3). During nitride formation, there is almost no expansion of the Si lattice and this
large densification may become more important for compound formation than swelling, which
dominates the oxide formation [3]. A consequence of this dramatic densification is a substantial
reduction in ion ranges in Si nitride compared with Si, Rp=96A and 150A, respectively for 5
keV N+ ions from the TRIM'95 code. Another important feature is the low diffusivity of many
species, including nitrogen, in Si nitride [2]. On the other hand, the reaction of N to form N2 is
much faster than the reaction of O to form O2 (due to the stronger N-N bonds than the O-O
bonds) and hence high dose nitrogen implantation (with excess nitrogen) may result in
formation of N2 bubbles [1].

Keeping all this in mind, we propose the following explanation for observed differences
in oxide and nitride formation and segregation of impurities. The initial stage of buried nitride
formation is similar to that of oxide formation: nitrogen is not mobile in disordered Si and the
nitrogen concentration below the surface builds up with N dose until a buried nitride layer is
formed. With increasing dose, the excess N may be trapped in the Si nitride (low self-diffusion
of N in Si nitride and a strong tendency of N to form N2) contributing to the observed over-
stoichiometry of the nitride layer. At the same time the surface is being sputtered away, leading
ultimately to the formation of a nitride layer continuous to the surface. Now, the range of N
ions in the new Si nitride layer will be drastically reduced contributing again to the over-
stoichiometry and leading to reduction in the width of the nitride film as sputtering takes place,
consistent with a gradual decrease of film thickness shown in Fig.2b. With increasing dose and
sputtering, implanted N again reaches the interface and reacts with Si to increase again the
nitride layer thickness above the range of N ions. This process repeats itself until a dynamic
equilibrium is reached: sputtering reduces the width of the nitride layer to one comparable to the
range (plus straggling) of N in Si nitride. This process may contribute to the SIMS oscillations
in N build-up signal, shown in Fig.la.

In conclusion, we have observed some large differences in the ion beam induced
processes of nitridation and oxidation of Si. These differences are explained in terms of quite
different atomic diffusivities in oxides and nitrides, film structural differences and
thermodynamic properties.
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The Car-Parrinello method for carrying out molecular dynamics enables the forces between
atoms to be calculated by solving Schrodinger's equation for the valence electrons using
Density Functional Theory. The method is capable of giving good structural predictions for
amorphous network solids by quenching from the melt, even in situations where the bonding
changes from one site to another. In amorphous carbon where, depending on its environment,
carbon may show sp2 or sp3 bonds. The method is applied here to the study of network solids
using the example of tetrahedral amorphous carbon.

INTRODUCTION

Tetrahedral amorphous carbon (ta-C)
is a high density amorphous carbon with
properties which reflect its relatively high
fraction of tetrahedral bondingfl]. In this
paper, the details of the structure of ta-C are
explored using the Car Parrinello Molecular
Dynamics method[2j.

Various computer generated
structures of amorphous carbon are available
in the literature using molecular dynamics
techniques. These are valuable in giving us
insight into the details of the structure, but
the usefulness of the result is dependent on
the accuracy of the method used. Carbon is a
difficult atom to describe with an empirical
potential owing to the possibility of its
hybridization states varying between the
trigonal sp2 state and the tetrahedral sp3 state.
Consequently, the so called ab initio
methods are the most useful, as they make
no assumptions about the hybridization
states. This is important since one of the
issues we would like to study is the detailed
distribution between these states, including

the degree to which the atoms are separated
into well defined sp2 and sp3 states.

Marks et al[3] applied the Car-
Parrinello method to a carbon network at a
density of 2.9 g/cm3 in a 64 atom simulation.
The Car-Parrinello method treats the atom as
a positively charged core surrounded by four
valence electrons whose wavefunction is
expressed in terms of a plane wave
expansion. The atom core is described by a
pseudopotential and the electrons are
assumed to adapt to ionic motion quickly
enough that at each atom configuration the
electrons are in a minimum energy state (the
Born-Oppenheimer approximation). The
simulation of Marks reveals some expected
and some unexpected features. First, the
structure did have distinct sp2 and sp3 as
judged by their coordination. The sp2 atoms
formed into rings containing most
commonly five members, but with
occasional three and four membered rings.
The occurrence of such small rings is
surprising at first sight, but their existence in
nature is already known in such molecules
as cyclopropane and cyclobutane.



COMPUTATIONAL DETAILS

We have now implemented the Car-
Parrinello program at the University of
Sydney and have repeated the 64 atom
carbon simulation of Marks et al[3]. The
exchange contribution was described by the
Becke functional[4] with correlation
contribution described by the functional of
Lee, Yang and Parr[5]. Carbon and nitrogen
atom cores were described by
pseudopotentials due to Goedecker[6]. These
pseudopotentials have given good agreement
with experimental values of the formation
energies of several compounds.

The simulation was performed by
melting 64 atoms of carbon at a density of
2.9 g/cm3 and the equilibrating at 5000 K,
followed by quenching to 300 K in 500 fs.
This time scale is consistent with an estimate
of the quenching time for a thermal spike at
incident ion energies used during the
formation of ta-C experimentally in a
vacuum arc.

RESULTS

Figure 1 shows the resulting network
with atoms coded according to the
coordination. This network is essentially the
same as that of Marks et al[3]. In particular,
three and four memebered rings are present.
The fraction of sp3 atoms was 59% which
compares with 65% in the previous
simulation[3].

An alternative way of visualising the
structure is to plot the valence electron
charge density isosurface. This is shown in
figure 2. Note that the valence charge density
vanishes at the atom core giving rise to a low
density hole (pseudo-core) in the charge
density.

A valence charge density slice
through a three memebered ring consisting
of sp3 atoms is shown in figure 3. Such rings
are known to exist in such molecules as
cyclopropane and therefore their existence in
this network in not unreasonable.

CONCLUSION

We have implemented the Car
Parrinello molecular dynamics code at the
University of Sydney. We have confirmed
that the existence of three and four
membered rings in dense carbon networks is
robust against the choose of pseudopotential
and exchange correlation functional.
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Figure 1 - The 64 atom carbon network calculated using the Car Parrinello molecular
dynamics technique.

Figure 2 - The valence charge density
isosurface plot for the 64 atom carbon

network of figure 1 calculated using the Car
Parrinello molecular dynamics technique.

Figure 3 - Valence charge density slice
through a three membered ring from the 64

atom carbon network.
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INTRODUCTION
Since laser action was first demonstrated in titanium sapphire (Ti:Al2O3) in 1982 [1], it

has become the most widely used tunable solid state laser source. The development of a
titanium sapphire laser in a waveguide geometry would yield an elegant, compact, versatile
and highly tunable light source useful for applications in many areas including optical
telecommunications. We are investigating whether ion implantation techniques can be
utilised to produce suitable crystal quality and waveguide geometry for fabrication of a
Ti:Al2O3 waveguide laser.

The implantation of Ti and O ions into c-axis oriented a-Al2O3 followed by subsequent
thermal annealing under various conditions has been investigated as a means of forming the
waveguide and optimising the fraction of Ti ions that have the correct oxidation state required
for laser operation. A Raman Microprobe is being used to investigate the photo-luminescence
associated with Ti3* ion. Initial photoluminescence measurements of ion implanted samples
are encouraging and reveal a broad luminescence profile over a range of ~ .6 to .9 jim,
similar to that expected from Ti3+.

Rutherford Backscattering and Ion Channelling analysis have been used to study the
crystal structure of the samples following implantation and annealing. This enables
optimisation of the implantation parameters and annealing conditions to minimise defect
levels which would otherwise limit the ability of light to propagate in the Ti: A12O3 waveguide.

EXPERIMENT
Single crystals of a-Al2O3 of high quality were obtained from Crystal Systems, Inc.

Disc specimens were annealed at 1400°C in air for 48 hrs to remove any residual defects
induced by mechanical polishing. The samples were implanted either at room temperature or
at liquid nitrogen temperature with 1.0 MeV Ti and 480 keV O ions with doses < 1016

ions/cm2. The ion doses and energies were chosen so that stoichiometric Ti2O3 could be
formed over the implant depth range. The samples were tilted 5° from normal incidence
during implantation to avoid possible ion channelling effects. Following implantation,
thermal annealing was carried out at 1100°C for 1,4 or 8 hrs in either air, Ar, O2 or Ar + H.

Photoluminescence measurements were then performed using the Raman Microprobe
facility at the University of Melbourne. Finally, 2.8 MeV He+ backscattering and ion
channelling techniques were used to characterise the structural changes in the samples.

A further group of samples were implanted with Ti and O ions at several different
energies to obtain approximately constant concentration profiles over the depth range 4900 to
7600 A. For a concentration of 0.20 wt % Ti the following implant schedule was used
Ti (1310 KeV, 6el5) + Ti (910 KeV, 3.1el5) + O (700 KeV, 3.1el5) + O (545 KeV, 1.7el5)
+ 0(440 KeV, 1.6el5).
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RESULTS AND DISCUSSION
The propagation characteristics of a waveguide are dependent upon the depth of the

guide [2]. The expected depth profile of the implanted Ti + O ions was calculated using the
PROFILE code [3]. This is shown Rg 1.

The Ti ions have been shown to
preferentially substitute for Al within the a-
AI2O3 lattice structure [4]. In pur
experiments, oxygen is also implanted with
the aim to assist the formation of T12O2, and
hence the Ti3* ion. This is the active ion in
the TirSapphire laser medium. Using this
implantation scheme migration of the
implanted species to the surface, as seen in
previous studies, has also been avoided [5].

Dq*h (Aug.)

Fig 1. Ti + 0 implantation profiles for the multiple implant series,
calculated using the PROFILE code.

Figure 2 shows typical photoluminescence profiles obtained using the Raman
Microprobe at the University of Melbourne. The 514.5 nm line of the Argon ion laser, which
lies in the absorption band of Ti3* [6] was used in this system to induce luminescence. The
optics and CCD camera in the Raman microprobe exhibit marked roll-off in detection
efficiency above » 700 nm. We have not attempted to correct for this and consequently the
profiles are skewed towards shorter wavelengths. The small bumps seen on the data are also
an artefact of the existing data collection system. Previous studies have shown that the
mobility of Ti in sapphire and the repair rate of damage are dependent on the annealing
conditions[8]. Hence, a study was performed with three well-known ambients: argon,
forming gas (active component 4% hydrogen ) and oxygen. Typical PL spectra obtained from
samples annealed in these three ambients are shown in Fig.2. Relative to an un-annealed
sample, the luminescence of all samples was about 4 orders of magnitude greater. The
emission band of Ti3* extends from about 600 nm to lOOOnm [7]. Since the PL signal
strength increases dramatically upon thermal annealing, we believe that the observed profile
can be attributed to the presence of Ti3*. However, we are performing further studies using
techniques including EPR and UV spectroscopy to further demonstrate that Ti3* is indeed

responsible for the
observed signal.
The growth of the
Ti3* PL signal with
annealing is in
contrast to
previous studies
involving just Ti
implantation where
the Ti was
observed to shift
predominantly to
the 4+ oxidation
state upon
annealing [8].
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Fig 2. Dependence of the PL profiles on annealing ambient. All anneals were carried
out at 1100°Cfor4hrs.



PL spectra for a
dose series are presented in
Fig. 3. It can be seen that
for RT implants, the PL
signal strength grows with
increasing Ti concentration
However, ion implantation
at liquid nitrogen
temperature yields
luminescence profiles that
are «120% greater than the
equivalent room
temperature luminescence
and hence we believe that
implants at this temperature
may yield the best material
for Ti:sapphire waveguide
laser fabrication.
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Fig 3. Luminescence profiles for a dose series at room temperatures and a
comparison with LN2 temperature implants. Note that oxygen is used as the
ambient during annealing and all anneals were carried out at 1100°C for
4hrs.

CONCLUSION
We have investigated the implantation of Ti and O ions into a-AbOa as a means of

synthesising Ti:Al2C>3. To our knowledge, this is the first time that co-implantation has been
used to stabilise an implanted species in a particular chemical state in sapphire. Preliminary
results of PL measurements on annealed samples are encouraging and exhibit a broad
luminescence profile in the wavelength range expected for Ti . The role of implantation
temperature is currently being investigated, with preliminary liquid nitrogen implants
producing significantly higher luminescence yields. High luminescence yields and high
crystal quality should enable propagation of light down the guide. This work represents a
significant step to the realisation of a Ti Sapphire waveguide geometry laser. RBS and ion
channelling are currently being used to characterise our samples and to investigate the
reduction of damage during the annealing process.

Once crystal quality and luminescence profiles have been optimised, the propagation
characteristics of our waveguides shall be investigated via the usual method.
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ABSTRACT

Deep level transient spectroscopy (DLTS) is used to monitor the electrically active point defects
created by low dose ion implantation in Si. P type Si (boron doped) both Fz and Cz samples,
having same dopant concentration are implanted with 4 MeV Si. Vacancy (i.e divacancy),
interstitial (i.e carbon-oxygen center) related defects are observed in these samples. In addition to
these defects, two more defect levels are seen. They are tentatively identified as defects
involving impurities. Dose dependence study for both Cz and Fz samples shows an increase in
the concentration of the implantation-induced defects linearly with dose. Isochronal annealing of
these defects reveals that their stability depend strongly on dopant concentration and impurity
content i.e oxygen, carbon and hydrogen present in the as grown crystalline Si to start with.

Introduction:

Characterizing defect and understanding the role played by them in the fabrication of devices is
an important area for the microelectronics industry. The realization of the importance of the
point defect study in Si started when defect is evolved upon annealing of the implantation
induced damage leading to the transient enhanced diffusion (TED) of the dopants1"3 starts
limiting the scaling down of the device size. The fundamental defects so called, simple point
defects resulting from the ion bombardment consist of Frankel pair of Vacancies (V) and Si self
interstitials (I) which are known to be highly mobile at room temperature (RT). In contrast to
MeV electron irradiation, ion implantation generates a non uniform defect distribution, including
V, I and complex defects, peaking at larger depths. In a single collision cascade the probability
of annihilation of vacancies and interstitials is large, V + I -> 0 and only few percent of the
Frankel pairs survive and form stable defects.4

In this study we report on the electrically active point defects in p-type Si. Since low doses are
used so that single collision cascades dominate and overlap between different ion tracks is small
and dilute concentration regime is obtained. Except for hydrogen5'6 no level related to the
implanted specie is observed. In Si, evolution of the irradiation-induced defects is strongly
influenced by the residual impurities. Besides extensive recombination between vacancies and
interstitials, those which escape are finally trapped by impurities. Some of these impurities are
unintentionally introduced during the crystal growth and play a vital role. The common
impurities are oxygen atom which preferentially occupy the interstitial position (Oj), it is
connected to two Si atoms and is a efficient trap for migrating vacancies. Carbon is at the
substitutional position (Cs) and is electrically inactive, it captures the self interstitials to produce



Ci. This can be shown as I + Cs -> Q , Q + Oj-^ QOi. A gradual transformation of Q and CiOj
with time takes place and a close one to one correlation is found between loss of Q and growth
of QOi7 On the other hand, the presence of hydrogen and copper, incorporated unintentionally
during the crystal growth or other subsequent processes, decorate the implantation induced
defects.

Experimental :

Float zone (Fz) and Czochralski (Cz) p-type Si(100) having the same dopant concentration are
implanted using the 1.7 MV tandem implanter at the Australian National University. 4 MeV Si is
implanted in to p-type Si, the incident ion beam was scanned over an aperture (2.2 x 4.4 cm 2) to
ensure the uniformity. The average beam current was 0.2-0.3 nA. Doses in the range of 1O8-1O9

cm'2 are employed. After implantation the samples were chemically cleaned using a standard
procedure which include a final dip in the diluted HF. Immediately after cleaning the samples
were loaded in to electron-beam system for the deposition of Ti Schottky barrier diodes.The
deposition was made through a metal mask containing 2mm dots equally spaced. Deep level
transient spectroscopy (DLTS) and capacitance- voltage measurements were under taken for the
sample analysis. Basically the system consists of 1MHz capacitance bridge, a 50 MHz pulse
generator, a liquid nitrogen bath cryostat with heating stage (77K - 373K) and a chromel alumel
thermocouple. The system is controlled by a PC via an interface. The temperature was scanned
between 77K and 300K. In the DLTS measurement eight traditional spectra with rate windows in
the range of (20 ms)"1 to (2560 ms)'1 were recorded during a single temperature scan. The
measurements were performed under a reverse bias condition.

Results and Discussion:

Fig.l shows a DLTS spectrum from p-type Si implanted with 4 MeV Si at RT.
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Figure 1 DLTS spectra for p-type Si (Fz and Cz)



The major dominating levels are at Ev +0.19 eV above the valance band is attributed to the singly
positive charge state of the divacancy center. Other peak at Ey+0.35 eV originate from the
carbon-oxygen complex. Two other defect levels at Ev+0.48 and Ey+0.53 eV are also observed
and they are tentatively identified as related to impurity in the as grown substrate. Fig 1 shows a
typical DLTS spectra of p-type Si both (Fz and Cz). The oxygen concentration in Cz is much
higher then Fz. Thus the mobile interstitial carbon is trapped by an interstitial oxygen atom
forming Ev+0.35 eV and hence it is evident from the fig 1 the concentration of CiOi is large.in
Cz.

Dose Dependence:

Fig. 2 shows the dose dependence of various levels in the Fz p-Si implanted with 4 MeV of Si
ions. A linear dose dependence is observed for the V2 and QOi, both for Fz and Cz samples,
suggesting that they are related to simple point defects. It means that the concentration of these
levels are not high enough to form higher order complex i.e (V2 + V -^ V3).The level at 0.48 eV
initially increases with dose, but it shows that it is exhausted after certain dose, suggesting that it
is related to some impurity whose supply is limited.
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Figure 2 The DLTS amplitude of the levels in p-type Si Fz as a function of implantation dose

Annealing:
•

Annealing of these point defects undergo a variety of reactions. Fig.3 shows the isochronal
annealing (30 min.) of these traps after irradiation to a dose of 5xlO8 cm'2 Si(Cz). The annealing
process is complex undergoing dissociation, reconfiguration, diffusion of defects and their
trapping by other defect and to impurities. After annealing at 150 °C, there is no significant
change in the divacancy peak Two new defect level starts evolving. One of them has an
activation energy of Ev+0.28 eV. It is speculated that Ev+0.28 eV level is hydrogen related
complex, formed only after annealing and it involves hydrogen present in the as grown Si.
Presumably hydrogen atoms are released at temperature 150 °C and form new defects as they are
free to interact with the implantation induced defects. Irmscher et al have shown that H-related
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levels in both n and p type Si at Ec-0.32eV and Ey+0.28eV respectively are present in unannealed
samples in equal concentration, in this respect they are assigned as two charge states of one and
the same H-related defect complex. Hydrogen in Si not only passivate shallow acceptor dopants
but also vacancy related defects This level anneals out at 250 °C. The level at 0.48 eV is present
in both Fz and Cz samples.
Annealing at 200 °C shows a new defect level at 0.24 eV above the valance band. It has been
proposed from the annealing studies of electron irradiated samples that it is due to a gradual
transformation of divacancy to a divacancy-oxygen complex below its dissociation temperature.8

Further work is under way to characterise these defects which evolve after annealing.

Conclusion:

MeV ion implantation in to p-type Si forms vacancy and interstitial related defects.A linear dose
dependence holds for the implantation induced defects. Two other defect levels are formed as
well and their identification is tentative at this stage. Annealing study in both Fz and Cz samples
shows the formation of H-related level after annealing, decorating the implantation induced
defects. Further work is under way to characterize other defects in the as implanted and annealed
samples.
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Introduction: Elastic Recoil Detection (ERD) is used to profile hydrogen and other low mass
elements in thin films at surface and interfaces [1-3] in a similar way that Rutherford Backscattering
Spectroscopy (RBS) is used to detect and profile heavy elements. It is often assumed that the depth
resolutions of these two techniques are similar. However, in contrast to typical RBS, the depth resolution of
ERD is limited substantially by multiple scattering [4]. In experimental data analysis and/or spectra
simulations of a typical RBS measurement multiple scattering effects are often ignored. Computer programs
used in IB A, such as RUMP, HYPRA or RBX do not include multiple scattering effects at all [5-7].

In this paper, using practical thin metal structures with films containing intentionally introduced
hydrogen, we demonstrate experimental ERD depth resolution and sensitivity limitations. The effects of
sample material and scattering angle are also discussed.

Multiple scattering effects: There are two effects arising from the statistical nature of the energy loss
process in material to be considered: the spread in ion energy and that in the ion direction. The direct energy
spread, called energy straggling, is often small and it is well described in the literature [8,9]. In the case of
typical RBS the energy straggling is the main process responsible for the reduction of depth resolution,
however in the case of ERD the depth resolution is strongly affected by the spread in ion direction due to the
angular sensitivity of ERD kinematics.

The spread in ion direction is always accompanied by a lateral displacement from the average path. In
this way, multiple scattering results in a spread of the detected ion energy by two basically different
mechanisms: i) the angular spread directly changes the scattering /recoil angle and through the kinematics of
the process it also changes the energy of the detected ions (angular spread), ii) The lateral displacement
transforms into a path length variation, which through the corresponding stopping power causes another
energy spread contribution (lateral spread).

For RBS analysis with a scattering angle of ~ 180° the energy of the scattered ion depends only
slightly on the scattering angle and the final depth resolution changes slightly as a result of the angular
spread [10].

In ERD measurement, in contrast to RBS, as a consequence of the scattering kinematics and the
geometry of ERD, multiple scattering effects are rather large. The energy of the recoiled atom, E, strongly
depends on the recoil angle, 0: E = 4EoMiM2(Mi+M2)"

2cos20, where Eo is the ion energy before the reaction
event and Mi, and M2 are the ion and recoil mass, respectively [11]. For nominal recoil angles typical in
ERD of 0nom = 20° - 30°, the detected ion energy will be strongly affected by changes in the incident and/or
recoil ion direction A<£> (as the recoil angle is 0nOm = 0+A$). Additionally, because of the glancing incidence
and outgoing angles in reflection ERD geometries (both of them are usually less than 15°), the lateral spread
for both the inward and outward path is also significant.

The FWHM of the angular distribution caused by multiple scattering was estimated using the method
of Sigmund and Winterbon [12,13] and the effective ERD energy and depth resolutions were compared with
experimental results [4]. It was shown that this multiple scattering effect is dominant and limits substantially
the depth resolution of ERD analysis in all cases, except for surface contamination. This effect is stronger in
high Z materials as a consequence of larger scattering angles and cross-sections in multiple scattering [4,14].

One of us has developed a computer program, DEPTH, which calculates the energy (depth) resolution
of RBS, ERD and other IBA methods taking into account all the important effects including multiple
scattering [15]. The program now has been developed further. It calculates the energy and depth resolution
for multilayers, and it is also possible to construct and save the simulated energy spectra of ERD [16]. In the
simulation the cross section for the He4(H1,He4)H1 reaction is obtained by fitting Benenson's data [17].

1 The work was partially supported by Hungarian OTKA grant No. F019165.



In this work the new version of DEPTH was used to calculate the energy resolution of ERD in various
metals (Al, Cr, Zr and W) and for a number of different depths. The results are compared to a simple ERD
simulation using the RBX program without taking into account multiple scattering. In this case only the
geometrical spread and the energy straggling in the sample and absorber foil were considered [7].

Experimental: Four different metals: Al, Cr, W and Zr have been used to produce four special
samples for ERD depth resolution study. Each sample contains three layers of the same metal deposited by
magnetron sputtering onto typical semiconductor quality silicon wafer. The middle layer contains
hydrocarbons introduced during deposition [18]. The thicknesses of the different metal films were chosen to
be almost equivalent to each other in ion energy loss for the 2 MeV 4He ions used in RBS, i.e., Al - 370 nm,
Cr - 135 nm, Zr - 200 nm and W - 110 nm. The layer structure of each sample was analysed using 2 MeV
4He RBS. The RBS results are shown on the bottom parts of Figs 1-4 . ERD spectra of the same samples
taken at 20° and 32° recoil angles are shown in the same figures.
The RBS and ERD analysis were performed in the same vacuum chamber at a pressure level of about 0.05
mPa. For RBS analysis the samples were first positioned normal to a 2 MeV ^He beam from a tandem
accelerator and the scattered ''He ions were detected by a standard silicon surface barrier detector positioned
at a scattering angle of 160°.
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Fig. 1. Experimental 4.5 MeV 4He ERD
spectra in a 20° and 32° scattering geometry (a and
b) from the Al sample compared to RBX and DEPTH
simulations. The sample structure determined from
the 2 MeV 4He RBS analysis and RBX simulation
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In order to perform ERD analysis, the ion energy was increased to 4.5 MeV and the samples were
rotated to 75° and 80° from the normal position. The recoiled H atoms were detected by a second surface
barrier detector positioned alternatively at recoil angle of 32° or 20°. A 24 um thick mylar absorber foil
was mounted in front of this detector to absorb the scattered ^ e ions. Using a standard ion beam analysis
system HYPRA [6] the RBS and ERD spectra were recorded into 512 channels with an energy conversion of
about 4.37 keV/channel in RBS and 4.6 keV/channel in ERD.

Results: Figs lc, - 4c show the RBS spectra of all samples used in this work. The layer structures
obtained by RBX simulation of the above spectra are indicated in figure captions. In general, all samples
contain a uniform hydrocarbonated metal layer between two reasonably pure metal films.

Two ERD spectra from the Al sample are shown in Figs la and lb. In the same figures, the ERD
spectra which were simulated by RBX using the same composition profile as used in RBS simulation for
Fig. lc are also shown (dashed line). Note, that RBX simulations do not include multiple scattering. The
solid lines show simulated ERD spectra by DEPTH as described above. The agreement between
experimental data and DEPTH simulations is excellent. The difference between these two simulations (RBX
and DEPTH) is a measure of multiple scattering effects in this ERD measurement. It is clear, that the depth
resolution is better in the 20° scattering geometry.

DEPTH simulations for the Cr sample in Figs 2a and 2b agree very well again with the experimental
ERD data. As for Al, the real energy resolution is again strongly limited by multiple scattering (cf. RBX
simulations) and it is better again at 20° recoil angle.
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For the Zr sample, the DEPTH simulation agrees in general with the experimental data in Figs 3a and
3b, however, in the case of 20° scattering angle the tails in the low energy region of the experimental data
(1000 keV-1500 keV) and also at high energy (about 2000 keV) are not predicted either by DEPTH or
RBX. These types of tails were observed previously in ERD experiments and have been explained by double
scattering in the sample material [4].

For the W sample, the DEPTH simulations of ERD spectra in Figs 4a and 4b are in good agreement
with experimental data except for the low energy tails that are even larger now. The sensitivity and the
energy resolution is even more reduced in this case.

Discussion: The width of the H surface peak is about 60 keV (FWHM) and it is a measure of the
energy resolution of the ERD detection system also including the energy spread related to the detector solid
angle and the energy straggling in the absorber foil. The H signal from the hydrogenated metal shows a
substantially reduced depth resolution. This depth resolution is well predicted by DEPTH in all the studied
metals and it is comparable to the individual film thickness used in this work.

In all figures ERD spectra and their simulations, using RBX code, show better agreement for 20°
than for 32° scattering angle. This observation can be explained by the very strong kinematic angular
energy dependence: E ~cos20, regardless of the fact that the average multiple scattering angle is of course
higher for 20° than for 32° (due to longer ion path in the sample material).

Conclusions: Multiple scattering is the major process responsible for this deterioration of the energy
resolution in ERD. Reducing the scattering angle helps to improve the ERD depth resolution, but at the same
time, due to an increased double scattering background the sensitivity unfortunately decreases. The ERD
depth resolution is reduced also by increasing the depth and/or the atomic number of sample material.

The results presented in this work agree well with the theoretically predicted multiple scattering
effects and clearly indicate that the reduced depth resolution of ERD limits its applications, especially in the
practical case of multilayer structures. It must be pointed out that this effect is related to the nature of the
small angle scattering in a reflection geometry and it can be reduced only in transmission ERD (0° recoils).
Unfortunately, in most applications samples cannot be studied in transmission geometry [19].
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Abstract

With the development of heavy ion backscattering spectrometry (HIBS) for the detection
of trace impurities, it is necessary to quantify the multiple scattering contributions to the
spectral background. In the present work, the Monte Carlo computer simulation program
TRIM has been used to study the backscattering spectrum and the multiple scattering
features for heavy ions C, Ne, Si, Ar and Kr impinging on four types of targets: (1) a very
thin layer Au with thickness of 10 A, (2) a 10 A Au thin layer covering a 50 A Si thick
layer, (3) a 10 A Au thin layer covering on Si substrate (10000 A), and (4) a thick target of
pure Si with thickness of 10000 A. By fitting the simulation results we have derived the
ratio of signal from the thin Au layer to the background due to multiple scattering. From the
simulation results, we found that the Si substrate plays a role in generating the low energy
background tail due to ion's multiple scattering in the substrate. Such a background is
generated neither by the thin Au layer nor by the pure Si substrate independently. The
corresponding mechanism of multiple scattering in the target can be explained as one large-
angle scattering event in Au layer and subsequently several small angle scattering events in
the substrate.

1. Introduction

The heavy ion backscattering spectrometry (HIBS) technique, due to its great sensitivity,
has been developed as a useful analysis tool for detecting medium-to-heavy surface
impurities [1]. This technique uses a medium energy heavy ion beam for backscattering
analysis of trace elements. The physical basis for the increased sensitivity lies in the fact that
the backscattering yield is proportional to the square of the atomic number of the beam and
inversely proportional to the square of the energy. Consequently a heavy, medium energy
beam produces a much higher yield than that for conventional Rutherford Backscattering
Spectrometry. However, as the signal yield from the impurity of interest increases, the yield
from the substrate itself combined with multiple scattering of projectiles in the substrate also
increases significantly. This may affect the detection limit of HIBS. Therefore, a detailed
survey of the effects of multiple scattering and the substrate signal is indispensable.

In the present studies, the Monte Carlo computer simulation TRIM (Version 92) [2] has
been used to calculate the backscattering spectra and multiple scattering background features
for heavy ions C, Ne, Si, Ar and Kr impinging on four types of targets. The incident energy
ranges from 10 keV to 100 keV. The targets in this simulation have been chosen to
correspond to a typical experimental condition, in which the Au element deposited on the
clean Si wafer is detected by HIBS spectrometry.



2. Simulation calculations of backscattering spectra and multiple
scattering background

In order to treat better the simulated backscattering spectra from different element
contributions for a two-layer-structure target — a 10 A Au thin layer covered on Si surface,
a transformation for rescaling energy is introduced in our studies. The details of treatment
can be found in reference [4].

We are particularly interested in Has figure of merit (FM), which is defined as the ratio of
signal backscattered from a thin layer Au to spectral background due to multiple scattering
in the target. We notice that the backscattered signal from a very thin film can be fitted by a
Gauss distribution, and it is reasonable to assume that the low energy tail background can be
fitted into a power function [3,4]. We extrapolate the fitted power function to the region of
backscattering peak. Therefore we have

F — F R
S= f Aexp(-(^^-)2)dE , BG= \-§^dE (2.1)

3AE A * AE
 E-3AE

where S, BG and FM represent the signal of thin layer Au, the background of multiple
scattering, and figure of merit respectively, and A, Eo, AE, B, and C are fitting parameters
for a two-segment fit function.

3. Results and Discussion

Fig.l shows a typical simulation of backscattering spectrum for 20 keV Ne ions
impinging on a thin 10 A Au covering a thick Si surface (10000 A). The spectrum consists
of three parts. (1) A peak between E-^0.50 and 0.72 due to the Au layer. (2) A substrate
signal below Ef=0.18 (3) A multiple scattering background from EfO.19 to 0.72. For the
spectrum in Fig.l, the values of B and C in eq.(2.1) would be found by fitting to the multiple
scattering background between E-^0.19 and 0.49. The value of BG is then found by
integration from EfO.50 to 0.72. Similarly, S is found by fitting the peak to obtain Eo, AE
and A, then evaluating eq.(2.1).

Some results for the figure of merit for a 10 A thin layer Au on the thick Si surface
(10000 A) are given in Table 1. The FM table is valuable for optimising experimental
parameters. For example, an analysis using 50 keV Ne would give a lower multiple
backscattering background than using 50 keV Ar and so allow smaller gold concentration to
be measured.

•Fig.2 and Fig.3 show the simulated spectra for 50 keV Ar on a target of 10 A thin layer
gold, and a target of 10 A Au covering 50 A Si, respectively. The multiple scattering
background for ET<0.3 is higher in Fig.3. The corresponding scattering mode can be
explained as the incident ion undergoing one large-angle scattering in the Au and
subsequently several small angles scattering in the Si. We know Ar ion can't be
backscattered in Si, but it can be scattered forward by a Si atom, with a maximum scattering
angle 44.3 . Obviously some backscattered ions exit from the target only undergoing
multiple scattering event in the Si.
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Table 1. The simulated results of merit of figure for 10 ~100 keV heavy ions incident on a thin layer 10 A Au covering on
Si surface. The scattering geometry is set up for normal incidence with a specific range of scattering angle 9 (P=rc-0), with
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Projectile

C

Ne

Si

Ar

Kr

10

5.40

9.10

5.30

4.70

1.14

Energy (keV)

20

12.20

11.49

7.35

4.18

1.74

50

21.16

15.10

6.80

3.53

100

18.9

17.3

5.11
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Abstract
The design of a facility at the Australian National University for heavy-ion elastic recoil
detection analysis with minimal beam exposure is presented. The system is based on an
established technique using a position-sensitive gas-ionisation detector with a large ac-
ceptance solid angle. The kinematic energy spread of the detected recoil ions is corrected.
The capabilities of the system are discussed.

Introduction
Heavy ion elastic recoil detection analysis (HIERDA) of materials has been developed over
the last two decades [1] following initial experiments of L'Ecuyer et al. [2]. HIERDA is
complementary to Rutherford backscattering spectrometry (RBS) allowing the detection
of light elements in heavy element matrices, which is difficult with RBS. In contrast to
RBS, HIERDA yields energy spectra for each chemical element, which can be transformed
into depth-profiles. For heavy projectile ions [Zv > 50) the Rutherford scattering cross-
section for light recoil ions {ZT < 50) changes little with ZT, but increases approximately
with Z*. Consequently, a HIERDA detector operating in this regime has a high and
uniform sensitivity to light elements. The scattered projectile ions are confined to a
narrow cone about the beam direction, so that for many samples the detection of those
ions can be suppressed by choosing an appropriate detector angle.

A variety of methods including time-of-flight systems [3], magnetic spectrometers [4]
and quadrupole mass spectrometers [5] have been applied in HIERDA. These techniques
are often restricted to a small acceptance solid angle. Therefore, in order to obtain
reasonable statistics, long exposure times are required, which can cause radiation damage
of the sample. The solid angle of the detection system can be greatly increased, by using
a position-sensitive gas-ionisation detector, as shown by W. Assmann et al. [6-8]. The
position information is used to correct the kinematic energy spread of the recoils over the
acceptance angle. Such a gas-ionisation detector has been installed at the NEC 14UD
accelerator of the Australian National University in Canberra [9].

Experimental Details
A schematic diagram of the ionisation detector in a typical experimental situation is shown
in Figure 1. The detector contains the electrode-stack, the pre-amplifiers and a silicon
surface barrier detector to stop He and H recoils. The ionisation gas is Propane, which is
passed through at a constant pressure. The pressure can be varied between 40-130 mbar.
The detector is mounted on a movable arm inside a scattering chamber at a distance of
25 cm from the sample. The detection angle, relative to the beam direction, can be varied
continuously between 0 = 10° - 170°.

Ions recoiling from the sample enter the detector through a grid-supported mylar
window which is 0.5 ̂ m thick. The circular window is collimated to provide an aperture
with a diameter of 20 mm. Two movable flaps in front of the detector (not shown in



Figure 1: Schematic Diagram of the HIERDA system indicating typical experimental
parameters.

Figure 1) support another circular collimator of diameter 1.5 mm and a mask with a
regular pattern of holes, respectively. They are used for calibration of the detector.

The electrode-stack consists of an anode biased at +150 V, a Frisch-grid at ground
potential and a cathode biased at —400 V. The anode and cathode are 1 cm above and
7 cm below the Frisch-grid, respectively. The anode is 7 cm wide and divided into three
sections which are labelled in Figure 1 as AEl, AE2 and Residual. The cathode is
divided into a Right and a Left segment. The segments have a saw-tooth geometry and
are interdigitated. The three anode-signals are independent of the particle trajectory and
can be combined to yield the total energy of ions which are completely stopped in the
sensitive volume. In contrast, the position-dependence of the cathode signals allows the
determination of the corresponding scattering angle 9 [6-8].

Kinematic Correction and Element Separation
The energy Er of the recoiling ions varies as a function of detection angle 6 according to

Er = m,.)2] Epcqs2$ (1)

where Ep is the projectile energy and mp and mr are the masses of projectile- and recoil-
ion, respectively. When 6 is known, the kinematic energy differences of ions with the same
atomic number can be corrected for, so that

= Er
COS

cos26
(2)

where 80 is the nominal scattering angle and E^ the corrected energy. The effect of
the kinematic correction is illustrated in Figure 2a, which shows the energy spectra with
and without kinematic correction for recoil ions from a 200 nm thick Al surface-layer
(deposited on Ge) detected at 60 = 45° through the 20 mm aperture. The angle between
the sample normal and the beam (Au, Ep = 154 MeV) direction was 112.5°. The relative

1*35
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Figure 2: (a) Energy spectrum of recoils from a 200 nm Al surface film, as collected
(dotted) and after kinematic correction (solid), (b) The relative energy resolution AE/E
for recoils from the sample surface as a function of acceptance angle half-width A0, with
(filled) and without (unfilled) kinematic energy correction. Experimental uncertainties
are smaller than the symbol size.

energy resolution (FWHM) AE/E for recoil ions from the sample surface has been deter-
mined from the high-energy edges of these spectra. In Figure 2b AE/E is displayed as a
function of detector acceptance angle half-width 90 ± Ad. The half-width Ad was varied
by software-gating of the position information. Without kinematic correction, the energy
resolution deteriorates rapidly with acceptance angle half-width. However, the data show
that the kinematic correction can fully compensate for the effect, so that, independent
of acceptance width, AE/E — 1.6 %. This value is the same as that obtained with a
physical aperture with an acceptance angle half-width A6 = 0.15°.

In an initial series of experiments with the new detector a projectile beam of 197Au at
Ep = 154 MeV was employed. A variety of samples have been analysed. These include
silicon-dioxide layers, optical and infra-red interference-filters, LiF-thermoluminescence
detectors and thin films of Al and Co [10]. Figure 3 shows the two-dimensional, AE
versus E spectrum for an infra-red interference filter. This sample consists of stacked
TiO2(75 nm)/SiO2(120 nm) double layers with a single layer of SiO2(60 nm) at the surface.
The stacking of the Ti and Si layers is obvious in the figure. The three sample elements
Ti, Si, O and the C contamination are well separated. This allows the extraction of
element-specific depth-profiles from the data.

Summary
A system for heavy-ion elastic recoil analysis has been commissioned at the Australian Na-
tional University in Canberra. The set-up incorporates a position-sensitive gas-ionisation
detector with large acceptance solid angle. The position information is used to correct the
kinematic energy spread of the recoiling ions. The detection angle can be varied between
10° to 170° without interupting detector operation. The accuracy of the kinematic energy
correction has been demonstrated. The facility can be used for compositional analysis
and depth-profiling of materials with minimal beam exposure.
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Abstract
Heavy Ion Time-of-Flight Recoil Spectrometry has been used to measure the implant
distributions and dose in metal surfaces subject to dual ion implantation. Polished specimens
of type 304 stainless steel were simultaneously implanted with both metallic and gaseous
species produced from a modified metal vapour vacuum arc ion source (MEWA). The
combination of ions used were Al+O, Cr+O, Zr+O and Ti+N. Results show that the retained
doses differ significantly from the expected applied values, and metal-gas implant ratios. In
particular, the metal-oxygen systems show an anomalously low retained metal dose.

1. Introduction
A metal vapour vacuum arc (MEWA) ion source developed by Brown and co-workers [1,2]
has recently been modified in which gas at low pressure is introduced into the discharge
region [3,4]. This modification permits co-implantation of a metal and a gaseous ion species
simultaneously from the one source. This hybrid M E W A source has been used to
investigate the effects of metal-gas co-implantation on the tribological properties of stainless
steel [5]. Heavy ion time-of-flight elastic recoil detection analysis (ToF-ERDA) offers a
versatile method for probing modified surfaces [6,7], particularly where light elements in a
heavier substrate are concerned (eg. Al+O in steel). Initially, the motivation for this work
was to monitor the concentrations of implanted species to confirm they were consistent with
applied doses. However preliminary measurements revealed some significant discrepancies
which could not be easily explained.

2. Experimental
Polished disks of type 304L and 316L (Zr+O implant only) stainless steel were implanted
with a hybrid M E W A ion source modified for dual ion generation [4], Details of the ion
source operation and the system for measuring ion beam charge state distributions have been
reported previously [5]. The samples were mounted on a moveable target holder which
could be interchanged with a Faraday cup to monitor the ion beam current. Al+O was
implanted into samples with nominal ratios of A1:O of 76:24, 50:50 and 37:54, and Ti+N with
Ti:N ratios of 100:0, 60:40 and 20:80. Cr+O and Zr+O were also implanted, but only with a
ratio of 50:50. All samples were implanted to a total applied dose of ixlO17 /cm2 , and at an
extraction potential of 50 kV in most runs.

Time-of-Flight ERDA measurements [6] were made on the ANT ARES Tandem Accelerator
using an 87 MeV I27I beam. This beam was incident at an angle of 15° to the sample's
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surface, with the recoiled target atoms being detected at a scattering angle of 45°. A three
dimensional view of the data from an Al+O (76:24) implanted steel sample is shown in Fig.l.

Three major curves are seen; the
implanted oxygen, an Al+Si curve
which has the implanted aluminium
distribution superimposed on the
continuous curve for the bulk silicon
content in the steel (Si < 1%), and the
"iron" curve which contains a mixture
of iron, chromium and nickel (approx.
72:18:10). A small amount of bulk
carbon and nitrogen is also just
detectable. Using this data, mass
separated spectra can be obtained,
which can then be integrated, and
corrected using the recoil cross-sections
to determine the relative implanted
doses. Fig. 1 ToF-ERDA plot for co-implanted Al and O with

implant ratio A1:O of 50:50.

3. Results and Discussion
The separated depth profiles for the
Al+Si and oxygen are shown in Fig. 2.

From a comparison of these profiles,
certain observations can be made.
There is no correlation between the
applied Al:O implant ratio and the
relative retained doses, with the
amount of aluminium seen in the
implantation peak being comparable in
magnitude to that of the bulk silicon
content ( ~ 1%), an anomalous result.
In addition, the widths and heights of
the oxygen distributions are also very
similar. This low retention of
aluminium was confirmed using
particle induced gamma ray emission
(PIGE) with 2.5 MeV protons.

100

! 100

O24%

2000 3000
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1500 2000
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Fig. 2 Comparison of the Al and O implant distributions
for the different A1:O ratios.

In view of this result, the performance of the ion source was checked for possible anomalies.
A strip of graphite sheet was implanted with A1:O at 50:50. Conventional RBS analysis of
this sample yielded comparable amounts of both Al and O ions, and retained doses close to
the applied values. The maximum retained dose achievable with relatively dense metals such
as ferrous based alloys is often limited due to sputtering effects [8]. The latter would appear
to offer an explanation for the present results. However TRIM-95 calculations of the
implantation profiles of Al and O show significant overlap, and so the sputtering process
cannot simply involve the layer by layer removal of the steel substrate, as both implant
species would be removed in the same proportions. Thus our observations indicate that the



prevailing mechanism is more complex. For instance, the reactive sputtering of Al by O2
+ or

O+ at a rate considerably higher than that for either O or the substrate elements could explain
the large differences in retained doses reported above.

Dual implants of Cr+O and Zr+O at the single ion ratio of 50:50 have also been analysed.
In the former case, the Cr profile could not be determined due to overlap with contributions
from the steel substrate, which includes chromium. However, the oxygen distribution and
concentration was measured and found to be comparable in shape and magnitude to that
observed for the Al+O system. In contrast, the concentration of oxygen in the Zr+O implant
was found to be approximately twice that in the Al+O implants, a finding in keeping with the
different surface colour of this sample after implantation. The total amount of Zr present was
estimated to be -20% of the total oxygen concentration, again anomalously low.

ToF-ERDA measurements were also performed on several samples implanted with Ti+N as
detailed previously. The retained Ti doses measured for these samples were 0.33,0.35 and
0.28x1017 /cm2 respectively, with corresponding retained N doses of 0, 0.44 and 0.56x1017

/cm2. Thus the measured Ti:N dose ratios for the nominal 60:40 and 20:80 samples are 44:56
and 35:65 respectively. However, the Ti data are subject to some uncertainty, due to a certain
degree of interference in the ToF-ERDA analysis from the neighbouring Cr signal, which
could not be readily estimated and corrected for. In contrast to the Al+O case, the Ti dose is
comparable to that of N and furthermore, is similar in magnitude to that of the Ti only
implanted sample. This suggests the Ti+N dual implants do not suffer from the same
problems as metal-oxygen systems despite the lack of good agreement between the nominal
and measured ion ratios.

References
1. I.G. Brown, J.E. Galvin, B.F. Gavin and R.A. MacGill, Rev. Sci. Instrum. 57 (1986)

1069.
2. I.G. Brown, Rev. Sci. Instrum. 65 (1994) 3061.
3. P. Spadtke, H. Emig, B.H. Wolf and E.M. Oks, Rev. Sci. Instrum. 65 (1994) 3113.
4. E.M. Oks, I.G. Brown, M.R. Dickinson and R.A. MacGill, Rev. Sci. Instrum. 67 (1996)

959.
5. E.M. Oks, G.Yu. Yushkov, P.J. Evans, A. Oztarhan, I.G. Brown, M.R. Dickinson, F. Liu,

R.A. MacGill, O.R. Monteiro and Z. Wang, Nucl. Instr. Meth. B, accepted for publication
1997.

6. J.W. Martin, D.D. Cohen, N. Dytlewski, D.B. Garton, H.J. Whitlow and G.J. Russell,
Nucl. Instr. and Meth. B 94 (1994) 277.

7. Jokinen, J. Keinonen, P. Tikkanen, A. Kuronen, T. Ahlgren and K. Nordlund, Nucl. Instr.
and Meth. B 119(1996)533.

8. A.G. Duffy, L. Clapham, J.L. Whitton and M.C. Ridgeway, Nucl. Instr. Meth. B106
(1995)504.

9. J.F. Ziegler, J.P.Biersack and U. Littmark, The Stopping and Range of Ions in Solids
(Pergamon, New York, 1985).

10. I.G. Brown and X. Godechot, IEEE Trans. Plasma Sci. 19 (1991) 713.



SESSION 9
(Chair: D.D. Cohen)

JOINT NTA-VSA PLENARY
SESSION



PL3

Materials Research by Electron Momentum Spectroscopy

AU9817116

S.A. Canney, Z. Fang, X. Guo and LE. McCarthy
Electronic Structure of Materials Centre, Hinders University of South Australia, GPO Box

2100 Adelaide S.A. 5001.
A. S. Kheifets, M. Vos and E. Weigold

Atomic and Molecular Physics Laboratories, Research School of Physical Sciences and
Engineering, Australian National University, Canberra, ACT 0200.

Introduction
Electron momentum spectroscopy (EMS, also known as (e,2e) spectroscopy) is a relatively

new technique for the research of materials. It directly determines the electronic structure of
materials using binary electron-electron collisions. The measured intensity is proportional to
the energy-momentum density, i.e. the modulus square of the wave function in momentum
space. This intensity is simply the probability of finding an electron in the material with a
particular combination of binding-energy and momentum. In contrast to photoemission
measurements, EMS is able to resolve real momentum (rather than crystal-momentum) and the
measured intensity is easily related to the electronic structure itself. The technique is
challenging from an experimental point of view (in particular sample preparation), but the
interpretation of the data is surprisingly direct.

In an EMS experiment an incoming energetic electron (with energy of 20 keV in the case
of the Flinders University spectrometer) impinges on a thin, free-standing film (thickness of

about 100 A) . Some of these electrons will collide with an electron in the solid and transfer a
significant amount of energy and momentum to this electron. This electron will become a free

electron. In the (e,2e) experiment we measure in coincidence the energy and momentum of
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Figure 1 The measured (right side of each pair) and calculated (left side) momentum densities
of a graphite single crystal film. The sample was aligned so that the momentum was measured
along the F-M (left pair) and F-K direction (central pair). In the last pair we show the
calculated and measured results after rotation of the slow electron detector. Now the
measured electrons have an additional non-zero fixed momentum component in the
perpendicular (horizontal) direction.



both the scattered and ejected electrons. The difference of the energy of the two outgoing
electrons and the incoming electron is the binding energy of the target electron. In the same
way one can infer the momentum of the target electron before the collision from the difference
in momentum of the incoming and outgoing electrons. In this way we determine the
probability that a target electron has a certain binding-energy, momentum combination, i.e. the
energy-resolved momentum density of the target (also referred to as spectral momentum
density).

In this contribution we show some typical results. For a more complete explanation see the
references. For general introductions to EMS and its relation to solid state physics see1'2.

Examples
An example of the type of information that is obtained in the case of single crystals we

show the results for graphite.3 In this experiment we measured the energy resolved
momentum density of electrons. In fig. 1 we show a grey-scale plot, different shadings
correspond to different intensities at these energy-momentum values.4 If we choose the
geometry in such a way that we measure the electrons moving perpendicular to the c-axis of
graphite we observe only one band (the sigma band). The total band width of this band is
larger in the F-M direction than in the F-K direction. If we adjust the geometry, so we tune in
to electrons with a well defined momentum component along the c-axis, we see an additional
dispersive structure, usually referred to as the pi band.

In the graphite measurements we see that the theoretical plots show more contrast than the
experimental ones. This is due to multiple scattering, (i.e. in addition to the (e,2e) collision at
least one of the electrons involved suffered additional scattering). For more isotropic targets
like aluminum it is relatively easy to incorporate these multiple scattering events in the
calculation.5

Energy spectrum near zero momentum

5 10 15 20 25 30 35 _2

Binding Energy (eV)
_ a 5 0 a 5 1

Momentum (atomic units)
1.5

Figure 2 A comparison between the measured intensity for an aluminum film (error bars),
band structure calculations (dashed line) and these calculations convoluted with the results of
a simulation of the multiple scattering effects (solid line). In the left panel we show a spectrum
at zero momentum, in the right panel the momentum density near the Fermi level.

In fig. 2 we show for aluminum a plot of a spectrum corresponding to zero momentum and
the momentum density at the Fermi level. Note that these samples were evaporated films, i.e.
polycrystalline films without long range order. The dotted line is the result of the band
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structure calculation, and the full line is a calculation including these multiple scattering
effects. Clearly near the Fermi level the measured intensity is reproduced very well, but at
larger binding energies the measured intensity seems to exceed the calculated ones. This is
probably due to satellites at higher binding energies caused by electron correlation effects not
included in the one-particle band structure.6

Evaporation of silicon at room temperature is known to result in amorphous films. Now
there is no periodic structure left. Any resemblance with the silicon crystal occurs only on a
scale of a few interatomic distances. Even in these cases there is a clear structure in the
energy-resolved momentum densities as measured by EMS. These are shown in figure 3.7

The measured dispersion is compared to the calculated dispersion for the case of
polycrystalline film, as the calculations for an amorphous solid are complicated by the absence
of long range order. Surprisingly, the measured dispersion follows the calculated one closely,
indicating that the dispersion is mainly determined by short range order.

- i Scale

Momentum (a.u.)

Figure 3 The measured intensity (a) of an amorphous silicon target compared with the
calculation for a polycrystalline solid (b). In (c) we compare the dispersion as determined
from (a) (error bars) and (b) (solid line). The agreement is good indicating that the dispersion
is mainly caused by short range order.

Conclusion
EMS is able to measure energy-resolved momentum densities in all materials, provided that

they can be prepared in the form of ultra-thin free-standing membranes. Currently a new high
energy spectrometer is under construction at the ANU. Its measurements are expected to be
less affected by multiple scattering, making a more quantitative interpretation of the data
possible, and it will allow for thicker samples.

1 M. Vos and I.E. McCarthy, Rev. of Mod. Phys. 67,713 (1995).
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4 Color versions of these and other results can be seen on the web: http://rsphyl.anu.edu.au/~vosl07/ems.html.
5 S.A. Canney, M. Vos, A.S. Kheifets, N. Clisby, I.E. McCarthy, and E. Weigold, J. Phys.:Condens. Matter 9
1931 (1997).
6 S. Canney, A. Kheifets, M. Vos and E. Weigold, J. Electron Spectrosc. Relat. phenom., submitted
7 M. Vos, P. Storer, Y.Q. Cai, A.S. Kheifets, I.E. McCarthy, and E. Weigold, J. Phys. Condens. Matter 7, 279
(1995).
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Intense, highly collimated sources of atoms have many potential applications. Bright
beams will be important for competitive high flux and high resolution direct-write techniques
in lithography, with the added advantage of parallel writing through laser manipulation.
Intense sources will also be useful in other atom optic devices e.g. for loading atoms into
hollow fibre waveguides. In atomic physics, many collision processes can only be measured
with the sensitivity offered by such high flux sources.

The intense metastable source being developed here uses velocity- and position- selective
Doppler cooling forces to manipulate the atomic beam. We use these (dissipative) laser
cooling forces in a similar scheme to obtain a slow, ultrabright beam of metastable helium
atoms in the 2 3S state.

helium discharge source

laser (4x)

collimator Zeeman slower

a (2x)
Compressor

0 50 250 300 2300 2350 2450

axial distance (mm!

Figure 1: The three stages of the intense, slow metastable helium beam source. (1) collimation
by effectively curved wavefronts. (2) Zeeman tuned longitudinal Doppler cooling. (3) Two
dimensional magneto-optic trap beam compressor.

Helium metastable atoms were chosen because they offer a number of significant advan-
tages.

• A very long lifetime (theoretical predictions estimate ~ 8000 s - [1]).

• A number of convenient laser transitions for light force manipulation.

• The highest excitation energy of the metastable rare gases (19.8 eV).

• A high photon recoil velocity. For the transitions at 1083/389 nm, one photon recoil
corresponds to a velocity change of 0.09/0.26 ms"1 .
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As a part of the bright beam source, we have developed a liquid nitrogen cooled metastable
atom source which generates very high metastable fluxes, in the range 1014 - 1015 sr~1s~1. The
velocity distribution is slightly supersonic, with a most probable velocity of ~ 900 ms"1 corresponding
to source temperatures of ~ 80 K.

The beam brightening system consists of three stages, as shown in Fig. 1. First, two-
dimensional laser cooling is used to collimate the thermal atomic beam. A large fraction of the
atoms emerging from the source is captured in a well collimated, large diameter atomic beam.
Then the beam is slowed as well as velocity bunched using the Zeeman slowing technique to
a velocity tunable from 50-100 ms"1 . As the full beam flux is maintained during the slowing
process, a large increase in density is obtained.. Finally, the slow beam is compressed using
a two-dimensional magneto-optical trap. The resulting 'bright' beam contains the full atom
flux captured in the first section. The final compression stage is currently in a testing stage
and is expected to be fully operational this year.

As a first application of the metastable
beam source, we performed a series of
lithography experiments using conventional
masking techniques. The principle is shown
in Fig. 2 and is similar to that employed
elsewhere [2, 3]. An electron microscope
grid with a wire diameter of 7 microns is
used to mask a prepared substrate from
the incident metastable beam flux. A
self-assembling monolayer (SAM) of dode-
canethiol molecules is deposited onto a sil-
icon surface coated with 5nm of titanium
and 30nm of gold. Metastable helium
atoms passing through the mask deposit
their excitation energy into the monolayer,
disrupting the molecules and exposing the
surface. Wet chemical etching is then used
to remove the gold from the exposed surface
[2].

A series of exposures were taken
at metastable beam intensities ~ 1011s~1cm~2

at a distance of 0.33 m from the skim-
mer which defines the uncollimated beam
source. Typical exposure times ranges from
10 to 40 minutes, yielding doses of up to ~
0.5 metastable atoms per SAM molecule, in
agreement with similar experiments done elsewhere. The new bright atom beam facility is
anticipated to reduce this exposure time by two orders of magnitude.

Fig. 3 shows scanning electron microscope (SEM) images of the lithography experiments.
At modest magnification, a true image of the mask is found etched in the gold. At higher
magnification, we observe that the the resolution is limited to the granularity of the gold on
the surface. Even so, careful analysis shows that the individual grains are neatly cut by the
exposure and subsequent etching. The 10-90% definition of the exposures is about 50 nm,
in part limited by the thickness of the gold layer. This is much better than achievable with

I

gold/SAM substrate exposed to
metastable He* Atoms

mask

exposure to He* damages SAM
in localized region

r...,/////////////

Si

1 Etching removes gold in regions
where SAM was damaged

Figure 2: Principle of the mask lithography ex-
periments.
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Figure 3: Electron microscope images of the etched silicon substrates. At modest magnifi-
cation (left) we observe a true image of the mask over a large area. At high magnification
(right) the granularity of the gold limits the resolution.

light lithography. Currently experiments are underway to use the gold pattern as a resist for
an anisotropic plasma etch of the silicon substrate.

Throughout the exposure process, care must be taken to avoid contamination. For in-
stance pump oil can be polymerised on the surface by the energy impacted by the metastable
helium atoms. This way another, even stronger resist for the wet etching technique is formed.
Consequently, the SAM layer under the mask will be removed by prolonged etching, leaving
a negative image in the exposed region protected by the contaminant layer. Experimentally,
we find 'negative' images for very long exposure times under less clean conditions.

The exposure of SAMs with metastable helium atoms and the subsequent etching has
shown to be a dependable process to transfer existing patterns to a layer of gold on sili-
con substrates. Current extensions of the technique include the manipulation of the atoms
with standing light waves just before they hit the surface. In a deposition experiment using
chromium atoms elsewhere [4], it has been shown that nanoscopic wires and dots can be
created on a substrate.
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Stoichiometric carbon nitride synthesized by ion beam sputtering and post nitrogen ion
implantation.
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Carbon nitride films have been deposited on Si (100) by ion beam sputtering a vitreous
graphite target with nitrogen and argon ions with and without concurrent N2 ion
bombardment at room temperature. The sputtering beam energy was 1000 eV and the
assisted beam energy was 300 eV with ion / atom arrival ratio ranging from 0.5 to 5. The
carbon nitride films were deposited both as single layer directly on silicon substrate and as
multilayer between two layers of stoichiometric amorphous silicon nitride and
polycrystalline titanium nitride. The deposited films were implanted ex-situ with 30 keV
nitrogen ions with various doses ranging from IE 17 to 4E17 ions.cm"2 and 2 GeV xenon
ion with a dose of 1E12 ions, cm"2 . The nitrogen concentration of the films was measured
with Rutherford Backscattering (RBS), Secondary Neutral Mass Spectrometry (SNMS)
and Parallel Electron Energy Loss Spectroscopy (PEELS). The nitrogen concentration for
as deposited sample was 34 at% and stoichiometric carbon nitride C3N4 was achieved by
post nitrogen implantation of the multi-layered films. Post bombardment of single layer
carbon nitride films lead to reduction in the total nitrogen concentration. Carbon K edge
structure obtained from PEELS analysis suggested that the amorphous C3N4 matrix was
predominantly sp2 bonded. This was confirmed by Fourier Transform Infra-Red
Spectroscopy (FTIR) analysis of the single CN layer which showed the nitrogen was
mostly bonded with carbon in nitrile (C=N) and inline (C=N) groups. The microstructure
of the film was determined by Transmission Electron Microscopy (TEM) which indicated
that the films were amorphous.
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INTRODUCTION
Ion implantation is the principal method used to introduce dopants into silicon for fabrication
of semiconductor devices. The damage which accumulates during ion implantation may lead
to amorphisation of the silicon over the depth range of the ions. To activate the dopants and
make a useful device the damaged or amorphous material must be crystallised by thermal
annealing. In the case of amorphous silicon layers, crystallisation can be achieved by a solid-
state process called solid phase epitaxy (SPE) in which the amorphous layer transforms to
crystalline silicon (c-Si) layer by layer using the underlying c-Si as a seed. Unlike liquid
phase epitaxy, SPE occurs under conditions where the atomic mobility is comparatively low
and crystallisation occurs by highly localised bond breaking and rearrangement processes.
The bond breaking process is thought to be mediated by a defect which is present at the
amorphous/crystalline (a/c) interface, however, the exact nature of this defect is unknown.
One of the key observations which may lead to identification of the defect is the fact that
moderate concentrations of dopants enhance the SPE crystallisation rate while the presence
of equal concentrations of an n-type and a p-type dopant (impurity compensation) returns
the SPE rate to the intrinsic value. This provides crucial evidence that the SPE mechanism
is sensitive to the position of the Fermi level in the bandgap of the crystalline and/or the
amorphous silicon phases and may lead to identification of an energy level within the bandgap
that can be associated with the defect.

The crystallisation via solid phase epitaxy of a-Si surface layers formed by self-ion im-
plantation into single-crystal (c-Si) substrates has been studied extensively [1, 2] and various
models have been proposed to explain the SPE growth process and its observed dependence on
parameters such as substrate orientation [3], impurity type and concentration [4] and pressure
[5]. The studies of dopant-enhanced SPE are of particular importance because they provide
insight into the fundamental mechanism responsible for the crystallisation process [1], Signif-
icantly, the experiments of Walser and co-workers showed that for dopant concentrations less
than ~ 0.1 at.% the SPE rate increases linearly with concentration [6] and several different
models of the SPE process that can accommodate this observation have been proposed [5-8].
However, Olson and Roth [9] have shown that the SPE rate in thin (< 4000 A) surface a-Si
layers like those used by Walser et al. is affected by the presence of hydrogen even when the
measurements are performed in vacuum. They found that H present in the surface oxide infil-
trates the a-Si layer during annealing and that for thin layers this results in a nearly constant
H concentration of ~ 2 x 1019 cm"3 at the amorphous/crystalline (a/c) interface throughout
the SPE process, causing retardation of the growth rate. They also showed that the intrin-
sic SPE rate can be obtained by using a-Si layers several microns thick and measuring the
growth rate during the early stages of crystallisation before significant concentrations of H
have penetrated to the a/c interface [1]. However, thick amorphous surface layers are not
very convenient for studies of dopant-enhanced SPE and the degree of H infiltration must
always be considered. Recently, we have shown that buried a-Si layers provide an alterna-
tive environment in which the intrinsic [10] and dopant-enhanced [11] growth kinetics of a-Si
can be studied free from the rate-retarding influence of H and that a two laser time resolved
reflectivity technique can be used to measure the instantaneous crystallisation rates in these
layers. The overlying crystalline Si layer provides a barrier to H infiltration. This paper gives
details of SPE measurements in As-doped buried a-Si layers and discusses the implications of
these data for models of the SPE process.
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Figure 1: (a) Schematic representation of the reflected signals for the 632.8 nm laser used in
the TRR measurements, (b) TRR trace for crystallisation of a buried a-Si layer at 580°C.

EXPERIMENT
For the dopant-enhanced SPE studies, uniform concentration profiles were produced over the
depth range ~ 0.4-0.7 pm by implantation of As ions at four different energies in the range
450-1200 keV with the substrates held at 77 K. Following As implantation, the samples were
annealed at 580° C, 1 hr under UHV conditions in the implantation chamber to fully crystallize
the implanted layer. Buried a-Si layers were then formed using self-ion implantation [10]. The
SPE rates were determined in air by mounting the samples on a resistively heated vacuum
chuck and using time resolved reflectivity at wavelengths of A = 1152 nm and A = 632.8 nm to
measure the a/c interface motion during crystallisation. Further details of the experimental
procedure are given elsewhere [10, 11].

RESULTS
Figure l(a) shows a schematic representation of the laser reflections from the sample interfaces
for the 632.8 nm laser used in the TRR measurements of the SPE rates in the buried a-Si
layers. During crystallisation, the front and back a/c interfaces of the buried amorphous
layer approach each other with growth rates represented by Vf and v&. For much of the
crystallisation process, the 632.8 nm reflectivity signal is only sensitive to motion of the front
a/c interface because the laser light is strongly absorbed in the amorphous layer. Figure
l(b) shows a typical 632.8 nm TRR trace collected during SPE of a buried a-Si layer at a
temperature of 580° C in air. During SPE, the front a/c interface recedes from the surface
region and the reflectivity signal exhibits successive interference maxima and minima as the
thickness of the crystalline surface layer increases. After ~ 2000 s, the front and back a/c
interfaces meet at a depth of ~ 1.1 y,m below the surface and the TRR trace becomes a
flat line. Comparison of the measured reflectivity as a function of time with the theoretical
reflectivity as a function of depth allows the front interface velocity as a function of time or
depth to be determined [10]. The 1152 nm laser signal can be used to monitor the position of
the back interface of the buried a-Si layer.

SPE rates were measured over the temperature range 480-660° C for buried a-Si layers
containing ten different As concentrations spanning the range 1-16 xlO19 cm"3. Figure 2
shows the dopant-enhanced SPE rates normalized to the intrinsic rate. For clarity, data are
shown for just seven of the concentrations. The normalized SPE rates were fitted with the
expression found by Walser and coworkers to describe their data for thin surface a-Si layers
doped with low concentrations of As [12]:

vi = 1 + N/[Noexs>(-AE/kT)] (1)

where Vi is the intrinsic SPE rate, N is the As concentration and No, AE are free parameters.
For the ten As concentrations of the present study, the best fit was obtained with values of
No = 1.20 (±0.03) x 1021 cm"3 and AE = 0.21 (±0.02) eV. The solid lines in Fig. 2 are
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Figure 2: Dopant-enhanced SPE rates for the front a/c interfaces of buried a-Si layers normal-
ized to the corresponding intrinsic SPE rate. Data are shown for seven different As concen-
trations in the range l-16xlO19 cm"3. The solid lines are plots of Eq. 1 with No = 1.2 x 1021

cm"3 and AE = 0.21 eV.

plots of Eq. 1 with these values of No and AE. It can be seen that the equation adequately
describes the data over the entire concentration range. It should also be noted that measurable
enhancement of the SPE rate is only observed for dopant concentrations greater than ~ 1 x 1019

cm"3. This contrasts with the results of Walser et al. where rate enhancement with a linear
dependence on As concentration was observed for the range 3 x 1018 cm"3 < N < 2.2 x 1019

cm"3. The presence of H in the thin a-Si layer studies of Walser et al. meant that they were
not measuring the true intrinsic or dopant-enhanced SPE rates.

Several models for SPE have been proposed which correctly predict the observed depen-
dence of the growth rate on dopant concentration and temperature. In the fractional ion-
ization (FI) model proposed by Walser and Jeon [6] the atomic rearrangements during SPE
are thought to be governed by motion of neutral and charged dangling bonds (DB's) at the
a/c interface with the intrinsic SPE rate being dominated by the neutral DB's and the rate-
enhancement in the presence of dopants arising from the charged dangling bonds having a
lower activation energy for motion. However, Lu et al.[5] have noted that a key assumption
needed to derive Eq. 1 within the framework of the FI model is that the fractional ionization
of impurities in the a-Si is independent of the dopant concentration, implying that the law of
mass action is inoperative but there is no justification for assuming this.

In the generalized Fermi level shifting model (GFLS) of Lu et al.[5] which is an extension
of an earlier model by Williams and Elliman [7], SPE is assumed to occur through motion at
the a/c interface of a neutral defect and its negatively and/or positively charged counterparts
and it is assumed that these defects are in thermal and electronic equilibrium, with the latter
being determined by the band structure and density of states of the crystal. This leads to the
following general expression for the normalised SPE rate:

1 +gexp(-

l+£rexp(-
(2)

where Ep, EFJ are the Fermi levels in the doped and intrinsic c-Si respectively, and Ej. is an
energy level associated with the defect responsible for SPE and g is its degeneracy. From this
expression, Lu et al. were able to derive an equation for the normalized SPE rate which is



similar to Eq. 1, however, their derivation depends on expressions for charge neutrality and
mass action in a nondegenerate semiconductor whereas, for the As concentrations used in the
buried a-Si layer experiments, the c-Si is degenerately doped. We have used a full degenerate
semiconductor statistics treatment, including the temperature dependence of the bandgap and
concentration-dependent bandgap narrowing, to calculate the Fermi level energy as a function
of doping, and find that Eq. 2 can provide equally good fits to the data presented in Fig. 2.
The two free parameters in the equation are the degeneracy, g, and energy level, Ed, of the
defect. For sensible values of the degeneracy in the range 0.5 < g < 2, the fits to the data
give values of Ed that lie 0.1-0.18 eV below the conduction band edge but they exhibit a
linear dependence on the dopant concentration which suggests that an extra concentration-
dependent term is required in Eq. 2 in order to achieve a unique value for Ed. This is under
further investigation.

We believe that before the energy levels of the defect responsible for the SPE process can be
properly identified and related to the SPE kinetics, it may be necessary to consider the exact
nature of the band structure, and in particular the band bending, at the interface between
the amorphous and crystalline phases. Certainly, there is adequate knowledge of the band
structure of the crystalline phase but information on the band structure of the amorphous
phase is relatively sparse and details only exist for the intrinsic, case [13]. This information
is sufficient for us to make first-order calculations of the effect of band bending at the a/c
interface [14] but a much better understanding of the band structure of a-Si in the presence
of dopants will be needed before these calculations will provide an adequate representation of
the semiconductor statistics at the interface. There are many challenges ahead.

CONCLUSIONS
The kinetics of dopant-enhanced solid phase epitaxy (SPE) have been measured in buried a-Si
layers doped with As. In the absence of H-retardation effects, the dopant-enhanced SPE rate
is observed to depend linearly on the As concentration over the entire range of concentrations,
1-16 x 1019 cm"3, covered in the study. These results pose new challenges for models of the
SPE process.
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THERMAL ANNEALING OF WAVEGUIDES FORMED BY ION IMPLANTATION
OFSILICA-ON-SI
CM. Johnson, M.C. Ridgway, Department of Electronic Materials Engineering, RSPhysSE,
Institute of Advanced Studies, Australian National University, Canberra, Australia, 0200; A.
Kurver, Department of Communication and Electronic Engineering, Royal Melbourne Institute
of Technology, 3001, Victoria, Australia; P.W. Leech, Telstra Research Laboratories, Clayton,
3186, Victoria, Australia; and P.J. Simpson, Department of Physics, The University of Western
Ontario, London, Ontario, N6A 3K7 Canada.

Buried channel waveguides were fabricated by ion implantation of PECVD-grown
silica-on-Si. Post-implantation annealing was observed to have a significant influence on
waveguide loss as measured at both 1.3 and 1.5511m. Waveguide loss decreased abruptly from
an as-implanted value of ~1 dB/cm to -0.15 dB/cm following a 500°C/l hr annealing cycle.
However, annealing at greater temperatures (600°C) yielded a loss value comparable to the as-
implanted result (~1 dB/cm). This paper will address the factors that potentially influenced the
observed loss behaviour which included thermally-induced changes to density and refractive
index, precipitation of the implanted ions (Si) and mode profile spreading and subsequent
interaction with the waveguide surface. Using surface profilometry and variable-energy
positron spectroscopy, no significant density or structural changes were observed over the
temperature range of 400-600°C. The refractive index exhibited comparable behaviour as
measured with prism coupling. The potential influence of precipitation was determined by
comparing Si implantation with dual Si and O implantation, the latter with a dose ratio of 1:2.
In addition, waveguides were also fabricated as a function of implantation energy to
characterise the influence of the surface proximity.

Craig Johnson
Department of Electronic Materials Engineering
Research School of Physical Sciences and Engineering
Australian National University
Canberra AUSTRALIA 0200
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NONLINEAR OPTICAL PROPERTIES OF SEMICONDUCTOR
NANOCRYSTALS IN SILICA MATRICES

A. DOWD1, M. SAMOC2, R. G. ELLIMAN1

'Department of Electronic Materials Engineering, and 2Laser Physics Centre,
Australian National University, Canberra, Australia

Introduction:

In recent years, there have been many studies into the optical nonlinearities of composite
materials containing metallic and semiconducting nanocrystals. This interest stems from the
rapid temporal response and large nonlinearity exhibited by these materials, which make them
potential candidates for new technologies based around optical information processing.
Several techniques exist for producing such nanocrystals in dielectric matrices including
sputtering1-2, chemical vapour deposition3-4 and ion implantation5-6. This latter technique is
attractive because of its simplicity and compatibility with planar waveguide technology.

Previous work has concentrated on metallic nanocrystals. Such systems exhibit resonant
absorption associated with a surface plasmon resonance, at which the nonlinearity is greatly
increased above the bulk value. However, these samples display relatively long response
times in addition to the high absorption at this wavelength, suggesting that they may not be
practical nonlinear materials. On the other hand, semiconductor systems show a much faster
response time, much reduced absorption, and nonlinearities of the same magnitude as the
metallic nanocrystals. In this letter, we report the measurements of the optical nonlinearities
of Ge and Si implanted glasses.

Experimental:

The Ge and Si nanocrystals were formed by ion implantation of 1 mm thick fused silica
substrates followed by thermal annealing. During implantation of Ge ions (1000 keV) or Si
ions (400 keV) to a dose of 3xlO17 cm'2, the substrate was held at 77 K. Subsequent annealing
of the samples was at 1100 °C under a reducing ambient (5% H2, 95% N2) for 60 minutes,
during which time the nanocrystals formed.

Analytic techniques employed included Rutherford backscattering (RBS) using 2.0 MeV He
ions, optical absorption and transmission electron microscopy (TEM) on a Philips 430
operating at 300 keV. Cross sectional samples for TEM were prepared by the usual ion beam
thinning method.

Optical nonlinearity measurements were undertaken using time resolved degenerate four
wave mixing technique (DFWM)7. Samples were characterized with 800 nm amplified
pulses from a mode-locked Ti-sapphire laser to a maximum power of 20 uJ. The profile of
the beam at the sample surface was analysed using a CCD array and focussed to a spot size of
130 um. Measurements were taken at 300 K. The repetition rate was 30 Hz, and the pulse
width was 600 fs. This low repetition rate forms an important part of this measurement



system because it reduces the effect of beam heating. Nonlinearities reported in the literature
may be overestimated due to such effects.

Results and Discussion:

A fit to the RBS data showing the distribution of Ge in the sample is shown in figure 1. This
distribution is characterized by a Gaussian function, the FWHM of which is -0.5 (am. Figure
2 shows a typical cross section view from a Ge implanted sample after annealing. The
average nanocrystal size is 3.5 ran in diameter.
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Figure 1. Ge profile following 3x10" cm'2 implant
derived from RBS measurement.

Figure 2. Cross-sectional TEM image of the matrix
exhibiting a large number of Ge nanocrystals in a
precipitation layer.

The presence of the implanted species changed the absorption spectra of the silica matrices
(see figure 3). The spectra exhibit a broad featureless absorption in the visible that tails off
by 700 nm. This band is quite broad, owing to the inhomogeneity of the particle sizes, so we
have made no attempt to estimate an effective band gap for these samples.
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Figure 3. Absorption spectra for Ge (solid line) and Si
(dotted line) nanocrystals in SiO r
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Figure 4. Nonphase matched DFWM signal for samples
implanted with Ge (solid line) and Si (dotted line).

Figure 4 shows DFWM signals for the Ge and Si doped samples (at a laser power density of
100 GWcm"2. in2i is calculated at maximum peak height using the equation as follows:

n, =
SiO2

pm



where In/102! is the nonlinearity of silica (= 2.5xlO'16 cm2W"'); lr is the effective thickness of
silica sampled (~ 700 |iun); ls is the thickness of the implanted layer; Inpm is the intensity of the
nonphase matched signal from the sample and Ipm is the phase matched signal. The
nonlinearities are ln2l = 6.5xl013 and 2.6xl013 cmzW"' for Ge and Si samples respectively.

The nonlinearity for both samples shows rapid relaxation. Over the time range measured, the
Ge doped glass has two time constants, an instantaneous component (x < 100 fs) and a slower
component (T ~ 1 ps). These decay times are approximately an order of magnitude faster
than those measured for metallic nanocrystals. However, the magnitudes of the nonlinearities
for Ge and Si samples are quite different. ln2l for Ge is greater by a factor of approximately 5.
Since both glasses were ion implanted to the same high dose, defects due to ion implantation
should be saturated for both8. Thus, the difference in nonlinearity between the two glasses
must be attributed to another mechanism.

Preliminary Z-scan measurements suggest that the nonlinearity is absorptive, and for bulk
material the absorption coefficient of Ge at 800 nm is about 50 times larger than that of Si (a
photon of this wavelength is indirectly absorbed in Si; in contrast, it has sufficient energy to
be directly absorbed in Ge). This may explain the difference in nonlinear response of these
materials. However, quantum confinement causes the indirect energy gaps of the Ge and Si
nanocrystals to increase as the particle size decreases and effective mass calculations9 suggest
the energy gap for Ge and Si increases to around 1.55 eV (the photon energy used in DFWM
experiment) for particles of diameter ~ 5-6 nm. Moreover, Si diffuses more slowly in SiO2

than does Ge, leading to smaller nanocrystals. The fraction of nanocrystals with diameter
> 6 nm will therefore be less for Si than for Ge. Therefore, a possible explanation of the
absorption difference is that there are a greater number of Ge nanocrystals which absorb a
photon of 1.55 eV than there are Si.

Conclusions:

In conclusion, semiconductor nanocrystals were formed in silica matrices by ion implantation
and subsequent annealing. The nonlinearity of each of the two systems was measured at
800 nm using DFWM and was found to have values as high as In2l

Ge ~ 7.8xlO~13 and ln2l
Si ~

2.6x10"13 cm2W'. It is proposed that this difference is attributable to the difference in
absorption coefficient and this may be exacerbated by quantum confinement effects.

We would like to thank David Llewellyn for his help in the TEM analysis.
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CARBON NANOCLUSTERS FORMED BY IMPLANTING FUSED QUARTZ AND
SAPPHIRE WITH CARBON IONS

J.O. Orwa*, J.C. McCallum, S. Prawer, K.W. Nugent and D.N. Jamieson
School of Physics, Microanalytical Research Centre, The University of Melbourne,

Parkville, Victoria 3052, Australia

Introduction
Certain surfaces of diamond have the unusual property of negative electron affinity [1] which make
them ideal as cold cathode devices capable of emitting high electron fluxes at low applied fields.
Devices utilizing this technology are currently under investigation for use in high luminosity flat
panel displays. This study aims to investigate the possibility of synthesizing diamond nanocrystals by
implanting fused quartz and sapphire with carbon and annealing in a furnace under forming gas,
oxygen and argon ambients. This work is motivated by previous [2,3] successful syntheses of silicon
and germanium nanocrystals in both fused quartz and sapphire. In these studies, the nanocrystals
were found to be randomly oriented in the amorphous quartz matrix and oriented with the host
crystals in sapphire.

Experimental
1 MeV carbon ions were implanted into fused quartz and sapphire to doses of 5 x 1017 cm"2 at room
temperature. The projected range (range straggling) was estimated using Transport of Ions in
Matter (TRIM) code [4] as Rp(ARp) = 1.45(±. 12) \xm for quartz and Rp(ARp) = .88(±.08) um for
sapphire.

Raman spectra of each sample were taken in the as-implanted state and after thermal annealing at
1100°C for 1 hour, 4 hours and 16 hours in forming gas and oxygen ambients. A set of carbon
implanted quartz samples was also annealed for 1 hour and 13.5 hours in argon ambient. The Raman
signal was excited by 2 mW of the 514.5 run line of an argon-ion laser focused to a 1 jam spot and
detected using a DILOR XY Confocal micro-Raman spectrometer with optical multi-channel
collection. The integration time for each spectrum was 300 seconds.

To compare the content and distribution of carbon in the samples, Rutherford Backscattering
Spectrometry (RBS) analysis and Secondary Ion Mass Spectroscopy (SIMS) were performed on
selected samples.

Results and Discussion
The as-implanted samples appeared dark and mostly amorphous carbon-like. After 1 hour annealing
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Fig. 1 Raman spectra of carbon implanted
quartz samples annealed in argon.
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Fig. 2 Raman spectra of carbon implanted quartz samples
annealed in forming gas.



in the various environments, the Raman D and G peaks (Fig. 1, 2 and 3) located at 1350 cm"1 and
1580 cm'1, respectively, appear, suggesting that the implanted carbon has formed into sp2-bonded
structures. The large Full Width at Half Maximum (FWHM) of the G peaks indicates that the sp2-
bonded clusters are small and are not fully ordered. After annealing for 13.5 hours in argon, the
quartz sample became optically transparent but nevertheless the Raman data showed the presence of
well formed sp2 bonding as observed from the narrow FWHM of the G peak in Fig 1. The small
peak at 1140 cm'1 is associated with micro- and nano-crystalline sp3 bonded carbon clusters [5]
which may be present but the signal is swamped by the much higher Raman cross section for sp2-
bonded carbon.

The darkening of quartz is attributed to the presence of the carbon and not damage [6]. The fading
of the sample, therefore, suggests loss of carbon. We suggest that interstitial carbon contributes most
strongly to this darkening. Assuming that the carbon is lost by diffusion, the more mobile interstitials
are likely to have all escaped after 13.5 hours of annealing at 1100°C. What is left are carbon
clusters which are responsible for the observed D and G peaks but do not cause noticeable darkening
of the quartz. The interstitial carbon is burnt from the surface by traces of oxygen in the argon and
escape as carbon dioxide. A parallel process of indiflusion of oxygen and the burning of carbon
inside the matrix before it escapes as carbon dioxide is also a possibility. We propose that the
clusters responsible for the carbon Raman spectra in these 13.5 hours annealed samples are the same
ones responsible for the carbon Raman spectra in the 1 hour annealed samples and that the spectral
differences are due to a change in the background from the interstitials.

The quartz samples annealed in forming gas show similar features across all annealing durations. It
is also noted that no colour change occurred in any of the annealings, indicating that no carbon
escaped. This is not unexpected as there is no oxygen to burn the carbon.
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Fig. 3. Raman spectra of carbon-implanted
quartz samples annealed in oxygen.

Fig. 4 Raman spectra of carbon implanted sapphire samples
annealed in forming gas.

Fig. 3 shows Raman spectra of carbon implanted quartz samples annealed in oxygen. The 4 hour
annealed sample D and G peaks are more pronounced and symmetrical with the G peak FWHM
smaller than in the sample annealed for 1 hour. This shows that the crystallites are larger and more
ordered in the 4 hour annealed sample. The sample annealed for 16 hours turned clear and showed a
Raman spectrum that was identical to unimplanted quartz, implying that all the carbon had escaped
due to the longer annealing time and the abundance of oxygen.



Raman experimental results for carbon implanted sapphire (Fig. 4) annealed in forming gas show a
possible weak G peak around 1617 cm"1. Two peaks, equally weak in intensity but with a positive
coefficient of annealing duration, are also observed at 1299 cm'1 and 1392 cm'1 superimposed on
the broad weak D peak. We suggest that the two peaks arise from nanocrystalline, hexagonal
diamond in which vibrational mode degeneracy is split into a singlet at 1392 cm"1 and a doublet at
1299 cm"1. Formation of hexagonal diamond would be in agreement with previous results [3] in
which silicon and germanium nanocrystals were found to be three dimensionally oriented with the
crystalline sapphire matrix. By averaging the degeneracy-weighted peak positions we obtain a peak
Raman shift of 1330 cm"1, which is very close to the triply degenerate cubic diamond peak shift of
1332 cm"1.

To compare the distribution and content of carbon in the samples, SIMS was performed on samples
annealed in argon and RBS on samples annealed in argon and the carbon implanted sapphire
annealed in forming gas. The SIMS profiles (not shown) showed that the peak carbon concentration
at the projected end of range decreased as annealing time increased which is consistent with our
earlier explanation of the loss of carbon by diffusion of interstitials. RBS profiles for the same
samples confirmed the SIMS results.

Channeling RBS spectra for carbon implanted sapphire samples showed that the surface region is
undamaged. This implies that diffusion inwards or outwards would be unlikely. Consequently, the
annealing environment should not matter. The Xmin for the as-implanted sample was close to 100%
implying that the end of range is close to amorphization threshold. The 1 hour and 4 hour annealed
samples showed similar yields which means that no significant damage annealing occurs between 1
and 4 hours of annealing. Perhaps a higher annealing temperature, closer to the melting point of
sapphire, would make some difference.

Conclusion
We have shown that the darkening of quartz when implanted with carbon is mostly due to interstitial
carbon. It is possible that sp* bonded nanocrystals are formed in the annealed samples along with
graphitic carbon. To confirm the presence of sp3 bonded carbon, it is planned to do TEM and UV
Raman analysis on the samples. For carbon implanted sapphire samples, the annealing environment
should have no effect on the Raman spectra.

References
[1] J. Van der Weide, Z. Zhang, P.K. Baumann, M.G. Wensell, J. Benholc and R.J. Nemanich,

Phys.Rev. B 50, 5803 (1994).
[2] Jane G. Zhu, C.W. White, J.D. Budai, S.P. Withrow and Y. Chen, Mat. Res. Soc Symp.Proc.

358, 175 (1995).
[3] C.W. White, J.D. Budai, S.P. Withrow, S.J. Pennycook, D.M. Hembree Jr., D.S. Zhou, T. Yo-

Dihn, and R.H. Magruder, MatRes. Soc. Symp. Proc. 316,487 (1994).
[4] J.F. Ziegler, J.P. Biersack and U. Littmak, The Stopping Powers and Ranges of Ions in Matter,

Permagon Press (1985).
[5] W.A. Yarborough and R. Roy, Extended Abstracts. Diamond and Diamond-like Materials

Synthesis, Materials Research Society, Pittsburgh, PA 33 (1988).
[6] Steven Prawer, Private Communication (high dose xenon implantation of quartz results in no

darkening).



SESSION 11
(Chair: D.N. Jamieson)

NEW TECHNIQUES, FUTURE
NEEDS, TRENDS AND
DEVELOPMENTS



NTA/VSA5

AUSTRALIS: A New Microanalytical Tool for the Geosciences
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Introduction
The development of the AUSTRALIS (AMS for Ultra-Sensitive TRAce eLement and Isotopic Studies),

a microbeam AMS system at the CSIRO HIAF laboratory commenced in 1994, and has recently been
completed. The system is specifically designed for geological applications, to enable in-situ microanalysis of
mono-mineralic grains for trace element and isotopic data. The primary microbeam of Cs+ is produced from a
modified HICONEX source, augmented with a condenser and a high precision cylindrical lenses to focus the
beam as shown in figure 1. The 'cones', which in the original operation of the HICONEX source is the target
for secondary ion production, now act as object aperture for the microbeam lens. With a 150 |j.m aperture, a 30
urn beam is produced routinely. The beam strikes the sample at 45° incident angle to the target, and the
secondary ions are extracted in the normal direction. Special features arising from these requirements include a
sample chamber with facility for direct viewing of the sample with high magnification, computer controlled
sample stage with 0.5 um positioning precision to facilitate automation. A novel 'screen' electrode in the
secondary ion extraction region allows correction of the primary beam trajectory affected by the extraction
field, to ensure that the beam coincides with the geometrically aligned target spot. An electron flood gun is
incorporated into the system for charge compensation during analysis of insulating targets, which comprise
most of geological samples (oxide and silicate minerals).

Modified HICONEX Ion Source

fl

Secondary Ion
Extraction Region

Figure 1. Details of the ion source showing the modified HICONEX source, augmented with a condenser and a high
precision cylindrical lenses to focus the beam. The electron gun is needed to compensate charge build up during analysis
of insulating samples.

The secondary ions are transported through the injector system comprised of a 45° bend electrostatic
spherical analyser (ESA), and a 90° bend analysing magnet, both with 30 cm mean radius, 2.5 cm gap and
operated in the double focusing mode. The magnet beam box is floated to allow application of energy
modulating voltages, the so-called 'bouncing' voltage. The high energy analysing system consists of a 90°
bend, 1.3 radius, 2.5 gap magnet with a beam product of 140 MeV.amu, operated in the double focusing unity
magnification mode and corrected to the 2™ order. Two pairs of electrostatic deflector plates at the entrance
and exit ports of the magnet box, deflecting the beam in the orbit plane, comprise the bouncing system for the
high energy (see accompanying paper []). The magnet is followed by two 3 m radius, 2.5 cm gap, 22.5° bend
spherical ESA, separated by a doublet electrostatic quadrupole with 2.5 cm bore. Spatial restriction does not
allow the ESA's to be utilised as double focusing device, and hence the quadrupole doublet is used to focus the
beam into the detector chamber at -70 cm away from the exit of the 2nc* ESA. The ions can be detected either



in a Faraday cup, a Frisch gridded gas proportional counter, a surface barrier detector or a bare electron
multiplier acting as an ion counter. With the latter, count rates as high as 2x10^ counts per second can be
obtained allowing complete coverage of the whole dynamic range of beam intensity.

Similarly, at the low energy injector, we can use a Faraday cup or the same type electron multiplier to
detect the beam. The latter is important in view of the relatively high noise level of the Faraday cup system at
~0.1 pA for monitoring weaker peaks from the source.

Results
Figure 2 shows a mass spectrum obtained using the electron multiplier acting which is set at the image

point of the injector magnet. The sample is aNIST610 standard glass, a cocktail of trace elements at -500 ppm
concentration in a silica glass. The data was obtained with wide open slits except for the magnet analysing slits
which is set at 0.6 mm. At this setting there is no loss of beam intensity. The obtained mass resolution is ~850,
slightly lower than the expected 1000 for the given slit width indicating some aberration effects.

236 240 244 249

Figure 2. A mass spectrum obtained using an electron multiplier acting as an ion detector, from the NIST610 standard
glass, a cocktail of trace elements at ~500 ppm concentration in silica glass.

The mass calibration of low energy magnet setting can be carried out readily at such a high resolution
by simply counting the peaks, usually starting from C peak from the carbon coating applied on most (some
coated with Au) samples. The Cn molecules also provide a convenient check for the high mass end of the
spectrum, as well as the CsCn molecules. Au target provides another convenient target for mass calibration,
being mono-isotopic and prolific negative ion producer both for the low energy and the high energy magnet. In
the absence of field measuring devices, these targets are the only means to calibrate these magnets, especially
considering the large hysteresis effects at high magnet excitation. We get around the hysteresis problem by
observing a strict protocol for setting the magnet.

Transmission of heavy ions through the accelerator is greatly enhanced after the installation of the
terminal pumping system. At 1.5 MV terminal voltage, typical charge multiplication, defined as the (positive)
current at the high energy divided by the injected (negative) current, is ~2.5 for Au beam. For ~100 pA injected
Au" beam, typical yield for the 3+,4+,5+ Au ions are 16, 4 and 1 pA respectively. The yield for the 5+ is
expected to almost double, whereas the 3+ yield is relatively flat by increasing the terminal voltage from 1.5 to
2 MV. However in terms of particle yield it is more advantageous to use the lower charge state, being the more
prolific one except that there may be limitations due to the analysing magnet field strength, as well as the
possibility of incomplete Coulomb explosion for the lowest charge states. We have used the 4+ ions in most
experiments to date as a reasonable compromise.

Figure 3 shows the mass spectrum from galena (PbS) in the mass region of interest. The Pb^^S" ions
are strongest peaks carrying the important Pb isotopes. The mass 240 peak corresponds mainly to 208pt,32s,
but also contain 206pb>4s and 207pb32sH peaks. This target is also a very convenient target for calibrating
the magnet settings. Figure 4 shows the mass spectrum obtained at the high energy electron multiplier, for
various injected mass. The high energy magnet is set at a fixed field, and the high energy bouncer scanned to
detect the Pb "̂1" isotopes. The top shows the spectrum when mass 240 is injected, showing mainly the 208pjj4+



The peak is clearly resolved from the 206pt, ancj 207pb peaks, fragments of the interfering molecules. The
lower frames in figure 4 show the spectra corresponding to injected mass of 239,238 and 236, showing the
207pb) 206pb a nd 204pt> peaks clearly resolved from any interfering molecules.

The attainable precision in the isotopic ratio measurements depends on many factors, of which the
source and the accelerator stabilities are the most important. Fast bouncing is important for obtaining the high
precision, by cycling through the isotopes at a rate faster than the period of the instabilities. Table 1 shows the
result for the isotopic ratio measured at the low energy end (as ratios of the PbS" ions) and at the high energy
end (as Pb^+ ions) from two well characterised galena samples: from Broken Hill and from Lennard Shelf,
W.A. The Faraday cup was used at the low energy end, and the ion counters at the high energy end. The low
energy values have been corrected for the 34s contribution. At slow bouncing rate (few seconds per isotope),
the ratios obtained show poor precision and accuracy. With increasing rate, the precision and accuracy are
improved. At the low energy end we can achieve cycling rate of <100 ms per isotope, resulting in better results.
At the high energy end, the bouncing rate is still limited to medium speed, but the fast bouncing will be
implemented shortly.

Table 1: Pb isotopic ratios in galena

Sample

Broken Hill

Lennard Shelf

LE

MS
LE

HE
MS

208pb/206pb

2.28 (0.12)
2.25 (0.02)
2.13(0.13)
2.2286
2.14 (0.07)
2.08 (0.02)
2.07 (0.19)
2.063

207pb/206pb

0.99 (0.05)
0.943(0.009)
0.989(0.011)
0.9619
0.86 (0.03)
0.83 (0.02)
0.91 (0.08)
0.823

206pb/204pb

14.3(1.6)
14.8(2.3)
16.3(1.7)
16.007
14.0 (6.7)
18.5(2.5)
20.4(1.2)
19.3

Bouncinj

slow
medium
fast

slow
fast
medium

LE: measured at low energy HE: measured at high energy MS: values measured by conventional mass spectrometry.

Conclusion
The AUSTRALIS system at CSIRO is virtually completed and preliminary results are promising.

Isotopic ratios from galena samples obtained with a microbeam showed that the required precision is attainable.
Beams from insulating samples have been produced in trial runs using the charge compensation techniques,
paving the way for isotopic ratios and trace element data measurements. Fast bouncing rate is essential for
obtaining high precision and accurate data.

References
[1] S.H. Sie, T.R. Niklaus and G.F. Suter, Nucl. Instr. Meth.
B123 (1997)112, B123 (1997) 558
[2] T.R. Niklaus, S.H. Sie and G.F. Suter, these proceedings
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Figure 3. The mass spectrum from galena in the mass
region of interest showing the Pb32S~ peaks
corresponding to the 204,206,207 and 208 Pb isotopes,
as well as minor peaks due to the ^S isotope and
hydride peaks.

Figure 4. The mass spectrum obtained at the high energy
detector, showing the Pb^+ isotopes for various injected
mass.
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Introduction

Following the Gulf War in Iraq, the International Atomic Energy Agency (IAEA) moved to
make changes to the international nuclear safeguards regime. A programme was initiated,
titled "Strengthening the Effectiveness and Improving the Efficiency of the Safeguards
System". This process has seen the introduction of an "Additional Safeguards Protocol", to
which Australia became the first signatory on 23 September 1997.

Discussions are continuing in the IAEA concerning further safeguards measures, including the
possibility of using environmental sampling. By analysing environmental samples, such as
soil, water or vegetation from around a nuclear facility, it may be possible to monitor
compliance with the safeguards regime. All nuclear facilities release minute quantities of
nuclear materials, through aerial or liquid discharges. The presence and proportion of certain
radionuclides would be a signature of the type of nuclear processes in operation at the plant.

ANSTO has participated in an IAEA-sponsored study of the distribution of the fission product
129I from the environs of a reprocessing plant. Accelerator Mass Spectrometry (AMS)
provides the most sensitive technique for detection of 129I. ANSTO is currently involved in
further assessment of the usefulness of 129I.

The detection of Actinides, particularly the isotopic ratios of uranium and plutonium, provide
the clearest signatures for nuclear safeguards purposes. We are currently engaged in a project
to evaluate the application of AMS to the measurement of actinides in environmental samples.

Measurement of 236U is of particular interest as a means of tracing the anthropogenic
component of uranium in environmental samples. 236U is expected to be present in natural
samples at an extremely low level (236U:238U ratio ~10~10). It has recently been demonstrated1

that AMS has sufficient sensitivity to detect 236U at this level. Enrichment and irradiation
processes that alter uranium isotopic ratios such as the 235U:238U ratio also affect the 236U:238U
ratio. 236U is produced from neutron capture by 235U; therefore irradiation of uranium
dramatically changes the 236U:238U ratio from its natural level, and may reach several percent.
Measurement of the 236U:238U isotopic ratio of uranium in environmental samples provides a
means for detecting small admixtures of enriched uranium in samples dominated by natural
uranium.

Accelerator Mass Spectrometry

AMS has recently been shown1"2 to hold great promise for improvements to the sensitivity
with which Actinides can be detected. In AMS, charge stripping in the terminal of a Tandem
accelerator dissociates molecules which would otherwise interfere with mass spectrometry.
This mechanism is coupled with medium resolving power devices before and after



acceleration. The achievable sensitivity corresponds to less than 106 atoms and is useful both
for analyses at ultra-trace levels and for measurements of isotopic ratios. In particular, AMS
has the unique capability of measuring extremely small isotopic ratios, such as occur for
radioisotopes like 129I, 236U and others.

New 90°

ANTARES FN
Tandem accelerator

Actinides
beamline

N'»|' m a g n e t

ESQuad

Injection
magnet

(post-stripper)

\

846B multi-sample
ion source

Terminal
stripper (gas)

Current
AMS beamlines

Figure 1. Schematic diagram of the AMS facilities on the ANTARES
accelerator, including the Actinides beamline which is under
construction. Other beamlines and ion sources are not shown.
(ESQuad = electrostatic quadrupole)

The Actinides beamline at ANTARES

At the ANTARES accelerator (see Figure 1) a new beamline is under construction,
incorporating new magnetic and electrostatic analysers, to optimise the efficiency for
Actinides detection through selection of high-yield charge states at up to 8MV acceleration
voltage. The principle components of the new system are:

1. electrostatic quadrupole in the accelerator tank to focus high-mass beams;

2. 12° electrostatic deflector (radius 5m, gap 25mm, E/q = 16MeV);

3. 90° electrostatic analyser (radius 2.5m, gap 25mm, E/q = 8MeV); this component will
be moved from its present location where it has been used for 129I detection;

4. 90° magnet (radius 2m, gap 50mm, ME product = 250).



The principal design considerations which have led to the above choices of specification of
the electrostatic and magnetic analysers include (1) sufficient bending power to allow
selection of charge states close to the peak charge state with argon gas stripping in the
accelerator terminal; (2) energy resolution sufficient to separate molecular interferences such
as 235UH from 236U; (3) matched magnetic deflection, capable of clean resolution of
neighbouring masses at mass ~ 240.

With the new beamline it will be possible to measure a number of isotopes quasi-
simultaneously, using the existing isotope cycling system on the injection magnet and an array
of Faraday cups or detectors after the new magnet. The design also allows for future
development of a technique proposed by Purser3 where yields are maximised through the
selection of the 1+ charge state in the accelerator followed by a post-acceleration stripper for
molecular dissociation.

Present status

We have performed ion source tests which demonstrate that our high-intensity Cs sputter
source can generate uranium beams with adequate efficiency. Beams of Uranium oxide and
carbide ions have been extracted, at intensities up to 160nA. A laboratory has been
refurbished and re-equipped for Actinides and 129I sample preparation.

To exploit the full potential of the resolving powers of the new ESA and magnet, it is
necessary that the accelerator have equivalent or better energy definition. During August
1997, a pelletron charging system was installed, to replace the old belt charging system. This
has led to a 10-fold improvement in terminal voltage stability; it is now approximately ±0.3kV
at 6.0MV. The electrostatic quadrupole has been installed and is currently under test. The
12° deflector has been constructed in the ANSTO engineering workshop and is being vacuum
and voltage tested off-line.

The 90° ESA, manufactured by Danfysik, was delivered to ANSTO in 1996 and has been used
for 129I measurements; it has been conditioned to bey
on order from Bruker, due for delivery early in 1998.
for 129I measurements; it has been conditioned to beyond its rated voltage. The 90° magnet is

1 X.-L. Zhao, M.-J. Nadeau, L.R. Kilius and A.E. Litherland, Nucl. Instr. & Meth. B92 (1994)
249.
2 L.K. Fifield R.G. Cresswell, M.L. di Tada, T.R. Ophel, J.P. Day, A.P. Clacher, S.J. King and
N.D. Priest, Nucl. Instr. & Meth. B117,295 (1996).
3 K.H. Purser, L.R. Kilius, A.E. Litherland and X.-L. Zhao, Nucl. Instr. & Meth. B113, 445
(1996).
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Detection systems with a very high efficiency (close to 100%) has been developed
since the 1970's in many laboratories. For the most recent applications of single ion hit
systems (micromachining, bio-medical studies, etc..) it is becoming very important to
design and construct a single ion detection system with exactly 100% efficiency.

In some recent applications of highly focussed ion microbeams it is necessary to deliver
ions outside the vacuum system and still maintain a very high beam resolution. It is
necessary to use a very thin (about 1 micron thick) vacuum window is strong enough
to withstand atmospheric pressure. In some of these applications it is also desirable
that the window material (e.g. thin diamond film, etc..) itself can generate a strong
enough signal (e.g. secondary electrons, photons, etc..) after interaction with a single
ion so that the single ion passage can be detected with a 100% efficiency. Intensive
studies had been performed in this area at MARC.

In this paper we will present data obtained with the use of a thin diamond film that
could be used as a vacuum window and very efficient detector for single MeV ions.
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The landscape of microanalysis in the geosciences has changed dramatically in the past few
years, and with it the role of the Nuclear Microprobe (NMP). Now the routine analysis of sin-
gle points on large mineral grains can be handled by laser-ablation ICP/MS; although this tech-
nique is destructive, of relatively low resolution (-30 (im) and requires standards, its sensitivi-
ty can exceed 0.1 ppm for many elements. This trend shifts the emphasis of NMP applications
to the advanced complementary techniques of quantitative trace-element imaging, in situ non-
destructive fluid and solid inclusion analysis, light element microanalysis using PIGE, lattice
location using ion micro-channeling, and to applications requiring finer spatial resolution.

Recent success of a collaborative ARC bid by the National Key Centre for the Geochemical
Evolution and Metallogeny of Continents (GEMOC) and the CSIRO has enabled the develop-
ment of a new Nuclear Microprobe at the CSIRO designed to meet this challenge and to fully
exploit the potential of the NMP in geology.

Nuclear Microprobe Design The new probe uses a highly integrated design approach
and a new focusing lens configuration, under construction at the University of Melbourne.
The design goal is to optimize beam-optical performance at the same time as maximising de-
tection geometry and the provision of high-quality microscope optics and sample manipula-
tion (X,Y,Z,9,(t>). This has been
achieved by designing the whole
probe as a 3D computer model
which permits detailed shaping
of components to tackle the con-
flicting space requirements of
lens system, detector system, mi-
croscope optics and sample ma-
nipulation.

The key to achieving high de-
magnification of the lens system
is a small working distance; i.e.
to minimise the distance from
the final quadrupole lens to the
target, without sacrificing detec-
tor and microscope access. The
solution is illustrated in Figs. 1
and 2. The quadrupole yokes are
shaped with pole-tip extensions
which bring the quadrupole

Magnetic quadrupole
singlet lens

Microscope optics mirror

Germanium
detector

Yoke cutouts
for detectors X-ray detector Target

Fig. 1 Target chamber layout showing quadrupole yoke cut-
outs used to achieve the 80 mm effective working distance
while providing for normal viewing microscope optics and the
provision for two X-ray detectors at 135° to the beam.



Fig. 2 Final 3 quadruples show-
ing yoke cutouts and pole-tip ex-
tensions.

fields 30 mm closer to the target. Also, to accommodate un-
restricted detector access at 135° to the beam, the yokes
have cutouts between poles for symmetric detector ports.
The cutouts permit these ports to fit between coil windings
(Fig. 2), and four cutouts are used to maintain four-fold
symmetry. The result is an effective working distance of
80 mm.

This working distance allows the use of a conventional 150
mm diameter chamber and provides ample space for a mi-
croscope mirror for normal viewing of the sample under the
beam.

Ion Beam Focusing System To assess various lens configurations a figure of merit
was devised to reflect optimum beam current into a given spot size under the effects of spheri-
cal aberration. Beam current is proportional to the total phase-space accepted by the system:
I « (Xo6o)(Yo<])o), in object coordinates. If we assume that spherical aberration cross-terms
(i.e. <x|0(j>2>, <yl62<(») are of minor importance, and the image size Xi,Yi is the sum of geo-
metric and aberrations terms in quadrature, i.e. Xi2 = (Xo/D)2 + (2<xl03>63)2 and similarly for
Y, and that for a good focus the geometric term is double the aberration term, then Xo =
0.89.Dx.Xi and 90 = 0.61(Xi/<xl63>)1/3, and similarly for Y. It can be shown then that for a
given final spot size (Xi,Yi) optimizing beam current corresponds to optimizing a figure of
merit Q given by:

Q = (Dx/<xl63>1/3)

A number of possible lens configurations were explored, including the classic 'Russian' quad-
ruplet and the Oxford-style high-excitation triplet and two-stage lens systems. The two-stage
systems, such as a separated quadruplet (two quadrupole doublets) produce high demagnifica-
tions but at the price of very high spherical aberration coefficients. This approach is difficult
to rationalize against our dual needs for high resolution at low beam currents (-100 pA) and
minimum beam spot size at high currents (-20 nA). The Russian quadruplet configuration
produces equal demagnification in X and Y but this demagnification is relatively low and for
a given bore can be increased only by shortening lens elements and increasing pole-tip fields.
The Oxford triplet has some very useful characteristics but typically produces very different X-
and Y focusing behaviour.

In exploring the triplet further, it was discovered that by lengthening the first elements many
parameters move in favourable directions: demagnification generally increases, aberrations de-
crease and lens excitations decrease slightly. To capitalize on this effect the first 2 elements
of the triplet were split into 2 identical singlets each, thus forming a quintuplet system (Fig.
3). Now the spacing of quadrupoles 1,2
and 2,3 and 3,4 can be used to simulate ex- 1 9 ^ d s

tended quadrupole lengths. The extra de-
grees of freedom that this affords enables
not only the optimization of beam current
into a given spot-size but also the approach
to equal demagnification in X and Y. Fig.
4 shows the effect of varying inter-
quadrupole distance for equal separations

—-•3

A+ A- A- B+

Separated quintuplet coupled to form a

A+

Fig. 3
distributed triplet lens system. (Beam enters from
left, target to right.)
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S=Si2=S23 with S34=minimum.
As S increases Dx and Dy con-
verge and the figure of merit Q
rises (there is one cross-over in
X). Around S=0.45m,
IDxl=IDyl~60 and Q approaches
a maximum. For larger S there
is a cross-over in the Y-plane as
well, and a similar IDxl=IDyl~88
optimum around S=1.0m. The
first optimum is preferred as it
results in a shorter overall
length for the quintuplet and
less stringent alignment require-
ments.

0.2 0.4 0.6 0.8 1.0
Inter-quadrupole distance (m)

1.2

Fig. 4 Quintuplet lens system parameters (demagnifications
IDXI and IDyl, spherical aberration coefficients <xl03> and <yl(|>3>
estimated using PRAM, and the figure of merit Q) versus inter-
quadrupole separation S=Si2=S23 with S34=minimum.

The theoretical performance of
the quintuplet system is illustrat-
ed in Fig. 5 and compared with
beam-spot distributions calculat-
ed for the Melbourne MP2 quad-
ruplet [1] and Oxford triplet [2]
systems. Spherical and chromat-
ic aberration were estimated us-

ing the PRAM program [3] and object and divergence apertures optimized for minimum spot
size by iteratively tracing 2000 rays uniformly spread over the available phase-space. These
results predict a system with IDxl=IDyl~67,
despite its rather short length (4.5m overall
from ) and suggest that 95% of a 100 pA
beam should be focused into a 0.38 \im spot
compared with 0.71 jim and 0.64 [im for the
MP2 and Oxford systems, respectively, at
the same brightness.

Conclusions A new high performance
nuclear microprobe is under development at
the CSIRO using a novel quintuplet magnet-
ic quadrupole lens system, computer control-
led beam-shaping, normal-viewing high-
resolution microscope optics and close ge-
ometry detector systems. The instrument is
expected to come on-line in mid-1998.

Fig. 5 Calculated beam-spot distributions (urn) for
the quintuplet (CSIRO; Si2=0.45m, S23=0.6m),
Melbourne MP2 'Russian' quadruplet and Oxford
triplet systems using an equal, uniform brightness
source (B=1.24 pA.u.nrr2.mrad-2.MeV-1) and a beam
current of 100 pA.

Contact: Chris Ryan
c.ryanOsyd.dem.cs iro.au

[1] D.N. Jamieson, Nucl. Instr. Meth. B104 (1995) 533.
[2] D.N. Jamieson, G.W. Grime and F. Watt, Nucl. Instr. Meth. B40/41 (1989) 669.
[3]M.B.H. Breese, D.N. Jamieson and PJ.C. King, "Materials Analysis with a Nuclear

Microprobe", Wiley, New York (1996).
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LASER IONISATION MASS SPECTROMETRY -THE WAY OF THE FUTURE
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The goal of surface analysis is to allow quantitative elemental analysis with extremely high
(say ppb) sensitivity, monolayer resolution and micron spatial resolution. Because one
technique cannot satisfy all the above goals simultaneously, either compromises are made in
the analysis or a range of instruments using complementary techniques is used to solve a
particular materials analysis problem. Laser ionisation mass spectrometry (LIMS) is a versatile
technique which allows compromises between quantitation, sensitivity and resolution to be
made in one instrument. In the technique, atoms ejected from a surface using laser desorption
or ion sputtering are ionised in an intense resonant or non-resonant laser beam. The ions so
formed are then extracted into a conventional mass spectrometer, typically a TOF instrument.

LIMS has two advantages over techniques such as SIMS (secondary ion mass spectrometry) -

(i) the ionisation and ejection processes are decoupled so matrix effects, i.e. the change in ion
yield with surface chemistry, are much less important so better quantitation can be
obtained. For example, SIMS analysis of metal alloys gives RSFs ranging over 5 orders of
magnitude whereas the same LIMS analysis gives a factor of 5 change in RSF.

(ii) typically 90-99.99% of desorbed particles are neutral so, since LIMS measures the
majority desorbed species, it is capable of high sensitivity.

This sensitivity can be enhanced using resonant ionisation schemes in which tunable UV and
visible light ionises the desorbed particle through
excited electronic states. For example the scheme
shown in fig 1 shows that aluminium, which has
an ionisation potential of 5.99eV, may for
example be ionised non-resonantly using a 157nm
photon from a F2 laser or two 355nm photons
from a frequency tripled Nd:YAG laser or
resonantly using a single colour scheme using two
308.2nm photons from a frequency doubled dye
laser or a two colour scheme using the 616.4nm output from a dye laser together with a
308.2nm frequency doubled dye output. Non-resonant ionisation is easier to set up since
measurement and control of wavelength are not required. It also allows many elements to be
measured simultaneously, especially if TOF mass analysis is used. Typical YAG or excimer
lasers output photons of 3-8eV which are sufficient to ionise many elements directly. However
other elements require 2 or more photons for ionisation. Multiphoton ionisation typically
requires high power densities, 1010 W cm"2 or more, to saturate the transition and in many cases
leads to backgrounds due to dissociation of clusters. In this case, or for measurement of very
small concentrations, resonant ionisation is preferred since the excited levels are unique to
individual elements. In theory then only the desired element is ionised so unwanted elements
are automatically discriminated against. Using 2 or 3 colour excitation schemes resonant
postionisation is capable of analysing elements in the top few layers of a surface at the ppb

355nm

I I i

616.4nm

308.2nm 157nm



level. For example, we [1] have shown using 3 colour (613.46nm, 472.39nm and 537nm)
resonant laser postionisation that the level of Zr in nominally pure silicon crystals is l±0.6
ppb. This measurement which used 3uA 3keV Ar as the sputtering beam, took 1 hour and
consumed the top 4 monolayers of the target. Of the 3xlO12 atoms sputtered, 0.7% or 2x10'°
were measured. Of these 20 atoms were Zr90 giving the quoted concentration of lppb. This
measurement has implications for the proposed Genesis space mission which will orbit for 2
years between the earth and sun collecting solar material for analysis. The goal is to make
much more precise measurements of isotopic abundances (0.1% compared to the present
uncertainty of 50%) and elemental abundances (which have a present uncertainty >10% based
on meteorites and photospheric absorption). The task is to establish that the collectors are
sufficiently pure that contamination does not affect solar wind measurements. For Mg, Al, Si,
Ca, Cr and Fe it is known that sufficiently pure collectors exist. The aim of the present work
was to establish whether Si wafers are clean enough to act as collectors for Zr. Fluences of 106-
10ls atoms cm'2 are expected for elements in the solar wind. It is also known that solar wind
energies can implant ions 10's of nm below the surface. Using the lowest fiuence, and
assuming that the Zr is implanted with a straggling of 5nm, we estimate that the peak Zr
concentration in the Si would be about 0.04ppb. If the ion current is increased to lOOuA such
a sensitivity could be achieved in a few hours analysis. However the above measurement of
l±0.6 ppb indicates that either existing Si wafers are not pure enough to use as solar wind
collectors for Zr or we have introduced contamination during sample handling or analysis.

A second area of use of LIMS is in quantitative
measurement of particles ejected from surfaces,
which relates to the first advantage discussed
above. For example sputtering of clusters from Ca
and Sr surfaces [2] have been measured using
non-resonant single photon laser postionisation
using the 193nm light from a ArF excimer laser.
The motivation for this work is that both ground
state Ca2 and Sr2 clusters are both very weakly
bound ( about 0.1 eV) and so the clusters would

not be expected to survive sputtering to be measured in a mass spectrometer. It is found
however that there is a relatively normal yield of sputtered dimers form Ca and Sr in
comparison to other elements. The question is why? The figure opposite shows the relative
yield of Ca and CaO clusters from a Ca surface as a function of adsorbed oxygen on the
surface. It can be seen that the Ca and Ca, signals decrease with oxygen exposure. This is quite
different to SIMS where an increase in the ion signal is expected with increasing oxygen
concentrations. Indeed, after correcting for postionisation cross-sections, a calibrated scale can
be obtained for the surface oxygen concentration. This is because the cluster yields can be
directly related to calcium and oxygen suface concentrations, cs

ca and cs
0 e.g. since the yield of

CaO, Ycao is proportional to cs
ca c

s
0 and the yield of Ca, Yca, is proportional to cs

ca alone then cs
0

= Ycao / Yca. So the concentration of oxygen can be found from atomic and molecule yield
measurements.

Calcium oxidises very quickly, so preparation of the sample is difficult. The results show that
the Ca surface, prior to oxygen adsorption has an oxygen concentration of 0.01. As oxygen is
adsorbed, the intensities of the CaO, CaO: and Ca,O2 clusters increases and finally saturates
and the yield of Ca atoms and clusters decreases. It can be seen however that the magnitude of



with respect to Ca is rather constant with cs
0 so the relatively large Caj cluster yield is not

influence by surface contamination. It has also been recently shown by resonant postionisation
that the sputtered Caj dimers are also predominately in the ground state so that they are indeed
weakly bound. There are indications that dimer ejection involves more than 2 surface layer
atoms so that the high dimer concentration may result from decay of larger clusters just above
the surface.

In conclusion, LIMS is capable of both highly sensitive analysis of surface trace impurities or
quantitative analysis of bulk elements, depending on which postionisation schemes are used.
The complications inherent in the technique, fragmentation of molecules and poor laser
repetition rates, are being overcome with further developments in laser technology. The
advantages of LIMS may then truly make it the "way of the future".

[1] C. Hansen, W.Calaway, M.Pellin and B.V. King, to be published
[2] C. Hansen, B.V. King, W. Calaway, M.Pellin and A. Wucher, to be published
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A Modernised Terminal for the ANU 14UD

D Anderson, A Cooper, K Fifield, G Foote, A Harding, N Lobanov,
A Muirhead, H Wallace, D Weisser

Nuclear Physics Department
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I. Introduction

The equipment in the 16 MV terminal of the 14UD accelerator has recently been extensively
upgraded. The main feature of the new installation, is the recirculating gas stripper. This is a
differentially pumped gas canal that provides gas at 20 mtorr pressure, as a medium to strip
electrons from heavy ions traversing it. The resulting multiply charged positive ions, are
accelerated back down to ground potential. The old gas stripper used titanium sublimers to
pump the gas from the canal. These pumps were difficult to control and the emerging gas
was immediately exposed to the accelerating tube. The consequent rise in pressure in the
accelerating tube, caused charge changing reactions along the tube producing a wide spectrum
of ion energies. Such ions were an unacceptable background which interfered with
Accelerator Mass Spectrometry, AMS, measurements.

The main feature of the new equipment is that the gas emerging from the canal is pumped by
a pair of turbo-molecular pumps which then recirculate the gas back in to the centre of the
canal. The pumping is consistent and is not limited by titanium sublimer lifetime. Additional
ion pumps and pumping impedances, isolate the region of gas pumped by the turbos from the
accelerating tubes. The average pressure in the tubes is more than a factor of 10 lower than
with the old system, thus reducing the background in AMS experiments.

The second feature of the new equipment is the exploitation of several computer controlled
power supplies to serve the turbo pumps, ion pumps, vacuum gauging and the electrostatic
quadrupole triplet lens. The use of sophisticated electronics in the terminal has required the
development of devices to protect the equipment from lightning like 16 MV sparks.

The third crucial feature is the invention of a protection scheme for the fibre optic pair which
communicate between the ground based computer control system and the device interfaces in
the terminal. This protection eliminates both mechanical damage and spark damage to the
fibres

II. The Recirculating Gas Stripper

The gas stripper equipment has been manufactured by National Electrostatics Corporation is
shown in the figure. The 15 MeV negative heavy ion beam enters from the top where the
vacuum is maintained near 2xl0"8 torr with a 601/s ion pump. The beam then passes through
the first differential pumping impedance: 8 mm diameter, 42 mm long. The impedance also
serves as an electron stopper to minimise the production of x-rays. It has a .25 mm thick
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tantalum shield covering glassy
carbon disks, 16 mm long. All this
is enclosed in a heavy metal x-ray
adsorber. The beam then enters the
2X10"6 torr chamber pumped by two
4001/s Leybold turbos running at
80% speed powered by an NEC
controller. The pressure here is
monitored by a Varian 21/s ion
pump. The beam now traverses the
actual stripping region, a canal 8
mm diameter, 852 mm long with
the recirculated gas reinjected at the
centre where the pressure is 2xlO"2

torr. Oxygen stripper gas is added
to the turbo backing line via a
Granville Phillips, GP, metering
valve. The pressure in the centre
of the canal is monitored by a GP
Convectron gauge.

Another turbo pump at the canal
exit is followed by the ANU foil
stripper assembly whose isolation
valve provides two impedances,
8mm diameter, each 75 mm long.
A beryllium electron stopper is next
then the beam enters the region
pumped by the other ion pump to
1 xlO"8 torr.

Beam scattered through small
angles in the foil is focussed by the
electrostatic quadrupole triplet lens
and then enters the high energy ac-
celerating tube. At the entrance to
this tube, a 12mm diameter alumin-
ium electron stopper is installed.
The electron stoppers between the
foil stripper and the entrance to the
high energy accelerating tube have
lead sheet wrapped outside the
vacuum system to adsorb x-rays.

Ill Spark Protection

When the terminal of the 14UD
discharges, a lightening like surge
of voltage and current will destroy



unprotected electrical devices. Modern developments in shielding from electromagnetic
pulses have made accessible commercial solutions to these problems. Since the
commissioning of the 14UD in 1973, all but the most robust electrical equipment failed and
was eliminated from the machine. The wiring and voltage doubler power supplies, were
adequately protected by enclosing all wiring in metal pipes or conduit.

To fully exploit the new equipment, sophisticated power supplies and computer control were
essential. The inventory of electronics comprises: the NEC turbo controller, NEC ion pump
controllers, 4 Glassman High Voltage supplies for the lens and 1 for the 21/s ion pump, the
GP Convectron Gauge, DC supplies, the Group 3 Control Net Device Interfaces, DC valve
motor and read-out. A version of "double shielding" was adopted featuring all equipment
being housed in copper plated steel boxes and the Group 3 interfaces separately housed within
these in a additional RF shielded box. All wiring to and from the Group 3 box does not leave
the outer shielded box and penetrates the Group 3 box via pi-filter feed-throughs. Wiring
leaving the outer box is in flexible metal conduit grounded at the box wall and at the load
device. The coax in the conduit is grounded only at the power supply and the centre
conductor has a spark gap at the load end. The mains power wires from the alternators are
attached to MOVs near where they enter the outer shield box. All wire penetrations are
tightly grouped at one corner of each box to limit circulating currents in the box walls.
Ventilation is provided by RF honey comb units near the tops and bottoms of each box.
Temperature monitoring in the Group 3 box has never exceeded 26 degrees Celsius. The
access doors are sealed with RF woven wire gaskets and held by 4 quick release clamps. All
electronic units are mounted on a copper plated frame which hinges in the outer box and is
grounded to it near the penetration window. An RF ground link between the outer boxes and
the 14UD structure is also near the penetration windows.

Spark hardening has also been incorporated in all the power supplies. For the Glassmans,
additional copper ground planes under the circuit board have been added. The DC rails and
ground have been close coupled with capacitors and fast diodes and the voltage monitoring
circuits are protected by transorbs. The NEC turbo pump controller has had its grounds
concentrated on the front panel, a filtered mains socket installed, varistors close coupled at
the output connector and DC rail to ground modifications similar to that on the Glassman
supplies. The NEC ion pump supplies will soon be replaced by Glassmans so the tale of
modifications will not be listed. All units are voltage controlled by the Group 3 interface and
communicate by shielded twisted pairs with the shield grounded at the unit.

Since the installation of the new equipment, the 14UD had sparked about 30 times with 60%
above 13 MV. There has been no interruption to the computer control let alone any damage
to electronic equipment.

IV Fibre Optics Protection.

Fibre communication with the high voltage terminals of accelerators has been successfully
employed in many accelerators around the world. One still hears of failures even in well
established facilities. We sought to incorporate lessons learned in the years of successful use
of nylon tubing in the 14UD in the design of a fibre optics protection system.

A long insulator traversing an electric gradient will have charge travelling along its surface.
If the insulator is electrically attached to the electrodes at both ends of the gradient region, it



acts like a distributed resistor and the voltage on it varies smoothly from that on the
electrodes. If, however, the contact between the insulator and the electrodes is poor and the
insulator passes through a hole in the electrode, then the charge travelling along the insulator
will create a voltage difference between the insulator and the electrode. When this voltage
difference gets large enough or if there is spark elsewhere in the structure, there will be a
discharge between the electrode and the insulator. This will damage the insulator. The nylon
tubes in the 14UD are in good contact with the many electrodes they pass through on their
way from ground to 16 MV. The challenge in installing the optical fibres was to achieve
similar contact.

A pair of fibres exposed between for about 470 mm between electrodes are too vulnerable to
mechanical damage in the normal maintenance procedures needed in an accelerator. So we
combined the successful aspects of the robust 1/4 inch nylon tubing with the fibres by
threading the fibres through the tubes. A temporary problem was caused by the manufacturer
changing the properties of the previously successful nylon tube that necessitated its
replacement with perfluoroalkoxy PFA tubing. This material has sufficiently high resistivity
to sustain the 1.2 MV over 470 mm between electrodes and low enough resistivity to
distribute the gradient along its length.

Although good contact between the tube and electrodes was assured by the old techniques,
contact between the plastic optical fibre and the inside of the tube had to be reliably achieved.
This was accomplished by causing the tube to abruptly change direction at least every 470
mm thus pressing the fibre against the inside of the tube. This had also to be done in the
nominally ungraded sections of the machine since during a spark, high gradients penetrate
theses regions too.

The bottom 2 units of the MUD were equipped with fibre protected in this way. Light
transmission measurements confirmed that machine sparks did not alter the performance of
the fibre. Subsequent extension of this philosophy to the entire machine has resulted in
trouble free operation.

V Conclusion

The new gas stripper installation in the MUD has successfully achieved the required vacuum
performance reducing the backgrounds in AMS experiments. The spark protection scheme
has achieved zero fault operation in a spark plagued period. The innovative fibre optics
protection system has also demonstrated the desired mechanical and spark robustness.
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In-situ transmission electron microscopy (TEM) has been utilized in conjunction with
conventional in-situ time resolved reflectivity (TRR) and ex-situ TEM to study the influence
of substrate orientation on the solid-phase epitaxial growth (SPEG) of amorphized GaAs. A
thin amorphous layer was produced on semi-insulating (100), (110) and (111) GaAs
substrates, maintained at liquid nitrogen temperature, by As and Ga co-implantation. Samples
were annealed at ~260°C in the electron microscope and the dynamic events of the
recrystallization process for the different substrates were video-captured. By quantitatively
analyzing the in-situ TEM data, it has been demonstrated that the non-planarity of the
amorphous-crystalline (a/c)-interface was greatest for the (111) and least for the (110)
substrate orientations. The roughness was measured in terms of the length of the a/c-interface
in a given window as a function of depth on a frame captured from the video recorded in-situ.
This has been further analyzed and substantiated by measuring the size of the angle subtended
by a microtwin with respect to the interface on ex-situ TEM micrographs of each orientation.
The angle was both calculated and measured and was the largest in (111) orientation and
smallest in (110) orientation. This has ensured that the a/c-interface was the roughest and
most planar for (111) and (110) orientations, respectively.

1. Introduction.

While introducing a required concentration
of impurities (usually dopants) within a
material, ion implantation creates
undesired damage in the crystalline
material. The understanding of either the
removal or stabilization of this damage is
important for the practical application of
the technique [1, 2]. SPEG is a process
through which an amorphized
semiconductor recrystallizes as necessary
for device applications. Thus, knowledge
of the SPEG of ion implanted
semiconductors is pivotal in making
devices. A comparative study of interface
roughness during regrowth in amorphous
(a)-GaAs (100), (110) and (111) substrate

orientations has been reported elsewhere
[3]. In this report, to obtain direct
information of the dynamic behavior of the
regrowth process, in-situ TEM was used
for the first time, to study the influence of
crystallographic orientation on the SPEG
of a-GaAs

2. Experimental.

Semi-insulating GaAs substrates of (100),
(110) and (111) orientation were implanted
at a temperature of —196°C with Ga and
As ions both to the same fluence of
5el3/cm2 and with energies of 190 and
200keV, respectively. These energies were
scaled to render a common projected range
and subsequently the stoichiometry of the



material would be maintained. In-situ
TRR and TEM were performed on samples
annealed at ~260°C in air and vacuum,
respectively. The results obtained were
further analyzed using ex-situ TEM
technique. The details of the experimental
technique have been discussed elsewhere
[4].

3. Results and discussion

The influence of substrate orientation on
the SPEG of a-GaAs, as monitored by in-
situ TRR, is demonstrated in Figure-1.
When the a/c-interface proceeds towards
the surface, the intensity of the reflected
light oscillates due to constructive and
destructive interference. The magnitude of
the TRR signal (reflectivity) is indicative
of the a/c-interface structure [5]. The
increase in the roughness of the a/c-
interface is evidenced by the decrease in
the intensity of the signal.
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Figure-1: In-situ TRR signals during SPEG in
(100), (110) and (111) oriented GaAs annealed at a
temperature of ~260°C in air.

From Figure-1, it can be inferred that the
degradation of the interfacial planarity or
equivalently, the roughness of the a/c-
interface, is orientation dependent.

Figure-2: XTEM micrographs for orientations (1)
(100), (2) (110) and (3) (111). Each was partially
annealed at a temperature of ~260°C for -4 min.
Arrow indicates surface and letters stand for: a -
amorphous, c - crystalline and t - twins.



Comparing the intensities of the (100) and
(110) orientations between corresponding
two adjacent extrema of the reflectivity in
Figure-1, in the first two adjacent extrema,
the intensity is greater for the (100)
orientation, where as, in the second two
adjacent extrema, it is greater for the (110)
orientation. This demonstrates that, while
proceeding from the first to the second
maxima, the a/c-interface transforms from
planar to non-planar in the (100)
orientation and from non-planar to planar
in the (110) orientation. In the (111)
orientation, however, the intensity of the
TRR signal decreases at the fastest rate as
the a/c-interface moves towards the
surface. This indicates that the interface of
the (111) orientation is the roughest of all
through out the regrowth process. This is
in a good agreement with the results
reported elsewhere [5,6].

Figure-2 shows the ex-situ XTEM
micrographs of (100), (110) and (111)
GaAs substrate orientations annealed at
~260°C for ~4 min. The roughness of the
a/c-interface was calculated in terms of the
angle the microtwins make with respect to
the a/c-interface. Using stereographic
projections [7, 8], the twinning
configuration that matched with the system
employed in this work was found to be
rotational [9]. Shown in Table-1, the
measured and calculated values of the
angles were in a good agreement within the
experimental error, (±0.5°).

Substrate
normal

<100>
<110>
<111>

Direction
after

twinning
<211>
<114>
<115>

Measured
angle

55°
35°
72°

Calculated
angle

54.7°
33.6°
70.5°

The (110) orientation, for which the angle
between the microtwins and a/c-interface is
smallest, is the most planar and conversely
the (111) orientation, which has the largest
angle measured, is the roughest. This is
consistent with the TRR results depicted in
Figure-1.

In this report, in-situ TEM [4] was used to
study the crystallographic dependence of
the SPEG of a-GaAs as a further step to the
conventional techniques. The in-situ data
obtained was quantitatively analyzed.
Interfacial roughness as a function of depth
was determined for each orientation.
Figure-3 shows the roughness of the
interfaces for (100), (110) and (111)
orientations as a function of depth. At a
depth of -70 nm, the rate at which the
planarity of a/c-interface for the (111)
orientation degraded was four fold that of
(110) and (100) orientations. Note that
(Figure-3), before recrystallization ceases,
the twinning or roughness of the a/c-
interface increases and decreases in (100)
and (110) orientations, respectively. This
is quite consistent with the TRR signal
shown in Figure-1.
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Table-1: Angles subtended by the microtwins with
respect to the a/c-interface for the different
substrate orientations considered.
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Depth of a/c-Interface (nm)

Figure-3: Roughness as function of depth of a/c-
interface as obtained from in-situ TEM
measurements. The a/c-interface starts and ends
relatively planar, during the recrystallization
process.



4. Conclusions

In-situ TEM results have shown that the
a/c-interface for the (111) orientation was
the roughest while that of (110) orientation
was stable and smooth. These were
consistent with the in-situ TRR and ex-situ
TEM results. The angle the microtwins
subtend with respect to the a/c-interface
was a measure of the roughness of the
interface. It was demonstrated that the a/c-
interface of (111) substrate orientation
forms the largest angle with respect to the
twins as compared to the (100) and (110),
thus, it is the roughest of all
crystallographic orientations studied.
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Introduction

The optical properties of natural and synthetic diamonds have been extensively characterized in
the past by absorption and luminescence. The use of such techniques as cathodoluminescence,
photoluminescence, photoluminescence excitation and electron spin and paramagnetic resonance
has resulted in the identification of many impurity and defect related optical centres in diamond
[1-2]. Of the impurities found in diamond, nitrogen is by far the most abundant and hence
responsible for most of the optical properties [3]. The development of diamond synthesis methods
has resulted in the discovery of a number of a new optically active impurities and defects which
are introduced during the growth process. These include Si, O, Ni and B [1-2]. In this study we
identify a number of defect and impurity related centres in two commercially produced synthetic
diamond samples by using the novel technique of ionoluminescence (IL) [4].

The first sample characterized is a Norton polycrystalline diamond detector. Signal produced
in any charged particle detector is degraded if recombination of the electrons and holes occurs
before the charge can be swept out by the electric field in the detector. In diamonds where the
radiative recombination cross-section can be quite high, signal degradation can occur depending
on the optical centres present and their lifetimes. Recombination centres with lifetimes much
longer than the sweep out time will potentially saturate hence only cause a degradation of signal.
Recombination centres with short lifetimes can cause severe signal loss since electron hole pairs
will all recombine before they can be swept out by the electric field.

A synthetic diamond sample produced by Sumitomo is also analyzed to look at impurity related
centres.

Experiment

A beam of 3 MeV protons was used to analyze the two diamond samples which were cooled down
to 30K. To reduce beam damage effects, the beam was focused down to about 5 microns and
then scanned over an area of 200 microns. Light excited by the ion beam was collected by a
microscope mounted at 45 degrees to the beam direction. This light was coupled to an optical
fibre and then diverted to a number of detectors. The first of these is an Ocean Optics SD1000
CCD array spectrometer with a 600 I/mm, 500nm blaze grating. The 100 \im core HOH-UV
optical fibre used for light collection provides a 5 nm resolution over a wavelength range of 360 -
750 nm. High resolution data is acquired through a 200 ixra core LOH fused silica fibre which is
then coupled to a DILOR xy triple monochromator with an EG& G PARC OMA4 liquid nitrogen
cooled CCD array detector. A resolution of 0.1 nm can be readily achieved over the visible region
of the spectrum. For imaging the light was diverted to a monochromator coupled to a Hamamatsu
R943-02 photomultiplier tube. Samples were cooled down to a temperature of 30K by a liquid
helium cryostat. Temperature monitoring is achieved with the aid of two Lakeshore DT-470 silicon
diode sensors mounted at the cold head and on the target holder.



Results and Discussion

Two peak are observed in the low resolution spectrum from the Norton polycrystalline diamond
detector sample at low temperature (figure la). The dominant feature is the broad A-band
luminescence in the blue part of the spectrum. This emission has been well studied in the past
and is attributed to donor-acceptor pair recombination [5]. A smaller peak observed at about
500 nm is resolved into two components by the high resolution spectrometer (Figure lb). The
most intense of the two peaks is a sharp zero phonon line at 2.462 eV which can be tentatively
attributed to the 3H centre in diamond [6]. The second peak is somewhat broader than the 3H
centre and has a measured energy of 2.477 eV. Another weak zero phonon line appears at 2.563 eV
(not shown), superimposed on the A-band emission. The 2.477 eV and the 2.563 eV are difficult to
assign as their positions don't exactly coincide with previously observed CVD diamond emission
lines.

250

(o
rb

. 
un

its
)

8 
8

| i o o

50

•

•

So 2.2 2.4

I

I
J

2.6

/

2.8

\

\

3.0 3.2 3.4
Energy <«V>

2.62 2.43 2.44 2.45 2.46 2.47 2.48 2.49

(a) (Fig 1:IL spectra - Norton diamond) (b)

Monochromatic IL images taken at wavelengths corresponding to the A-band (420 nm) and the
three observed emission lines (484 nm, 500 nm, 503.5 nm) do not show any difference in contrast.
This indicates that the luminescent regions in the polycrystalline diamond film have identical
properties. Figure 2 shows monochromatic maps at 420nm and 500nm for a scan size of approxi-
mately 800x800 micron (figure 2a) and 200x200 micron (figure 2b). In these maps, white indicates
high luminescence intensity.

420nm 500nm 420nm 500nm

(a) (Fig 2:IL maps - Norton diamond) (b)

Point spectra were taken from two regions on the Sumitomo synthetic diamond. A low resolution
spectrum of the central region shows a broad band in the green part of the spectrum (figure 3a).
In high resolution we find a zero phonon line at 2.464 eV which is attributed to the H3 centre
(figure 3b) [7]. The origin of the two other lines which appear in the spectrum is not clear. The
2.495 eV line is possibly due to the S3 diamond centre. The presence of a small satellite peak at
2.490 eV is however not consistent with the S3 centre.
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High resolution analysis performed on the {111} growth sector of the Sumitomo diamond revealed
a wealth of structure which can all be attributed to the presence of Ni in the sample. The first
band observed (figure 4a) is made up of five sharp components with zero phonon lines at 2.556
eV, 2.557 eV, 2.561 eV, 2.565 eV and 2.570 eV. Associated with these lines are two broad peaks at
2.525 eV and 2.537 eV. A zero phonon line doublet, also due to optically active Ni, was observed
at 1.401 and 1.404 eV (figure 4b) [8].

Conclusion

A number of optical centres have been identified in two commercially produced synthetic diamond
samples. Future studies on Norton diamond detector samples will attempt to correlate these opti-
cal centres with charge collection efficiency which can be measured insitu by the ion beam induced
charge (IBIC) technique. Results obtained on the Sumitomo diamond sample are consistent with
previous studies which have shown that Ni impurities segregate in {111} growth sectors.
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Over the past five years, the proton microprobe at Bochum/Germany has been used as a
trace element tool in the context of isotope stratigraphy and paleoceanographic studies. The
Sr, O, and C isotopic composition of some biogenic material (e.g. calcitic brachiopod shells,
phosphatic conodonts) is widely accepted to mirror, under favourable conditions, the isotopic
composition of the coeval sea water. The latter, in turn, is a function of a variety of global
processes, such as climatic change, volcanic activity, plate tectonics or circulation of ocean
water [1-5]. Thus, on the basis of the isotopic properties of fossil shell material, isotope
curves can be constructed that reflect variations in the above factors over the entire
Phanerozoic. However, as a consequence of the long time elapsed since deposition of the
fossils, they are prone to chemical and isotopic alteration and may thus yield equivocal or
even irrelevant information if no care is taken to monitor the degree of their diagenetic
alteration. Trace element composition of the fossil material, combined with
cathodoluminescence investigations, is one of the most frequently utilized tools to assess the
diagenetic quality of the samples.

For in situ-trace element analyses using PIXE, brachiopod shells from the Carboniferous
period and Paleozoic and Mesozoic conodonts were mounted on suprapure (<1 ppm
contamination) silica glass backings and subsequently polished. Point analyses as well as
linescans and elemental maps were performed, using a 3 MeV proton beam with a diameter of
~10 |j,m. For attenuation of the dominant Ca peak, a 54 |im Al filter and an additional 50 îm
mylar filter in the case of conodonts were used, in addition to the 180 |xm Be detector
window. Absolute trace element concentrations were calculated using the GUPIX software
package [6,7]. Repeated measurement of standard materials yielded an accuracy and precision
of ~10 % for a number of elements. Beam current was in the range of a few nA, resulting in
typical accumulated charges of 1 to 10 |iC for a single measurement. Detection limits for point
analyses were between 10 and 30 ppm for Mn, Fe and Sr, but considerably higher (xO to
xOO ppm) for the rare earth elements (REE).

Line scans and elemental maps of brachiopod shells revealed chemical inhomogeneity at the
microscale, with low Mn and Fe concentrations and elevated Sr contents mirroring original,
unaltered seawater conditions. In contrast, significantly increased Mn and Fe concentrations
and lower Sr values indicate that the material has been precipitated as cement from a diagenetic
solution. Consequently, trace element microanalyses as well as bulk chemical analyses (when
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sufficient sample material was available) of sample aliquots were routinely performed to
further monitor the diagenetic quality of the samples and to corroborate the meaningfulness of
the derived isotope data.

Trace element analyses of conodonts yield a clear evolutionary trend in the conodont
group. Inhomogenous distribution of Sr and REE, i.e. enrichment of Nd in the vicinity of the
basal cavity and high Sr concentrations in the periphery can be observed in Cambrian samples.
In contrast, Triassic conodonts tend to be more homogenous. Frequently observed enrichment
of Mn, Fe, Y and REE at the rims of many samples indicate that post-mortal and/or diagenetic
element substitution plays a role in their distribution. However, thorough selection of
conodont material on the basis of their conodont color alteration index (CAI) [8] helps to
virtually rule out diagenetic influences on the Sr isotopic signal.

Proton probe microanalyses of calcitic and phosphatic fossil material can substantially
contribute to an understanding and quantification of the diagenetic alteration of brachiopod
shells and conodonts. This, in turn, is a prerequisite for the use of the isotope compositions of
these samples as proxies for seawater conditions in isotope stratigraphy and
paleoceanographic studies.
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Fig. 1: A PIXE element map of
a brachiopod shell reveals
significant chemical inhomo-
geneity. Original pores (puncae)
are now characterized by
elevated Mn and Fe
concentrations (~3000 ppm)
and a decrease in Sr content
(~300 ppm), mirroring the
precipitation of diagenetic
cements. In contrast, the
pristine shell yields low Mn and
Fe concentrations (-30 and
-50 ppm, respectively) and
higher Sr contents (-1000 ppm),
reflecting growth under
unaltered seawater conditions.

Fig. 2: In a PIXE element map, this Cambrian conodont displays inhomogenous distribution
of Sr and REE, with Nd enrichment in the vicinity of the basal cavity and Sr enrichment in the
periphery. This pattern is not observed in Triassic conodonts, thus reflecting an evolutionary
trend in the conodont group.
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An ion implanter designed for use with radioactive ions is being constructed in the De-
partment of Physics, University College ADFA as part of an ANU/ADFA collaboration.
The implanter will be used in the first instance to provide controlled implantation of
radioisotopes into material samples to be subsequently studied by hyperfine interaction
techniques. In particular, the ADFA group will be using the NMRON and MAPON
techniques, while the ANU group intends to implant short lived isotopes for Perturbed
Angular Correlation studies of semiconductor materials.

The device has been designed to implant all beams up to an energy of 150 keV and is
based on an NEC SNICS II ion source and a p = 0.467m 90° bending magnet. The design
of the system follows closely that on the Low Energy Implanter currently in operation

Figure 1: Layout of ADFA/ANU Radioisotope implanter
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Figure 2: Beam optics for the ADPA/ANU Radioisotope implanter

in the Department of Electronic Materials Engineering at the ANU (described in the
report by Watt[l]). This compatability allows the matching of implantation depths for
radioisotopes for samples prepared by stable ion implantation at the ANU.

The current layout of the system is shown in Figure 1. All components shown in this
figure are in place and all vacuum components including a UHV target station in the
system have been installed.

Beam optics calculations have been performed using the program MULE and a typical
output is shown in figure 2. The envelope shown corresponds to the most divergent
beam able to be extracted out of the SNICS-II source. The system differs from its
ANU sister implanter in the use of a single focussing magnet of larger radius. Double
focussing characteristics are achieved by the use of magnetic quadrupole singlets mounted
either side of the 90° magnet. A sharp focus at the target position is obtained using an
electrostatic lens.

The present configuration employs a negative ion source, providing the greatest range of
ion species, however the system has been designed to allow for operation with positive
ions in order to maintain the highest degree of flexibility. The use of the implanter for
radioisotopes requires that high efficiency and containment of the source material be
important design criteria.

Current work is being concentrated on the installation of the high voltage deck with this
planned to be completed by the end of 1997. Initial beam tests are anticipated for the
first half of 1998, with the facility expected to be in full operation by the end of 1998.

[1] A. Watt et al. (these proceedings)
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ABSTRACT

Peat and sediment samples were collected in Turangi Swamp, North Island, New Zealand, and
analysed by Instrumental Neutron Activation Analysis (INAA) and X-Ray Fluorescence
(XRF). Variations in elemental distribution are used to distinguish between a short-term
anthropogenic influence and a long-term natural impact. Discharge of sewage effluent has
resulted in elevated zinc concentrations in the surface sediment near the point of effluent
inflow into the wetland. Increased arsenic, bromine and antimony concentrations are attributed
to seepage of groundwater originating in the nearby Tokaanu-Waihi geothermal field, and are
found in particular on the western side of the wetland. Due to its sensitivity, INAA was useful
to determine the subtle changes in Br and Sb concentrations, which could not be detected by
XRF. Analysis of the ashed residue by INAA shows that As and Zn are mostly associated
with the inorganic fraction, whereas Br has a strong organic affinity.

INTRODUCTION

Turangi Swamp is a deltaic system located on the southern shore of Lake Taupo, North
Island, New Zealand (Figure 1), which has been affected by both natural and anthropogenic
influences. Its proximity to the Tokaanu-Waihi geothermal area has resulted in a long-term
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Figure 1 : Location map showing Turangi Swamp, which is now divided by the Tokaanu
Tailrace Canal (since the early 1970's), and the core locations.
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geothermal input, whereas sewage effluent from the land treatment facility of the town of
Turangi (average population: 1300) has been discharged in the wetland for the last 30 years.
Flooding of the Tongariro River, possibly enhanced by lake level changes in the last 50 years
and increased sediment loadings, has also led to an increase in inorganic influx, in particular
in the area on the west side of the Tokaanu Tailrace Canal (Chague-Goff et al., in press).

Elemental composition of peat and sediment samples collected in the wetland was determined
by Instrumental Neutron Activation Analysis (INAA) and X-Ray Fluorescence (XRF) on a
dry weight basis, and the ashed residue of selected samples was also analysed by INAA.
Selected data are compared and discussed.

METHODS

Eight cores were taken using a stainless-steel McAulay type auger, packed in plastic wrap and
chilled at 4°C before analysis. In the laboratory, cores were sliced in 5 cm increments.
Samples were dried at 80°C until constant weight and ash yield was determined by ashing the
oven-dried samples at 550°C for 16 hours. The top 20 cm of six of the cores were
subsampled into two 10 cm thick samples and analysed for elemental composition by X Ray
Fluorescence (XRF) and Instrumental Neutron Activation Analysis (INAA). A representative
split was also ashed at 550°C for 16 hours and the ashed residue analysed by INAA. One
complete core (C2E taken near the point of inflow of sewage effluent into the wetland) was
also analysed by INAA and XRF.

RESULTS AND DISCUSSION

Zinc

The highest Zn concentrations occur at site C2E, which is at closest proximity to the point
of inflow of sewage effluent into the wetland, whereas the lowest concentrations are found
at site C1W, on the other side of the Tokaanu Tailrace Canal and at site C6E (Figure 2). Data
obtained by INAA and XRF are fairly similar and variations are attributed to the analytical
errors of both techniques. Spatial distribution of Zn over the wetland suggests an
anthropogenic origin for this element, as a result of sewage effluent discharge. Vertical
distribution in core C2E is also indicative of the recent Zn influx in the wetland, which can
not simply be explained in terms of mineral matter abundance, as ash yield is fairly high in
most of the core (except at the base) (Figure 2). While the high ash yield is probably a result
of frequent flooding in the Tongariro Delta, the increase in Zn concentrations at the top of
the core is attributed to discharge of sewage effluent in the wetland in the last 30 years. High
Zn concentrations in the effluent (as well as Cu, which shows a similar vertical and spatial
distribution; Chague-Goff, in press; Chague-Goff et al., in press) are probably due to
corrosion of industrial and domestic piping.

Zn concentrations are higher in the ashed residue than on a dry weight basis, suggesting that
Zn is mostly associated with the inorganic fraction, and thus is concentrated during the ashing
process. Previous studies show that Zn in soils is mainly associated with hydrous Fe and Al
oxides and clay minerals, although soil organic matter can also bind Zn in stable forms
(Kabata-Pendias and Pendias, 1992).
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Figure 2: Ash yield, Zn concentrations on a dry weight basis (as determined by XRF and
INAA), and of the ashed residue (in ash - determined by INAA). Depth in cm
is shown on the left hand side.

Antimony, arsenic and bromine

Sb, As and Br exhibit a similar distribution in the wetland, being highest in cores C5E and
C1W, and lowest in cores C1E, C2E and C3E (Figure 3). The spatial distribution suggests a
strong geothermal input, probably due to seepage of groundwater originating in the Tokaanu-
Waihi Geothermal Field to the west (Figure 1). Br was also determined by XRF (data not
shown) but concentrations were below the detection limit of the technique for a number of
samples in core C2E. Sb could not be determined by XRF either.

Analysis of the ashed residue suggests that most of the As is bound with the inorganic
fraction, and is therefore concentrated through the ashing process (Figure 3). Adsorption of
As to clay particles and co-precipitation of As with sulphides and hydrous oxides represent
the major mechanisms for As sorption in soil and sediment and removal from aqueous
solutions (e.g. Ferguson and Gavis, 1972). Br concentrations in the ashed residue were mostly
below detection limit (data not shown). This reflects the affinity of Br for organic matter,
which results in loss during the ashing process.

SUMMARY AND CONCLUSIONS

INAA and XRF have been used to determine the elemental composition of peat and sediment
samples. XRF analysis requires a large sample quantity, but has been used successfully for
the determination of elements present in high concentrations and showing large variations
over the wetland (Chague-Goff et ah, in press). The sensitivity of INAA allows for the
determination of elements present in low concentrations, such as Br and Sb, which could not
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be detected easily by XRF. This study shows that Zn is brought into the wetland as a result
of discharge of sewage effluent, whereas geothermal activity has led to increased
concentrations of As, Br and Sb.
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Figure 3: Sb, Br and As concentrations on a dry weight basis and As concentrations in
ash (all data determined by INAA). n.d. = not determined. Depth in cm is
given on the left hand side.
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Abstract:
The photoluminescence (PL) and optical absorption at room temperature of Si+ implanted into

SiO2 substrates has been studied. The as-implanted samples exhibit a strong PL around 2 eV, due to
the existence of radiation damage in SiO2. After annealing to lOOOC/lh, the emission peak shifts to
1.7 eV and has long been believed to result from the quantum confinement of carriers in Si
nanocrystals. Alternative theories have recently been proposed, based on the tunneling of excitons
from the nanocrystals into the surrounding SiO2, with recombination taking place at luminescent
centers within the SiO2. This study examines the effect of nanocrystal size on PL and optical
absorption with the aim of understanding the luminescence mechanism.

I INTRODUCTION:

The discovery of room temperature photoluminescence from Porous Silicon has
stimulated a new area of silicon research. Silicon had long been considered unsuitable for the
fabrication of optical devices due to its indirect band gap. However, Si nanocrystals produced
in SiO2 by ion implantation have exhibited strong room temperature photoluminescence, but
its origin has so far been unclear. Nanocrystalline semiconductors are predicted to exhibit
modified optical properties from those of bulk material due to changes in their band structure.
For Silicon, the indirect bandgap evolves toward a direct bandgap and the bandgap increases
with decreasing particle size due to quantum confinement effects. Such effects have been
proposed to explain the existence of strong PL and shifts in the dominant emission
wavelength with processing. However, ion implantation creates defects in the SiO2 substrate
and these defects are known to display luminescence at various energies including the visible
range. This complicates the interpretation of the PL data.

H EXPERIMENTAL PROCEDURE:

Fused silica substrates were implanted with 400 keV Si ions at room temperature to
doses ranging from 0.6 to 3el7 at/cm2. Implanted samples were then annealed at 1000C in an
Ar ambient to cause precipitation of excess Si and nanocrystal formation. Samples were
characterized by PL using an Ar ion laser (excitation at 488 nm) and a single monochromator,
and by optical absorption measurements.

Fig 1 shows typical PL spectra. In the as-implanted sample, the PL emission is peaked at 2 eV
(620 nm), which is believed to be due to defects in SiO2 created by ion implantation.
Annealing in Ar at lOOOC/lh removes some of these defects and creates Si nanocrystals. The
PL emission shifts to 1.7 eV (730 nm). This PL spectrum is similar to that seen by others [1,2].
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Fig 1: Room temperature PL from Si (400 keV, 3el7 /cm2) implanted fused silica in the as-
implanted state and after annealing (lOOOC/lh with Ar)

The average size of the crystallites can be controlled by the annealing time and temperature
and also by the Si concentration. The size of our nanocrystals can be defined by using the
Transmission Electron Microscopy technique. In the quantum confinement theory, a decrease
in the particle size should lead to an increase in the energy bandgap. Therefore, any variation
of these parameters should result in a size dependence of the PL and optical absorption.

Fig. 2 shows the optical absorption spectra for samples annealed at lOOOC/lh. The UV-
3101PC Shimadzu scanning spectrophotometer was used to perform these measurements, for
a wavelength ranging from 200 nm (UV) up to 3000 nm (IR). The absorption edge shifts to
higher energy (lower wavelength) as the dose (so the size) decreases. These results are in
agreement with the quantum confinement theory, although the absorption edge and the PL
occur at significantly different energies, which would imply that the PL does not result from
band edge emission.
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Fig 2 Optical absorption for Si (400 keV) implanted fused silica to different doses and
annealed at lOOOC/lh in Ar.

Several alternative models have been proposed to account for the observed light emission.
These include: exciton production and recombination in the nanocrystals, exciton production
in the nanocrystal and recombination at defects and surface states around the nanocrystal,
exciton production in the nanocrystal followed by tunneling into the surrounding SiO2 and
recombination at luminescence centers in the SiO2. Qin and al [5] have argued that the



significance of these processes depends on the nanocrystal size. Experiments are in progress
to explore these different mechanisms.

m CONCLUSION:

The formation of Silicon nanocrystallites in SiO2 by ion implantation and annealing
results in a strong visible room temperature PL at around 1.7 eV. Quantum confinement
theories have been proposed to account for such emission but the fact that the optical
absorption and the PL emission appear in totally different wavelength ranges suggest that
alternative processes may be responsible for light emission. Preliminary results from
experiments designed to resolve this issue have been presented and more detailed
measurements are the subject of ongoing work.
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36C1 has become a popular tool for hydrogeologists to use when evaluating flow rates,
ages and origins of groundwaters, in particular in systems where flow paths are long
and/or flow rates are slow. The ratio 36C1/C1 and total chloride are measured in water
samples, and a series of waters can be assessed in light of the different processes acting
upon the stable and radioactive isotopes. Thus, figure 1 illustrates trends expected to
occur on a 36C1 vs. Cl~ plot for different processes.

Process effects on Cl-36 and chloride

o

CL-36 PRODUCTION

MIXING?E£rCYCLING

SOURCE CHLORIDE

SO]

DID

DEAD Cl

Cl-36 DECAY
PURE WATER

0
chloride concentration

Figure 1: Processes affecting 36C1 and chloride levels in groundwaters.

Use of this figure relies on knowledge of the input values for 36C1 and Cl~ to the
system being studied, or the analysis of a large number of samples from a single aquifer,



or system, to extrapolate to potential end member water bodies. We are attempting to
marry theoretical calculations for the input functions with observed values for recharge
waters in aquifers around Australia.

Following from the work of Key wood et al. (1997, and in press) we can now compare
the theoretical fallout of ^Cl to that observed in rainfall, and then to that seen in shallow,
recharge groundwaters, to evaluate the processes involved in the incorporation of chloride
to groundwater systems.

The seminal work by Lai and Peters (1967) still gives the best theoretical estimate
of ^Cl fallout, though we should scale their values by a factor of 1.3 in light of the
empirical study across western Australia by Keywood et al. (in press). Keywood et al
(1997) have also synthesised a comprehensive analysis of the chloride fallout across the
western half of Australia, permitting an accurate assessment of the expected 36C1/C1
ratio to be measured in rainfall. Correspondence with observed values is good, though
local climatic effects are important, and local variability in the chloride fallout outlines
the difficulty in providing inputs based on theoretical estimates alone.

For Australia, the presence of playa lakes across much of the interior of the continent
poses additional constraints. Measurement of brines and salt crusts from playas through
central Australia give 36C1/C1 ratios in the relatively restricted range: 30-60xl0"15. This
is the upper limit to expected steady-state concentrations from neutron-capture on 35C1
via neutrons derived from fission of trans-uranic elements in the subsurface (Bentley et
al, 1986). Alternatively, it may represent surface re-working of chloride with a mean age
of 500,000a - IMa, depending on rainfall concentrations. The effect of this re-working is
evident in recharge waters of the Amadeus and Ngalia Basins, central Northern Terri-
tory, where observed values for the 36C1/C1 ratio in recharge waters are 40% lower than
expected. This can be explained by less than 10% addition of lake salt to rainfall prior
to recharge into the aquifers. The critical nature of this mixing, which is dominated by
the high chloride content of the brines and surface salts, means that recharge can only
be acertained through measurement of shallow bore-waters close to basin margins.

Along the eastern margin of the Australian interior, however, recharge to the Great
Artesian Basin is via a distinct outcropping of sandstones along the Great Dividing
Range. Shallow bores just inland of this recharge area give 36C1/C1 ratios commensurate
with values estimated from theory and observed at comparable distance from the western
coast of Austalia. Recharge to the shallow, unconfined aquifers of the Murray Basin in
southern Australia also exhibit ratios that relate well with expected values. In areas where
discharge of groundwaters predominates, in the lower reaches of the basin, however, the
recharge signal is diluted by older emerging salts.

In northern Australia we have observed extreme levels of 36C1 in rainfall that appear
to be linked to the tropical monsoon. As yet we cannot fully explain the disrepancies
between the observed and estimated values, even if we include scavaging of 36C1 from the
stratosphere, and correct for the increased rainfall during this period (Keywood, et al.,
in press).

In summary, we now have sufficient coverage of Australia to start speculating on the
discepancies between the observed 36C1/C1 ratios in rainfall and the ratios measured



in shallow, supposedly recharge, waters in groundwater systems. The basic premise
of mixing at the surface and within the vadose (unsaturated) zone of the chloride in
precipitation with remobilised salts from the local environment can now be given some
empirical basis.

Salts measured from salt lakes around Australia reveal a restricted range of 36C1/C1
suggestive of a dominance of equilibrium concentrations of 36C1 due to neutron capture
on 35C1. Our rainfall measurements indicate values closer to those expected on theoretical
grounds, though there are some complications, particularly where rainfall has a marked
seasonality and high intensity. These values are almost always higher than the observed
values in shallow groundwaters considered to be the recharge waters for major deep
groundwater aquifers. Shallow groundwater aquifers seem to more reasonably reflect
theoretical and rainfall values, though again, weather patterns are important.
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Abstract

Beam rocking is a new technique in nuclear microscopy which has been developed at the Oxford
nuclear microprobe to produce angle-resolved channelling information from small areas of
crystalline material without any rotation or translation of the sample. A beam rocking system
with a focused 3 MeV proton beam has been used to detect and quantify small interface rotation
angles in strained Sii.xGex/Si samples with 0.015<x<0.200, where the sample has been
selectively etched to expose the underlying substrate. By eliminating possible rotation errors due
to translation of the sample stage or backlash in the gears of a goniometer, small rotation angles
have been measured, and these are found to be in good agreement with electron back scatter
diffraction (EBSD) results.

Introduction

Angle-resolved channelling analysis is usually performed by measuring the change in yield of
backscattered ions when a crystalline sample is tilted with respect to an ion beam [1], Recent
work describes computer-controlled raster-scan systems using MeV ions to produce channelling
images in such a manner [2,3]. This requires a high-precision, motorised goniometer, and
modification of the data acquisition system to incorporate software for goniometer control.
However, such systems are not ideal for the examination of micron-sized areas, due to the non-
eucentric motion which even a high-precision goniometer undergoes, causing the beam to
irradiate an area of typically 10|xm/l° of rotation. In addition to this, mechanical error such as
backlash can cause small angular detail to be lost. To overcome this problem, a beam rocking
system [4] has been developed at the Oxford nuclear microprobe whereby a focused beam of
MeV ions is tilted ("rocked") about a fixed point on a stationary sample. The aim of this work is
to examine small areas of crystals (for example, single crystallites in polycrystalline material with
grain sizes <30^m). A complete description of this system, and of the performance of similar
systems on other nuclear microprobes, is given in Ref. [4].

Fig. 1. Angle-resolved channelling image of a Si membrane [001] axis produced by
beam rocking. Angular range=3.15ox0.84°

Current address: School of Physics, Micro-Analytical Research Centre, University of Melbourne, Parkville, Victoria
3052, Australia



Beam rocking is achieved by double deflection of an ion beam using two sets of dipole scanning
coils, connected in parallel but with opposite polarities. These coils can either both be placed
upstream of the focusing quadrupole lenses, or separated by the lenses. The maximum angular
range achievable in such a system is proportional to the demagnification of the probe forming
system. An angular range of 3.15° (horizontal tilt) x 0.84° (vertical tilt) is obtained on the
Oxford system. This range is asymmetric owing to the focusing properties of a high excitation
quadrupole triplet [5,6]. Fig. 1 shows a two-dimensional angular channelling scan of a 0.3jj.m
thick [001] Si membrane produced by rocking a lOOpA beam of 3MeV protons, with
convergence angle <0.10°. Darker regions are the channelling planes and axis.

Experimental

There are several methods for limiting the displacement of the beam in the sample plane during
rocking, and these are reported on in detail in Ref. [7]. Fig. 2 shows a sequence of three
transmission beam rocking grid patterns which have been obtained by rocking a focused proton
beam on a 12.7pm period Cu grid. Fig. 2a shows the spatial displacement of the beam when
equal dipole fields are used (~100jim x200pm). In Fig. 2b, the horizontal dipole fields have been
unbalanced by 2.93%, and the beam is scanning over a much smaller horizontal range (~6nm
x200nm). In Fig. 2c, both horizontal and vertical displacements have been minimised by also
unbalancing the vertical dipole fields by 4.30%. The total beam displacement is now only of
±3um horizontally and ±6jwn vertically. In each of these figures, the curvature of the grid
patterns is due to the high spherical aberration suffered by the beam because it travels through
stronger field regions of the quadrupole lenses. Though spherical aberration affects the physical
displacement of the beam, for the ranges of dipole fields used in these experiments, it has no
effect on the angular range, which remains linear as shown in Fig.l.

Fig.2: Beam rocking grid patterns
from a 12.7pm period grid showing
displacement of the proton beam
during rocking for (a) equal dipole
field strengths (b) horizontal field
imbalance of 2.93% (c) additional
vertical field imbalance of 4.30%

(a) (b) (c)

Channelling results

By using beam rocking in one direction, and normal spatial scanning in the other, it is possible to
offset the beam vertically, and perform angular line scans horizontally. This method was used to
measure the angular rotation of the [112] axis of Sii-xGe* epitaxial layers with nominal values
0.015<x<0.200. This rotation arises at the interface of the epilayer and substrate due to
tetragonal distortion of the unit cell caused by lattice mismatch. These samples were selectively
etched to reveal the Si substrate, so that angular line scans were collected first from the epilayer
and the substrate regions without requiring the sample to be rotated or translated between scans.
Fig. 3 shows two angular line scans collected in such a fashion for Sio.95Geo.o5/SL

The results of the beam rocking measurements are summarised in Fig. 4, and are in good
agreement with theory (Vegard's Law), and with electron back scatter diffraction (EBSD)
measurements, described in Ref. [8], also shown here. The smallest detectable angular shift
using this method is estimated to be -0.02°, and should allow epitaxial silicon germanium layers



with Ge composition of <0.010 to be examined. In the future, this system will be applied to the
measurement of strain relaxation in mesas, and to the characterisation of individual grains in
polycrystalline material.
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Fig.3: Angular line scans collected by beam rocking Fig. 4: A comparison of beam rocking measurements
on the epilayer and substrate of Sio.95Geo.o5/Si. with Vegard's Law and electron back scatter diffraction
Measured interface rotation angle A\|/=0.10°±0.02° results for Sii.xGex/Si samples with 0.015<x<0.200

Summary

By rocking a focused beam of MeV ions, angular channelling analysis of micron-sized crystalline
areas can be performed. This technique has been used to measure elastic strain in
Sii-xGex/Si samples with 0.015<x<0.20, with results in good agreement with electron back
scatter diffraction measurements. It has also been demonstrated that the beam rocking technique
can be used to characterise higher order field components , such as spherical aberration, of the
quadrupole lenses. This will be extended to study and measure parasitic fields, such as
sextupoles.
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Abstract
The Lindhard theory[l] on ion channeling in crystals has been widely accepted throughout ion
beam analysis for use in simulating such experiments. The simulations use a Monte Carlo
method developed by Barret[2], which utilises the classical 'billiard ball' theory of ions
'bouncing' between planes or tubes of atoms in the crystal. This theory is not valid for 'thin'
crystals[3] where the planes or strings of atoms can no longer be assumed to be of infinite
proportions. We propose that a theory similar to that used for high energy electron diffraction
can be applied to MeV ions, especially protons, in thin crystals to simulate the intensities of
transmission channeling and of RBS spectra. The diffraction theory is based on a Bloch wave
solution of the Schrbdinger equation[4] for an ion passing through the periodic crystal
potential. The widely used universal potential[5] for proton-nucleus scattering is used to
construct the crystal potential Absorption due to thermal diffuse scattering[6] is included.
Experimental parameters such as convergence angle, beam tilt and scanning directions are
considered in our calculations. Comparison between theory and experiment is encouraging and
suggests that further work is justified.

Introduction
In the 1960's a debate was begun about the possibility of proton diffraction in thin crystals and
whether such effects were observable. The debate, led by Chadderton[7], suggested that
diffraction effects were observable, but ended abruptly when Cowley[8] responded by agreeing
that proton diffraction was possible yet the present technology was unable to observe these
effects and any calculation performed would be more complicated than for electrons and that
computer capacity was limited.

Since the debate, the theory of electron diffraction has been more fully developed
[4,6,9] and is implemented in simulating many electron experiments. Rapidly expanding
computer technology has enabled the large quantum mechanical calculations to be performed
quickly and accurately. The introduction of the ion microprobe has enabled a much more
controlled experimental environment. This means energy spread can be considered
insignificant, collimation and magnetic lens systems produce the desired amount of divergence
or convergence and data acquisition is much more sophisticated and precise.

So, with today's technology and knowledge, the theory for electrons, we propose, can
be extended to the passage of protons through a crystal. Protons have a large mass in
comparison to electrons, so even at MeV energies, they are effectively non-relativistic. Due to
the small de Broglie wavelength of the protons, the classical limit of the quantum mechanical
formulation is being approached. Hence the classical Lindhard derivation utilised with the
Monte Carlo method has generally sufficed. The purpose of using diffraction theory is to
provide an insight into physical phenomena fundamentally derived from the quantum
mechanical point of view.

Theory
The total crystal potential,

(1)



includes the anomalous absorption
potential, V'(r), due to thermal diffuse
scattering (TDS) caused by the thermal
vibration of the lattice atoms and V(r) is the
crystal potential. The crystal potential can
be represented as a Fourier series,

(2)

The atom-ion potential uses the universal
screening function,

ae (3)
'» 1=1

a, = (0.1818,0.5099,0.2802,0.02817)

Pi =(3.2,0.9423,0.4029,0.2106)

fl = 0.8853as/(Z1°-23+Z2
0-23)

where r is the atom-ion distance, Zie and
Z2e are the charge of the ion and atom
respectively and aB is the Bohr radius.
The quantum mechanical formulation
makes use of the Bloch wave, ip(r), to
describe the path of the ions.

(4)

A, are the complex amplitudes, Cg' are the
Bloch wave coefficients, g is the reciprocal
lattice vector and k1 is the associated
complex wave vector
k ' = K + # n , (5)
where K is the incident wave vector, X
contains the absorption coefficients and n is
the unit normal vector to the crystal
surface. By inserting equations 2 and 4 into
the SchrSdinger equation it is possible to
obtain results for the complex amplitudes,
Bloch wave coefficients and absorption
coefficients. This then defines the Bloch
waves explicitly.

Rutherford Backscattering intensity
is then considered as proportional to the
depth averaged probability of the proton
being present on the lattice sites at a
particular orientation given by:

(6)

where y/ is known by solving the
Schrodinger equation and Ims is the
contribution from thermally scattered
component of the beam intensity[10].

TDS incorporates a temperature
dependent calculation by use of the Debye-
Waller temperature factor[l 1]

= exp[-2n2{u2)g2], (7)

with <u2>, the mean squared vibrational
amplitude of the lattice atom.

Program
The program for simulating channeling
phenomena using diffraction theory
currently includes both transmission and
RBS geometry for axial and planar
orientations in one or two dimensional
scans. Other features such as the crystal-ion
potential profile and calculation of the
Debye temperature and <a2> also provide
useful information on the behaviour of the
scattered ion.

Experimental conditions, such as tilt
angle from any axis or plane, scan size,
angular resolution, beam energy and
convergence, temperature and thickness of
the sample can be simulated within the
program. Also the ability to calculate the
channeling pattern for a particular element
or type of lattice atom in a multi-elemental
sample is also available.

Results



Preliminary results using the program are encouraging. With fine tuning we hope to produce an
accurate way to determine the channeling patterns of various samples as well as gaining
fundamental insight into the scattering process.

The following diagrams are the theoretical simulations of RBS in the <001> orientation
for diamond at room temperature. The figures 1 and 2 are for 500A and 1000A thick samples
respectively. The scan is over 1.0° with 0.02° resolution and the scattering ion is a 0.5MeV

proton. As is observed, the relative depth and width of the channels
in each figure is representative of any experimental channel pattern of
this orientation. The shoulder feature of the channel can also be seen,
represented by the bright bands bordering the channels indicating a
higher intensity than that of a random orientation. The channels
clearly become thinner with increase in thickness which is also
expected experimentally.

Fig. l<001>Di500A

Conclusion
Much work is still to be done in refining our calculations and in
understanding phenomena such as the effects of temperature, beam
energy, crystal type, thickness and the impact these have on the
diffraction of protons within the sample. The model could be used to
investigate high temperature superconductors through their phase
change and to investigate the magnetic properties of crystals. The
availability of the nuclear microprobe at the University of Melbourne
enables us to perform the simulations according to the experimental
conditions known and consequently the experiments can be
performed in a controlled and optimised situation determined from
the results of the simulations. It is intended to perform these
experiments in-house to confirm the simulations, although it is already
clear that the simulated channel patterns are remarkably similar to

those observed in RBS axial channeling experiments.

Fig. 2 <001> Di 1000A
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Theoretical limit for the isotopic separation and depth resolution
of heavy elements in ToF-E and AE-E BIERDA
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Abstract

Theoretically, the physical principles of Heavy Ion Elastic Recoil Detection Analysis

(HIERDA) do not set any limit to the isotopic separation. The isotopic separation is defined

mainly by the mass or atomic number resolving power of the detection system. In the case of

the ToF-E system, the energy resolution of the Si detector is the main limiting parameter for

isotopic separation. For the AE-E system, the separation depends on the energy resolutions of

both AE and E detectors.

The depth resolution depends on the energy width of the incident ion energy., the geometrical

contribution from the detection solid angle (this contribution may be reduced using a position

sensitive detector), the electronic and nuclear energy loss straggling of both the incident and

the recoiled ions and the energy resolution of the energy or time detector.

The isotopic separation in HIERDA, the achievable depth resolution and the accuracy of the

multi-elemental energy calibration will he. evaluated in both ToF-E and AE-E detection

systems.

Dr. M. El Bouanani E-mail: bonani@bunyip.ph.nnit.edu.au Fax: (03) 9660 3837
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Advantages of ERDA H profiling
using a new methodology based on AE-E detection
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ERDA is a powerful technique for depth profiling analysis of H in thin films and near the
surface of materials. The use of He incident ions with a stopping filter and a Si energy detector is
the usual analytical methodology because (i) ion beam induced H diffusion is less under He ion
irradiation than with heavy ions and (ii) the detection efficiency is 100 %. However, the depth
resolution deteriorates due to the straggling in the stopping filter. A nuclear charge dispersive
detection method based on the use of AE-E silicon telescope with AE thickness of 4 um with
enhanced depth resolution and accessible depth is proposed. The gains in depth resolution and
analysable depth are demonstrated. Normalisation based on the forward scattered He spectrum is
used to offset the uncertainties resulting from the H loss during irradiation of Kapton and Mylar
standards.

1. Introduction
Since its development by L'Ecuyer et al. in 1975 [1] Elastic Recoil Detection Analysis (ERDA)
has become a powerful tool for quantitative depth profiling of light elements in the near-surface
region of materials. ERDA analysis of H using a low energy He beam was first reported by
Doyle and Percy [2]. One of the main advantages of using He incident ions is the minimal
radiation damage of the analysed targets. This is very important for accurate measurement of H
which is well known for its instability and its loss under ion beam irradiation. Since then,
extensive studies aimed mainly at the optimisation of the depth resolution have been undertaken
[3-11]. A wide range of combinations including the mass of the incident ions, kinematic
considerations and different detection approaches [6-9,12] have been used. Considerable effort
has been dedicated to make ERDA depth profiling of H quantitatively accurate. Until recently,
the determination of the non Rutherford He - H cross sections [13-15] has been a subject of
discrepancies which reflects the difficult problem of H loss under ion beam irradiation.
However, quantitative depth profiles of H can be achieved by direct comparison with the H
recoil spectrum from polymer standards such as Mylar, Kapton or Polystyrene. Accuracy
requires that the target H content does not significantly change during ERDA measurements.
The use of light incident ions such as He beams is preferred in order to minimise the effect of
irradiation.
Here we describe a new technique based on simultaneous detection of both the recoiled H and
forward scattered He using a silicon AE-E telescope. This improves significantly the depth
resolution and eliminates the need for H standards for quantitative depth profiling. A new
analysis approach for internal normalisation is described.

2. Experimental set-up
The measurements have been performed at the RMIT 1 MV Tandem accelerator with 2.5 MeV
4He++ beam. A glancing incident beam impinged at 75° to the surface sample normal. The
silicon AE-E telescope was placed at 30° to the incident beam direction. A 1x3 mm2 vertical
rectangular slit collimated the AE-E telescope. The AE and E detectors are from ORTEC with
thicknesses of respectively 4 um and 500 um. The E and AE detectors were operated in



coincidence mode. The collection of the data use a CAMAC based multi-parameter pulse height
analysis system controlled by a Macintosh Quadra 900 computer and SPARROW KMAX
software with event by event data storage to allow for offline analysis.

3. E and AE calibration
Both detectors E and AE were calibrated using 0.8 -1.8 MeV H beam scattered on a 20 nm thin
gold film on silicon substrate in RBS configuration. The AE-E telescope was placed at a
scattering angle of 150° relative to the incident H direction. The scattered H peak from the thin
gold layer is a well defined gaussian with a FWHM of 14 keV. For each incident energy two sets
of data collection were performed with and without the AE detector in front the E detector. This
allows energy and energy loss calibration for both AE and E detectors. For 1.0 MeV H, the
energy widths of the E and AE detectors in this configuration were 14 keV and 40 keV.

4. Results and discussion
Figure 2a shows a typical two dimensional spectrum acquired using a 2.5 MeV He-4 beam
incident on a Kapton sample. The H and the forward scattered He are both well separated.
Figures 2b and 2c show respectively He and H energy projections.
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FIGURE 2. (a) AE-E two dimensional ERDA spectrum of Kapton sample, (b) Total energy
(AE+E) projection of the forward scattered He component, (c) Projected energy spectrum of the
H component(d) Energy spectrum with 10 urn Al filter in front of the E detector.

As shown in Figure 2b, the total energy projection of the forward scattered He was obtained by
adding both E and AE signals which gives a much better energy resolution. In Figure 2c the E
and AE signals for H are not added because it would not improve the energy resolution. The
summation of both E and AE signals should be done only in the case where the energy resolution



of the AE detectors is much less than their straggling contribution. The energy resolution
calculated from figure 2d (ERDA with 10 um Al filter) is 69 keV. The advantages of AE-E
method are clearly seen in figure 2c. The energy resolution is only 36 keV and the accessible
depth is greater due the reduction of the low energy cutoff. Both He and H spectra were obtained
under the same experimental conditions. For samples with known composition, auto-
normalisation of the forward scattered He energy spectrum in a manner similar to Rutherford
Backscattering Spectrometry (RBS) allows inter-normalisation of the H recoil spectrum. This
eliminates the needs for H standards and consequently the uncertainties related to the H loss in
the commonly used polymers as H references. The accuracy of the absolute H concentrations are
then dependent directly and mainly on both the He-matrix and He-H cross section data. RUMP
[16] software can be used for such analysis.
The AE detector is not a passive absorber and consequently its thickness is a compromise
between the minimum acceptable energy loss and the electronic noise of the thin detector and
associated electronics. The use of a 4 (xm AE detector allowed us to obtain good separation
between the electronic noise level and the AE signal from 1.8 MeV H beam. This means that an
energy of the He beam as high as 3.7 MeV can be used which extends the accessible depth.
Otherwise, when using 2.5 MeV He beam, a thickness of less than 3 |j.m can be used for AE
detector which improves further both the depth resolution and the accessible depth.

Conclusion
The use of ERDA low energy He beams and a AE-E silicon detection system with its
simultaneous detection of recoiled H and forward scattered He projectiles have been
demonstrated to:

• improve significantly the depth resolution and extend the analysable depth.
• eliminate the need for H standards and their associated uncertainties.
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Abstract
The depth resolution of heavy-ion elastic recoil detection analysis was examined for Al and Co
thin films ranging in thickness from 100 to 400 nm. Measurements were performed with 154
MeV Au ions as the incident beam, and recoils were detected using a gas ionisation detector.
Energy spectra were extracted for the Al and Co recoils and the depth resolution determined as
a function of film thickness from the width of the high- and low- energy edges. These results
were compared with theoretical estimates calculated using the computer program DEPTH.

Introduction
High-energy, heavy ions (1-2 MeV/AMU) offer many advantages for elastic recoil detection
analysis (ERDA) of thin-film materials [1-7]. A wide range of elements can be analysed
simultaneously as long as Z2 < zi, where Zi is the atomic number of the primary ion and Z2 is
the atomic number of the recoil ion. The sensitivity is enhanced due to the ~zi4 dependence of
the scattering cross-section and the method has approximately equal sensitivity to all light
elements [2< Z2 < 50]. The depth resolution is also improved because of the high stopping
power of heavy ions and the detection of scattered primary ions is reduced due to the narrow
scattering cone of heavy ions scattering from light elements. These advantages have led several
groups [1-7] to explore applications of heavy ion elastic recoil detection analysis (HERD A).

A large solid-angle, position-sensitive gas-ionisation detector is well suited to HIERDA
measurements [3-7]. It provides efficient recoil detection and thus minimises exposure of the
sample to the ion beam. Such a detector has recently been built and installed at the HUD
accelerator laboratory of the Australian National University in Canberra [7]. This paper reports
on preliminary experiments with this system which were carried out to explore the limitations
of depth-profiling with HIERDA.

Experimental Details
Thin films of Co were evaporated onto Si and Ge substrates and thin films of Al were
evaporated onto Ge substrates using either thermal or electron-beam evaporation. Film
thicknesses varied from 100 nm to 400 nm, as indicated by a quartz crystal thickness monitor
and verified for selected samples by Rutherford backscattering spectrometry. HIERDA
measurements were undertaken using 154 MeV 197Au ions with charge state 13+ and a typical
beam current of 1 nA. The beam had an energy spread of < 50 keV, a maximum angular
spread of 0.01° and was collimated to produce a lmm x lmm square spot on the sample.
Recoils were detected with a position-sensitive gas-ionisation detector located 300 mm from
the sample. For these particular measurements, the detector solid angle was limited to 0.02
mSr by a 1.5 mm diameter aperture. This obviated the need for kinematic energy correction of
the data. The scattering angle was fixed at $s = 45° and the incident and exit angles were 22.5°.
During analysis, the vacuum pressure inside the scattering chamber was ~10"7 mbar. Further
details of the experimental system are presented in a separate contribution [7].
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Results and Discussion
The depth-profiling of individual elements following a HIERDA measurement requires the
measured energy spectrum for each element to be transformed into a concentration versus
depth profile. This requires accurate knowledge of the scattering cross-sections and stopping
powers of the projectile and recoil ions. Limitations to the depth-resolution include the energy
and angular spread of the incident beam, the intrinsic detector resolution, the kinematic energy
spread due to the finite size of the beam and detector, the energy stragglmg in the sample and
the detector entrance window, and energy spread due to multiple scattering.

Calculations performed with the computer code DEPTH [8-10], using Bohr straggling with
Chu correction [8], and assuming an intrinsic detector resolution of 1.2%, show that the
surface energy resolution of the HIERDA measurement is dominated by the intrinsic resolution
of the detector and geometric effects associated with the finite beam size and detector solid
angle. As the film thickness increases, the depth resolution deteriorates, largely due to the
increasing contribution of multiple scattering. These results show that the energy (depth)
resolution is limited by the detector configuration for film thicknesses < 100 nm but by ion-
solid interaction processes for film thicknesses > 100 nm. It is also interesting to note that the
main limitation comes from multiple scattering of the primary and recoiled ions, straggling is of
less significance.

Energy-loss (AE) versus total energy (E) spectra were collected for Al and Co films of varying
thicknesses from which energy spectra of Al and Co recoils were extracted. The energy width
of the spectra increased with increasing film thickness, as expected. However, attempts to fit
these recoil spectra with the computer program RUMP [11] highlighted discrepancies between
the tabulated and actual stopping powers. For example, the thickness of Co films was
overestimated by 30%. This was confirmed by calculations using stopping powers from
TRIM'95 [12] and the surface energy approximation [13]. These discrepancies suggests that
the tabulated stopping powers are lower than the actual values.

The depth resolution of the ERDA measurement was determined experimentally from the high-
and low-energy edges of the Al and Co energy spectra. These spectra were fitted with a
function of the form:

Y(E)=(mE+b)[erfc((E-Ef)/8Ef) - erfc((E-Eb)/5Eb)] (1)

where erfc is the complimentary error function, E is the recoil energy and Ef and Eb are the
centroids of the high- and low-energy edges of the spectra, respectively. The factor (mE+b),
with fitting parameters m and b, was used to approximate the energy dependence of the yield.
The width 8Ef is representative of the energy resolution for surface scattering and 5Eb

represents the energy resolution for recoils coming from the film-substrate interface. The depth
resolution was calculated by transforming 5Ef and 5Eb to FWHM values, dividing by the
energy width of the spectrum and multiplying by the nominal film thickness. This assumes that
the energy width of the spectrum is linearly proportional to the film thickness, a reasonable
approximation for the film thicknesses employed in the present study.

Fig. 1 shows the depth resolution measured for Al and Co films together with the theoretical
predictions of the computer program DEPTH. For surface scattering, the measured depth
resolution for Al (16 nm) and Co (12 nm) films is in excellent agreement with the calculated
values. However, with increasing film thickness, the measured values consistently exceed the



predicted resolution. This suggests that either the films have some inherent roughness or
inhomogeneity or that the theoretical calculations underestimate the depth resolution.
Rutherford backscattering (RBS) analysis of a 200 nm thick Al film showed no evidence for
roughness before or after analysis, however, similar analysis of a 200 nm Co film showed that
this film had an intrinsic roughness of-10 nm and that this increased to -15 nm after
prolonged irradiation with the Au beam. RBS analysis on and off the irradiated spot also
confirmed some beam induced oxidation of the Co film. For Co, this roughness is sufficient to
account for the observed discrepancy between the measured and calculated depth resolution.
For Al, the situation is less clear. Stopping power uncertainties clearly affect the calculated
depth resolution. However, as discussed above, the tabulated stopping powers underestimate
the experimental values. Increasing the stopping powers in the DEPTH calculation reduces the
calculated depth resolution, increasing the difference between experiment and theory.

100 200 300
Depth (nm)

400 500

100 200 300 400 500
Depth (nm)

Figure 1: Comparison of measured (crosses) and calculated (triangles and dashed lines) depth
resolution for a) Al and b) Co thin films.



Conclusions
HERD A can provide high-sensitivity, composition-versus-depth analysis of materials. In this
study, depth resolution measurements were performed on Al and Co films as a function of film
thickness. The measured values were compared with the theoretical predictions of the
computer code DEPTH [8-10]. The experimental and theoretical depth resolution showed
similar trends with increasing film thickness but the experimental data consistently exceeded
that predicted by DEPTH. Rutherford backscattering analysis of Co films before and after
analysis showed that they were intrinsically rough and that exposure to the analysis beam
caused additional beam-induced roughening and beam-induced oxidation. This accounted for
the observed difference between the experimental and theoretical values. Similar analysis of Al
films showed no such effects. The discrepancy between experiment and theory remains
unresolved in this case.

The observation of beam-induced roughening and beam-induced oxidation of Co films
highlights the importance of minimising sample exposure to the analysis beam and justifies the
use of a large solid angle, position-sensitive detector for HDERDA analysis [7].
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ABSTRACT

Deep level transient spectroscopy (DLTS) is used to monitor the electrically active point defects
created by low dose ion implantation in Si. P type Si (boron doped) both Fz and Cz samples,
having same dopant concentration are implanted with 4 MeV Si. Vacancy (i.e divacancy),
interstitial (i.e carbon-oxygen center) related defects are observed in these samples. In addition to
these defects, two more defect levels are seen. They are tentatively identified as defects
involving impurities. Dose dependence study for both Cz and Fz samples shows an increase in
the concentration of the implantation-induced defects linearly with dose. Isochronal annealing of
these defects reveals that their stability depend strongly on dopant concentration and impurity
content i.e oxygen, carbon and hydrogen present in the as grown crystalline Si to start with.

Introduction:

Characterizing defect and understanding the role played by them in the fabrication of devices is
an important area for the microelectronics industry. The realization of the importance of the
point defect study in Si started when defect is evolved upon annealing of the implantation
induced damage leading to the transient enhanced diffusion (TED) of the dopants1'3 starts
limiting the scaling down of the device size. The fundamental defects so called, simple point
defects resulting from the ion bombardment consist of Frankel pair of Vacancies (V) and Si self
interstitials (I) which are known to be highly mobile at room temperature (RT). In contrast to
MeV electron irradiation, ion implantation generates a non uniform defect distribution, including
V, I and complex defects, peaking at larger depths. In a single collision cascade the probability
of annihilation of vacancies and interstitials is large, V + I -> 0 and only few percent of the
Frankel pairs survive and form stable defects.
In this study we report on the electrically active point defects in p-type Si. Since low doses are
used so that single collision cascades dominate and overlap between different ion tracks is small
and dilute concentration regime is obtained. Except for hydrogen5'6 no level related to the
implanted specie is observed. In Si, evolution of the irradiation-induced defects is strongly
influenced by the residual impurities. Besides extensive recombination between vacancies and
interstitials, those which escape are finally trapped by impurities. Some of these impurities are
unintentionally introduced during the crystal growth and play a vital role. The common
impurities are oxygen atom which preferentially occupy the interstitial position (Oi), it is
connected to two Si atoms and is a efficient trap for migrating vacancies. Carbon is at the
substitutional position (Cs) and is electrically inactive, it captures the self interstitials to produce

f+'O



Ci. This can be shown as I + Cs •> Q , Q + O;-> QOi. A gradual transformation of Q and
with time takes place and a close one to one correlation is found between loss of Q and growth
of CjOj7 On the other hand, the presence of hydrogen and copper, incorporated unintentionally
during the crystal growth or other subsequent processes, decorate the implantation induced
defects. *

Experimental:

Float zone (Fz) and Czochralski (Cz) p-type Si(100) having the same dopant concentration are
implanted using the 1.7 MV tandem implanter at the Australian National University. 4 MeV Si is
implanted in to p-type Si, the incident ion beam was scanned over an aperture (2.2 x 4.4 cm 2) to
ensure the uniformity. The average beam current was 0.2-0.3 nA. Doses in the range of 1O8-1O9

cm'2 are employed. After implantation the samples were chemically cleaned using a standard
procedure which include a final dip in the diluted HF. Immediately after cleaning the samples
were loaded in to electron-beam system for the deposition of Ti Schottky barrier diodes.The
deposition was made through a metal mask containing 2mm dots equally spaced. Deep level
transient spectroscopy (DLTS) and capacitance- voltage measurements were under taken for the
sample analysis. Basically the system consists of 1MHz capacitance bridge, a 50 MHz pulse
generator, a liquid nitrogen bath cryostat with heating stage (77K - 373K) and a chromel alumel
thermocouple. The system is controlled by a PC via an interface. The temperature was scanned
between 77K and 300K. In the DLTS measurement eight traditional spectra with rate windows in
the range of (20 ms)'1 to (2560 ms)"1 were recorded during a single temperature scan. The
measurements were performed under a reverse bias condition.

Results and Discussion:

Fig. 1 shows a DLTS spectrum from p-type Si implanted with 4 MeV Si at RT.
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Figure 1 DLTS spectra for p-type Si (Fz and Cz)



The major dominating levels are at Ey +0.19 eV above the valance band is attributed to the singly
positive charge state of the divacancy center. Other peak at Ev+0.35 eV originate from the
carbon-oxygen complex. Two other defect levels at Ev+0.48 and Ev+0.53 eV are also observed
and they are tentatively identified as related to impurity in the as grown substrate. Fig 1 shows a
typical DLTS spectra of p-type Si both (Fz and Cz). The* oxygen concentration in Cz is much
higher then Fz. Thus the mobile interstitial carbon is trapped by an interstitial oxygen atom
forming Ev+0.35 eV and hence it is evident from the fig 1 the concentration of CiOi is large.in
Cz.

Dose Dependence:

Fig. 2 shows the dose dependence of various levels in the Fz p-Si implanted with 4 MeV of Si
ions. A linear dose dependence is observed for the V2 and QOj, both for Fz and Cz samples,
suggesting that they are related to simple point defects. It means that the concentration of these
levels are not high enough to form higher order complex i.e (V2 + V -> V3).The level at 0.48 eV
initially increases with dose, but it shows that it is exhausted after certain dose, suggesting that it
is related to some impurity whose supply is limited.
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Figure 2 The DLTS amplitude of the levels in p-type Si Fz as a function of implantation dose

Annealing:

Annealing of these point defects undergo a variety of reactions. Fig.3 shows the isochronal
annealing (30 min.) of these traps after irradiation to a dose of 5x10 cm"2 Si(Cz). The annealing
process is complex undergoing dissociation, reconfiguration, diffusion of defects and their
trapping by other defect and to impurities. After annealing at 150 °C, there is no significant
change in the divacancy peak Two new defect level starts evolving. One of them has an
activation energy of Ev+0.28 eV. It is speculated that Ev+0.28 eV level is hydrogen related
complex, formed only after annealing and it involves hydrogen present in the as grown Si.
Presumably hydrogen atoms are released at temperature 150 °C and form new defects as they are
free to interact with the implantation induced defects. Irmscher et al have shown that H-related
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Figure 3 Isochronal annealing 30 min in Czochralski Si
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levels in both n and p type Si at Ec-0.32eV and Ev+0.28eV respectively are present in unannealed
samples in equal concentration, in this respect they are assigned as two charge states of one and
the same H-related defect complex. Hydrogen in Si not only passivate shallow acceptor dopants
but also vacancy related defects This level anneals out at 250 °C. The level at 0.48 eV is present
in both Fz and Cz samples.
Annealing at 200 °C shows a new defect level at 0.24 eV above the valance band. It has been
proposed from the annealing studies of electron irradiated samples that it is due to a gradual
transformation of divacancy to a divacancy-oxygen complex below its dissociation temperature.8

Further work is under way to characterise these defects which evolve after annealing.

Conclusion :

MeV ion implantation in to p-type Si forms vacancy and interstitial related defects.A linear dose
dependence holds for the implantation induced defects. Two other defect levels are formed as
well and their identification is tentative at this stage. Annealing study in both Fz and Cz samples
shows the formation of H-related level after annealing, decorating the implantation induced
defects. Further work is under way to characterize other defects in the as implanted and annealed
samples.
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High energy (1 MeV), ion irradiation of GeSi/Si strained layers at elevated
temperatures can cause strain relaxation. In this study, the effect of subsequent thermal
annealing was investigated. Three distinct annealing stages were identified and
correlated with the evolution of the defect microstructure. In the temperature range
from 350 to 600 °C, a gradual recovery of strain is observed. This is believed to result
from the annealing of small defect clusters and the growth of voids. The voids are
visible at annealing temperatures in excess of 600 °C, consistent with an excess
vacancy concentration in the irradiated alloy layer. The 600 to 750 °C range is marked
by pronounced maximal recovery of strain, and is correlated with the dissolution of
faulted loops in the substrate. At temperatures in the range 750-1000 °C, strain
relaxation is observed and is correlated with the growth of intrinsic dislocations within
the alloy layer. These dislocations nucleate at the alloy-substrate interface and grow
within the alloy layer, towards the surface.

INTRODUCTION

In recent years, attention has focused on
the effect of ion-irradiation on strain levels in
GeSi/Si strained layer heterostructures. Both
room temperature1-4 and elevated
temperature5*8 ion irradiation have been
shown to modify strain levels in GeSi. Room
temperature irradiation results in increased
strain with fluence as does low energy
elevated temperature irradiation; both results
are well-modelled by assuming that the strain
distribution reflects the ion damage profile3-4.
However, the behaviour of strained layers
during high energy elevated temperature
irradiation is more complicated. During
elevated temperature irradiation, relaxation
of perpendicular lattice strain (£j_) will result
if the irradiating ion projected range (Rp)
exceeds the depth of the substrate-epilayer
interface4-8. Observation of extended defect
complexes in the vicinity of the strained
substrate-epilayer interface at elevated
temperature5"7 suggests the interface causes
preferential agglomeration of point defects,
and that these defects result in the formation
of strain-relieving extended defect complexes
at, and/or near the interface. However, a

comprehensive picture of the mechanism and
of the evolution of the defect microstructure
during subsequent thermal annealing is as yet
unavailable. The purpose of this study is to
shed some light on these processes.

Experimental

Strained GexSii-x layers of thickness 145
± 3 nm were grown on Si (001) substrates
using molecular beam epitaxy (MBE). Layers
had a Ge content of x = 0.072 ± 0.003, and
were grown at temperatures in the range 550
- 750 °C. Layers were capped with 5 nm
(nominal) of Si to prevent oxidation. The
equilibrium critical thickness9 for this
composition range was calculated to be ~56
nm, suggesting that both layers are
metastable as grown. Samples were irradiated
at 253 °C with 1 MeV 28Si+ ions (Rp ~ 1.3
(im). Ion fluences were in the range 6xlO15 to
lxlO17 Si+/cm2, while the ion flux was in the
range 1.0 - 5.8 \iAJcm2. Samples were tilted
7° with respect to the surface normal during
irradiation to minimise channelling effects,
and the base pressure in the implant chamber
was always < 5xl0"7 Torr during irradiation.
Subsequent isochronal annealing, at



temperatures in the range 400-1000 °C, was
performed in a quartz-tube furnace with a
flowing Ar ambient. As-irradiated and
annealed samples were analysed by
Rutherford backscattering spectroscopy and
channelling (RBS-C) (2 MeV He+, es=106°),
double crystal x-ray diffraction (DCXRD)
(40 kV CuKoc x-rays, using the (004)
reflection in the 0-29 scattering geometry)
and by transmission electron microscopy
(TEM) (using a Philips EM430 operating at
300 kV and a Philips CM 12 operating at 120
kV). Plan-view TEM (PV-TEM) specimens
were prepared using standard chemical
etching techniques while cross-sectional (X-
TEM) specimens were prepared by
mechanical thinning and ion milling (using 4
kVAr).

RESULTS AND DISCUSSION

It has previously been shown7 that the
irradiation conditions employed in this study
cause strain relief: the perpendicular lattice
strain decreases with increasing ion fluence.
Where strain relief is significant, (A£JL>10%),
a direct backscattering peak is evident in
RBS-C spectra at a depth that corresponds
approximately to the alloy-substrate
interface. The defects giving rise to this peak
are also evident in X-TEM images, while
little other damage is immediately obvious
within the alloy layer. Closer examination of
the alloy layer itself reveals a population of
small faulted loops, concentrated about the
centre of the alloy and, under some
tilt/diffraction conditions, a small population
of linear defect structures is also visible
within the alloy layer. High resolution TEM
(HR-TEM) reveals that the linear defects lie
on {113} habit planes and exhibit behaviour
which is consistent with that of the {113}
rod-like defects (RLDs). Faulted loops are
also visible in the underlying substrate. These
are noticeably larger than defects in the alloy
layer and differ from those in interface
region, enabling ready discrimination during
analysis of plan-view specimens.

PV-TEM micrographs show that the
defects at the interface are irregular in shape
and loop-like in character; some appear as
isolated defects while others clearly interact.
Detailed analysis shows that the defects have
some segments with a/2<110> Burgers
vectors, inclined to the interface plane, while
segments resulting from interactions are of

edge character, having Burgers vectors of
b=a/2<110> lying in the interface plane.
Loops with a/2<110> Burgers vectors can
effect strain relief; however without
knowledge of the extrinsic/intrinsic nature of
the defects, or knowledge of their precise
location with respect to the alloy-substrate
interface, it can only be speculated that they
are responsible for the observed relaxation
effect. The small size of the defects, and the
high density of defects in the region, make
this determination a non-trivial task.

100

200 400 600 800
Anneal Temperature (°C)

1000

Figure 1: Perpendicular strain as a function of
annealing temperature for samples irradiated with 1.0
MeV 28Si+ at 253°C. Fluence is indicated in units of
1016 Si/cm2.

Figure 1 shows the effect of subsequent
annealing on the £j. of an as-grown and ion-
irradiated layers. Samples were annealed at
temperatures between 350 and 1000 °C.
Although the as-grown material is largely
unaffected by thermal treatment to 1000 °C,
the behaviour of the ion-irradiated layers is
quite complicated. It is best described in 3
stages: 1) a gradual 8x recovery stage, for
temperatures up to 600 °C; 2) a pronounced
recovery stage from 600 to 750 °C, over
which maximal recovery of as-grown ex
levels is observed; and 3) a final relaxation
stage between 750 and 1000 °C, where the
irradiated layers are seen to relax to varying
degrees. To gain insight into the strain
behaviour during these stages, the material
was examined by TEM. Figure 2 shows PV-
and X-TEM micrographs of samples
irradiated to 3xl016 Si /cm2 and annealed to
these various stages.

X-TEM analysis of irradiated samples
annealed at 450 and 600 °C shown in figure
2a, revealed a microstructure similar to the



as-irradiated samples, although in this case,
under similar imaging conditions, the fault
contrast of the substrate loops is not as
obvious. In contrast, the microstructure of
irradiated samples annealed to 750 °C, shown
in figure 2b, differs significantly. The faulted
loops previously visible on the substrate side
of the alloy-substrate interface have
disappeared, and the loop-like defects seen
previously in the vicinity of the alloy-
substrate interface have begun to grow and
expand towards the epilayer-cap interface;
and while {113} RLDs are still visible, a
through-focus HRTEM micrograph set
reveals small voids (-4 nm in diameter)
distributed through the alloy layer and in the
substrate. Voids are not unexpected as Monte
Carlo simulation10 predicts a vacancy excess
from the surface to a depth of -1.2 Jim, and
void formation is energetically favoured over
vacancy loop formation11. X-TEM analysis
of the irradiated material annealed to 900 °C
(figure 2c) reveals that the interface defects
now extend from the region of the alloy-
substrate interface to the alloy-cap interface;
they do not extend into the Si cap material.
Faceted voids (5-6 nm in diameter) are
present from the surface down to a depth of ~
30 nm, with a lower density of larger voids
(also faceted but 9-10 nm in diameter)
appearing in the substrate material below the
alloy-substrate interface; the material in the
immediate vicinity of the loop-like defects
appears void-deficient.

Detailed PV-TEM analysis (see figure
2d) of the alloy layer microstructure shows
that the loop-like defects are no longer
irregular in shape but consist of straight
perfect dislocation segments which lie in the
alloy-substrate and alloy-cap interfaces, and
dissociated partial dislocation segments that
join un-dissociated segments. The defects are
found to have {111} habit planes and
Burgers vectors of a/2<110> type (mixed
character) or {100} habit planes (normal to
the alloy-substrate interface) and a/2<110>
Burgers vectors (edge character). Both types
of loop-like defects were determined12 to be
intrinsic in nature (ie-of vacancy-type; their
intrinsic nature suggests that those formed
during ion irradiation are also vacancy-type.

It appears then that the strain behaviour
in the first annealing stage (up to 600 °C) is
related to the annealing of small defect
clusters in the irradiated structure and/or the
growth of voids, which on average, do not

Figure 2: Weak-beam dark-field TEM micrographs of
samples irradiated to 3xlO16 Si/cm2 at 253 °C after
annealing: a) at 450 and 600 °C, b) at 450, 600 and
750 °C, and at 450, 600, 750, and 900 °C in c) and d).
Figs a-c) are X-TEM images and d) is imaged in plan-
view. Diffraction vectors are displayed in the figures
and arrows indicate the surface and epilayer-substrate
interface.

contribute significantly to the change in £j..
The pronounced recovery of as-grown strain
within the layer during stage 2 (600-750 °C)
has been correlated with the disappearance of
the faulted loops below the alloy-substrate
interface and the growth of voids in the
irradiated material. As these loops are likely
to be extrinsic in nature, their presence near
the alloy-substrate interface would result in
local swelling of the lattice, and the
disappearance of such defects would be seen
as a recovery of ex. In stage 3, the alloy
layers relax, and it appears that this results
from the growth of interface loops with a
possible contribution from the dissolution of
{113} RLDs in the substrate close to the
alloy-substrate interface. The extension of
edge segments and edge components of the
intrinsic loops in the interface plane during



annealing could in principle be responsible
for the relaxation, while the reduced void
density in the vicinity of these loops suggests
that their presence promotes the extension of
the loops towards the surface. It seems likely
that the observed relaxation is a result of the
presence of both voids and loops; detailed
discussion and a proposed mechanism will be
published elsewhere13.

CONCLUSIONS

In conclusion, irradiation of the strained
alloy layers at 253 °C with 1 MeV 28Si+ ions
(Rp - 1 . 3 |xm) results in relaxation of Ex, as
observed by DCXRD. The relaxation
behaviour appears to result from a complex
interplay between defects in the alloy layer,
in the vicinity of the alloy-substrate interface,
and the substrate material itself. Three
distinct strain-modifying annealing stages
have been identified and correlated with
defect evolution of the ion-irradiated
structure: 1) gradual strain recovery for
temperatures up to 600 °C, believed to be
correlated with annealing of small defect
clusters and growth of voids; 2) pronounced
strain recovery for temperatures between 600
and 750 °C which coincides with the
dissolution of faulted loops below the alloy-
substrate interface; and 3) relaxation of strain
for temperatures exceeding 750 °C, which is
correlated with the growth of intrinsic
dislocation structures within the alloy layer.
The intrinsic loops have interfacial segments
in the alloy-substrate and alloy-cap interfaces
with a/2<110> Burgers vectors, which are
joined together by dissociated partial
dislocations.
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Abstract

A series of macroparticle-free TiN, TiCN and TiC coatings were deposited on 316 austenitic
stainless steel using a titanium target in a filtered arc deposition system and reactive mixtures of
CEU and N2 gases. The microhardness of the coatings were measured by using an Ultra-
Microhardness Indentation System (UMIS-2000). The wear and friction of the coatings were
assessed under controlled test conditions in a pin-on-disc tribometer.

The results show a significant increase in microhardness and wear resistance as the CH4 :N2 gas
flow rate ratio is increased. At lower load(14N), all coatings exhibited low friction and wear. At
higher load(25N), the higher carbon content TiCN and TiC coatings showed a much lower
friction and wear compared to TiN and low carbon TiCN. The topographical examination of
coatings and worn surfaces established that the self-lubricating effect of the carbonaceous
particles condensed from the plasma during the deposition was primarily responsible for the
low friction and wear regime.

1. Introduction

Titanium nitride (TiN) thin films deposited by different PVD technologies are now widely
accepted in arrange of industrial applications where high wear resistance and good adhesion to
the substrate are critical [1,2]. However, there are mounting evidences that other transition metal
nitrides and/or carbides may provide superior performance for some applications, such as
cutting tool for interrupted cutting. Titanium carbonitride (TiCN), for instance, is known to
perform better than TiN for interrupted cutting [3]. Although TiCN can be reactively deposited
by a number of PVD techniques, it is believed that the best results, in terms of adhesion and
coating microstructure, can be obtained by arc evaporation technique[4,5]. The high ionisation
rate and high ion energy inherent in arc evaporation provide a wide window of operating
parameters for obtaining the desired stoichiometry in the coating( i.e. C to N ratio) and excellent
adhesion. Unfortunately, the presence of macroparticles in arc evaporated films, results in
rough surfaces which seriously impair the applicability of these coatings for some applications.
We have used a filtered arc source to eliminate the macroparticles and have succeeded in
depositing smooth TiCN coatings with different carbon to nitrogen ratio. In this paper the
results of tribological testing conducted on these coatings will be reported.

2. Experimental procedures

Austenitic stainless steel (AISI 316) discs (45mm in diameter and 4mm thick) were ground and
polished to lum finish. The specimens were subsequently degreased and cleaned using Decon
Neutracon detergent and distilled water in an ultrasonic bath. The coatings were deposited using
the filtered arc deposition system (FADS). The coating chamber was pumped down to a base
pressure less than 5xl0"5Torr. Prior to coating, the specimens were indirectly heated to
approximately 400-450°C by a resistive heater whilst the temperature was monitored by a
thermocouple. The specimens were initially sputter cleaned for one and half minutes with the
titanium ion beam using a substrate bias voltage of -500V. To initiate the deposition the bias
voltage was reduced to -100V, and the specimens were coated with Ti for one minute before the
reactive gases were introduced into the chamber via mass flow controllers. The deposition
pressure was monitored by a capacitance manometer, and maintained at 2 mTorr for all
depositions.



The microhardness of the coatings were measured by using an Ultra-Microhardness Indentation
System (UMIS-2000) at loads of 20,30 and 50 mN. Wear testing was performed using a pin-
on-disc tribometer, a ruby ball (6mm in diameter) served as the pin. Loads of 14N and 25N
were applied parallel to the axis of rotation of the disc. A fixed linear velocity of 0.3m/s was
used and samples were tested for 800 turns under dry sliding condition at ambient temperature
and humidity. The wear track profiles were measured by an Alpha-step 200 profilometer.

3. Results

Table 1 lists the microhardness of the TiCN coatings obtained by the UMIS. The results show
an increase in hardness with increasing carbon content in the coatings, going from pure TiN to
pure TiC. Similar results have been reported by Randhawa on the cathodic arc plasma deposited
films[5]

Table 1. The microhardness of the coatings as a function of CH4/N2 mass flow rate ratio.
Coatings

(C:N Ratio)
Hardness

(Hv)

TiN

2595

TiCN
(0.1:1)
2628

TiCN
(0.15:1)

2661

TiCN
(0.3:1)
2835

TiCN
(0.5:1)
2878

TiCN
(0.8:1)
2884

TiCN
(1:1)
2892

TiC

2970

Figs. 1.(a) and (b) show the coefficient of friction (|X) of the coatings at 14 and 25N loads,
respectively. At lower load, all the coatings irrespective of their carbon content, exhibited low
friction coefficient (p.=0.015-0.020). At higher load (25N), the value of the coefficient of
friction decreased as the carbon content increased from TiN to TiC. It should be pointed out
that uncoated stainless steel substrate exhibited a coefficient of friction of 0.14 , tested under
similar condition.
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Fig. 1. The variation in coefficient of friction for TiCN coatings at load: a)14N; b) 25N.

Figs.2 (a) and (b) show the cross-sectional areas of the wear tracks plotted for the coatings
with different carbon content at 14N and 25N, respectively. At low load (14N), all the coatings
experienced low and almost comparable wear. However, when the load was increased to 25N,
the wear resistance was significantly influenced by the C and N ratio in the coating. The best
performance was displayed by TiC, and the highest wear rate amongst all coatings was
recorded for the TiN coatings. In other words, the higher the carbon content the better the
wear resistance.

4. Discussion

The low friction/wear of TiCN coatings compared to TiN can be partly explained by the higher
hardness of these coatings. The addition of carbon to TiN increases the amount of covalency in
the coating and results in higher hardness[6]. The higher hardness, in turn, reduces the extent
of plastic deformation at the asperities during sliding contact and therefore reduces the
contribution of ploughing force to the overall friction force. However, reduction in friction



obtained in this work is far greater than that attributed to this effect. Topographical examination
of the coating and worn surfaces indicated that some carbonaceous particles(probably
amorphous carbon) were deposited on the surface. It is not inconceivable that titanium ions in
FADS are energetic enough to dissociate methane molecule and the released carbon can be
condensed on the surface. The low friction of carbon and the fact that smeared particles reduce
the likelihood of adhesive wear, may have resulted in low friction coefficient. Also, as
indicated earlier, the addition of C to TiN increases the amount of covalently bonded species on
the surface which also reduces the tendency for adhesion. This reduced tendency would also
reduce the overall friction force.
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Fig.2. The results of the cross-sectional area of the wear tracks for the TiCN coatings at two
loads: a) 14N; b) 25N.

4. Conclusions

The following conclusions are derived from this study:

• All the TiCN coatings, irrespective of the actual concentration of carbon, displayed a higher
microhardness values than TiN coating. The highest hardness was achieved for the TiC
coating. The more the carbon content on the coating, the higher the hardness.

• All coatings displayed excellent tribological properties(i.e. low friction and low wear) at low
load. At high load, the friction and wear of TiCN coatings were superior to those of TiN.
Generally speaking, the higher carbon content in the coating, the lower the friction and wear.
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Abstract

Measurement of low levels of damage in ion implanted semiconductors is of
technological interest. Though deep level transient spectroscopy (DLTS) is a sensitive
technique for measuring low levels of damage, it cannot be used to profile damage in the
near surface region due to zero band depletion of the diode. We have measured the depth
distribution of damage in 400 keV Ge implanted (100) GaAs, using a sensitive optical
technique and compared it with more conventional methods such as Rutherford
Backscattering- Channeling (RBS-C). The optical technique is based on differential
reflectance (DR), a form of modulation spectroscopy. The sensitivity of this technique
allowed us to measure damage profiles over a large range of ion doses. The DR results
compare favourably with TRIM calculations and show interesting correlation with
Germanium profile measured by Secondary Ion Mass Spectrometry (SIMS).
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SCANNING ION MICRO-BEAM TECHNIQUES FOR MEASURING DIFFUSION IN
HETEROGENEOUS MATERIALS

P.M.Jenneson and A.S.Clough
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A raster scanning MeV micro-beam of 'H+ or 3He+ ions was used to study the diffusion of
small molecules in heterogeneous materials. The location of elemental contaminants (heavier
than Lithium) in polymer insulated cables was studied with *H micro-Particle Induced X-ray
Emission (jxPIXE). Concentration profiles of a deuterated molecule in a hair fibre were
determined with 3He micro-Nuclear Reaction Analysis (jxNRA). Chlorine and heavy water
(D2O) diffusion into cement pastes were profiled using a combination of 3He p,PIXE and
uNRA.

The Ion Beam Analysis laboratory at the University of Surrey consists of a 2 MeV Van de
Graaff Accelerator capable of producing 'H"1", 3He+ or 4He+ ions with energies between 0.7 to
2 MeV. The facility has three main analysis lines, a channeling/RBS line, an energy loss
NRA line, and a scanning micro-beam line. The scanning micro-beam line is shown
schematically in figure 1 and the arrangement is described.

Momentum Selecting Magnet
Aperture

Si(Li) X-ray detector

Focusing Magnets

Storing Plater

Energy Feedback Slits

Liquid N2 coM finger

/

Transputer Controlled

Raster Scanning Plates
Proton detector

Translatable Target stage

Fig.l Schematic of the scanning micro-beam line at the University of Surrey, the main
components of the line are shown, as is a simplified version of the analysis chamber.

A homogeneous section of the beam is selected by a set of circular apertures of diameters
ranging from lmm to 25|im. The beam is raster scanned by software and hardware,
controlling X-Y electric fields, developed by the Electronic and Electrical Engineering
Department at the University of Surrey[l]. This allows the scan position to be correlated to
any detected signal. The controlling software allows the scan size, at the sample, to be varied
between lOOxlOOpm to 2x2mm. The beam then passes through a set of Russian Quadruplet
focusing magnets, which reduce the beam spot size by a factor of five at the focus in the
analysis chamber. The micro-beam analysis chamber consists of a translatable, liquid nitrogen
cooled, sample stage. There are two thick silicon surface barrier proton detectors, positioned
symmetrically about the beam, and an ATW Si(Li) X-ray detector, all positioned at backward
angles of 145°.

U.PIXE analysis was conducted in the following manner. An X-ray detector was used in
conjunction with the raster scanning software to correlate beam position information with
detector output. A JH ion beam is commonly used for PIXE, although a 3He beam can also be
used but with a much reduced X-ray yield. Energy ranges from the total spectrum can be
selected by the software and counts mapped as a function of position. This allows specific
elemental peaks to be spatially correlated and hence two-dimensional maps can be obtained.



By using a reference standard of known concentration and using suitable software, such as
PIXAN[2], absolute concentration maps can be obtained.

uPIXE has been used to determine the concentration of elemental intrusions in polymer
insulated high voltage cables, field aged in an aggressive environment. A NIST standard
(bituminous coal) was used to construct areal absolute concentration maps of elements such as
the sulphur map shown in figure 2.

(iNRA uses signals from two proton detectors which are summed passively (after gain
matching). Different energy ranges from the spectrum can be mapped versus position,
similarly to fxPIXE. The most common type of NRA used at the University of Surrey is,

3He + 2H -> 5Li* -» 4He Q, Q=18.4MeV

3He ions in the beam collide with 2H nuclei and create unstable 5Li* nuclei. The products of
the decay of the 5Li* nucleus are *H and 4He. As the reaction is exothermic a 2 MeV 3He ion
beam will produce JH and 4He particles having energies distributed around 12 MeV and 1.6
MeV respectively. Thus the 4He signal is often masked by the Rutherford backscatters,
however the proton signal is completely unambiguous. If the deuterated substance is
dispersed in a matrix containing carbon, the protons detected from the 12C(3He,p)14N (which
have an energy distributed around 5.2 MeV for a 2 MeV beam of 3He ions), can be used to
calculate a ratio of the proton counts from the carbon reaction versus the deuterium reaction.
Thus normalisation to the constant concentration of matrix carbon allows the relative amount
of deuterium present in different samples of the same material to be quantified.

|j,NRA was used to determine the concentration profiles of a deuterated molecular species in
hair fibres[3]. The molecule to be located was synthesised replacing some of the hydrogen
atoms with deuterium. The hair fibre was exposed to a solution containing the deuterated
molecule. The hair fibre was then sectioned radially and exposed to a 2 MeV beam of 3He
ions. Hair fibres with different histories were analysed, as well as a hair fibre which had not
been exposed to the deuterated species, to provide background deuterium levels. The carbon
normalisation method was used to compare the deuterium concentration in each of the hair
fibres. A typical deuterium concentration map for a perm damaged hair fibre is shown in
figure 3.

Boundary of hair

Concentration
High

Low

Fig.3 Areal map of the relative deuterium
concentration in a cross section of a
damaged hair fibre after exposure to a
deuterated species.

200 -400
microns

Fig.2 The absolute areal concentration
map of a sulphur intrusion into high
voltage cable polymer insulation. The grey
scale represents the parts per million
concentration of sulphur.



JJPDCE and u,NRA are complementary in many diffusion processes of importance. For
example if the diffusant is (heavy) water containing trace elements fiNRA can be used for
water detection (sensitivity level of order l:104), whilst fiPIXE can be used for the trace
elements (sensitivity level of order l:105).

The combination of jxPIXE and |LLNRA were used to study the diffusion of aqueous chlorine
into cement paste blends[4]. Cores of cement paste blends were exposed to a solution 0.5%
NaCl in heavy water (D2O). The cores were then sectioned to negate edge effects. uPIXE
was used to determine the chlorine profile. jxNRA was used to profile the deuterium oxide.
Profiles were obtained from the two-dimensional maps by summing the counts vertically to
construct a horizontal distance versus counts plot. The diffusion profiles were then fitted to a
semi-infinite model of Fickian diffusion which yield diffusion coefficients for both the
chlorine and deuterium oxide. The graph of the experimental data for ordinary Portland
cement and the fitted diffusion profiles is shown in figure 4.

1 2 3 4 5 6 7 8 9
Distance (mm)

Fig.4 Chlorine ( • ) and D2O (A) diffusion profiles in ordinary Portland cement for an
exposure time of 14 days. The dot-dashed line shows a Fickian fit to the chlorine data and the
dashed line is the fit for the D2O,both yield a diffusion coefficient of (2±0.2)xl0"11m2s1.

The applications of the techniques are only some of those undertaken using a combination of
scanning ^iPIXE and jiNRA. The following projects are in progress and illustrate the variety
of materials which can be analysed; diffusion of water and drugs into drug release polymers;
diffusion of cosmetics into skin; diffusion of sewage into wood; the segregation of surfactants
in latex films.
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[2] E.Clayton, PIXAN.The Lucas Heights PIXE analysis computer package (Australian
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Instruments and Methods in Physics Research B (1997).
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Abstract

Microstructure of alumina and silicon
nitride after metal ion implantation has been
studied. A metal vapour vacuum arc
(MEWA) ion source was employed to
implant Ti ions into alumina with 7.6X101

and 3.1xlO17 ions/cm2 at 40W. Ti ions were
also implanted into silicon nitride at a dose of
4xlO17 ions/cm2 at 70W. The characterisation
of ion implanted ceramics by Rutherford
Backscattering Spectrometry (RBS) and
cross-sectional transmission electron
microscopy (XTEM) showed low dose Ti
implantation into alumina resulted in a highly
defective surface layer. At higher dose, T1O2
precipitates in an amorphous matrix were
detected. In contrast, Ti implantation into
silicon nitride produced a layered structure.
The upper most layer consisted of extremely
fine TiN particles in an amorphous matrix.
Underneath this layer, an amorphous layer
was formed.

Introduction

Implantation of ceramics is much more
complex and less studied than in
semiconductors or metals. The defects
produced by bombarding ions are strongly
associated with local electrical charge
neutrality, the local stoichiometry and the
nature of chemical bonding. Whilst, the
microstructure is considerably sensitive to the
chemical and electrical nature of impurities, in
addition to the parameters of implantationfl].

Alumina and silicon nitride are
respectively ionically and covalently bonded
ceramics used in engineering applications. In
the case of alumina, no amorphization
occurred in single crystal substrates even
though substantial disorder had occurred after
implantation of Ti to a dosage of 3 x 101

ions/cm2 and energy of 150 keV[2] . This
indicates that doses above about 1 x 1017

ions/cm would lead to a softening of
polycrystalline alumina due to amorphization.
According to the previous investigations[3-5],
it was found that the covalently bonded
ceramics were more easily amorphized by ion
implantation than ionic bonded ceramics [6].

Clearly, defects introduced by ion
implantation can result in different
microstructural modifications to the substrate.
Therefore, it is desirable to characterise such
changes in ion implanted ceramics in order to
understand the mechanism of surface
modification resulting from ion bombardment.
In the present study, the microstructure of two
ceramic materials (i.e. AI2O3 and Si3N4),
implanted with metal ions, have been
characterised by cross-sectional transmission
electron microscopy (XTEM) and Rutherford
backscattering spectrometry (RBS).

Experiments

The ceramic substrates used for metal
ion implantation were commercially available
high purity alumina (OC-AI2O3) and
pressureless sintered silicon nitride (Si3N4). A
polished surface sample was obtained by
grinding and polishing to a 1 (im diamond
finish. A metal vapour vacuum arc (MEWA)
ion source[7] was used for the implantations.
Ti ion implantation on A12O3 was carried out
at an extraction voltage of 40kV and doses of
7.6xlO16 ions/cm2 and 3.1xlO17 ions/cm2 .
Similarly, the polished Si3N4 surface was
implanted with Ti to a fluence of 4x10
ions/cm2 at 70W.
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Characterisation of the implanted
surfaces was performed using RBS and
XTEM. Thin TEM specimens were prepared
by ion beam milling and then examined with a
transmission electron microscope (JEOL
2000) at 200W.



Results

The concentration of implanted Ti
retained in A12O3, derived from RBS spectra,
was 14at.% for ion fluence at 7.6x10 ions/
cm2 and 50at% for 3.1xl017 ions/cm2. The
peak concentration of Ti was shifted closer to
the surface as the implantation dose increased.
Similarly, the Ti concentration was 37at% for
Si3N4 at 4xlO17 ions/cm2. A typical TEM
micrograph of AI2O3 implanted with Ti ions at
40 keV and 7.6xlOx ions/ cm2 showed an
obvious implantation layer in the width of
about lOOnm (Fig.la). Corresponding nano
beam electron diffraction (NBED) patterns of
Ti implantation layer and A12O3 matrix are
given as inserts in Fig.la. The pattern from
the Ti implantation layer was identified as the

structure of a- AI2O3 in the direction of
[T2Tl], which is consistent with the AI2O3

Fig.l TEM micrographs of A12O3 implanted
with 40keV Ti ions (a) dose at 7.6x10 ions/
cm2 showing implanted layer with NBED
patterns, (b) dose at 3.1xlO17 ions/cm2

showing two distinct sublayers, I and II, with
NBED patterns

substrate. It indicates that the implantation
layer was fully monocrystalline. In contrast,
an implantation layer of AI2O3 implanted with
Ti ions at 3.1xl017 ions/cm basically
consisted of two sublayers, i.e. outer region
(I) and inner region (II), as shown in Fig.lb.
The sublayer I was approximately 90 nm thick
while sublayer II, adjacent to the alumina,
was -70 nm thick with a high concentration of
the defects. The inserted NBED pattern from
the sublayer I showed crystal diffraction
spots which formed a near crystal ring
pattern. It indicates that sublayer I was no
longer monocrystalline and consisted
predominantly of numerous fine precipitates,
determined as to be TiO2 since the indexed
diffraction pattern was consistent with the
structure of TiC>2. Sublayer II had similar
features to the implanted layer produced at the
low Ti dosage. The NBED pattern from this
region was clearly consistent with that from

the CC-AI2O3 matrix in the direction of [2201 ].
Sublayer II remains fully monocrystalline
despite the high concentration of the defects
that was formed in this region. It is likely that
the high density of defects promotes the
growth of precipitates[8].

Analogously, TEM micrograph of
S i 3 N 4 implanted with Ti ions at
4xl0 1 7 ions/cm 2 is shown in Fig.2. The
implantation layer was about 280nm thick and
had two distinct sublayers designated I and H
NBED pattern from Si3N4 was determined as

(3-Si3N4 in the direction of [1101 •]. Whilst, the
pattern from sublayer I snowed diffraction
spots due to the fine precipitation of TiN

Fig.2 TEM micrograph of Si3N4 implanted
with 70keV Ti ions at 4xl01 7 ions/cm2

showing two distinct sublayers, I and II, with
corresponding NBED patterns



superimposed on a diffuse ring pattern
originating from an amorphous matrix.
Sublayer II was a fully amorphous band as
verified by the sole presence of diffuse rings.
Therefore, the implantation layer had an
amorphous region and a mixed region of
amorphous and polycrystalline.

Discussion

The experimental results indicate that
localised amorphization was caused by Ti ion
implantation. A model which explains
structural changes by ion implantation is
based on the accumulation of defects [9].
During ion implantation, an incident ion
collides with target atoms which in turn cause
more displacements. Numerous collisions of
this type produce a collision cascade resulting
in the formation of an extensive network of
defects, such as vacancies, interstitials and
impurities. These defects will be accumulated
and rearranged into metastable configurations
as the ion fluence is increased. Consequently,
the long range order of the crystal lattice is
destroyed and an amorphous state is produced
as a critical defect concentration may be
reached[6]. The microstructure of implanted
materials depends upon the damage left after
dynamic recovery processes annihilate most
of the defects produced in the collision
cascade. The depth of amorphization will be
associated with ion incident flux and incident
energy [7]. Titanium has high affinity for
oxygen and preferentially reacts with it to
form titanium oxide when AI2O3 is implanted
with Ti ions. The covalently bonded ceramics
appear more easily to be amorphized than
ionic bonded ceramics because the covalent
bonds are more difficult to recover than ionic
bonds. Si3N4 implanted with Ti ions showed
the obvious amorphous band. The formation
of new compounds in sublayer I, i.e. outer
region of the implantation layer, indicates
precipitation from the amorphous layer when
high concentrations of metal ions are
implanted.

distinct regions. The one closest to the surface
was predominantly polycrystalline and
contained precipitates of T1O2. In contrast, the
layer adjacent to the substrate remained
monocrystalline and corresponded to a- A12O3
with a high concentration of defects. Ti
implantation of Si3N4 also resulted in a
modified region comprising two layers. The
uppermost layer consisted of a mixture of
polycrystalline and amorphous material with
a. completely amorphous layer underneath. It
is likely that metallic nitride, such as TiN, was
formed in the the layer closest to the surface.
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Conclusion

The implantation of A12O3 with Ti ions
to a dose of 7.6xlO16 ions/cm2 resulted in a
modified layer which was monocrystalline.
Implantation at the higher dose of 3.1xlO17

ions/cm2, produced a modified layer with two
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IMPLANTATION-INDUCED SURFACE AND STRUCTURAL MODIFICATION OF
SILICA
CM. Johnson, M.C. Ridgway, T.D. Thompson, Department of Electronic Materials
Engineering, RSPhysSE, Institute of Advanced Studies, Australian National University,
Canberra, Australia, 0200.

Ion irradiation of silica results in compaction of the substrate over the extent of the ion
range where the resulting increase in refractive index has applications to optical waveguide
fabrication. For the present report, several non-conventional analytical techniques have been
utilised to characterise the surface and structural modifications of silica resulting from ion
implantation with the aim of yielding further insight into this technologically-relevant process.
Substrates of both fused silica and PECVD-grown silica-on-Si were implanted with Si ions at an
energy of 5 MeV and a temperature of -196°C over a range of ion doses. Compaction of the
substrate was charcterised as a function of ion dose with both standard profilometry and
extended x-ray absorption fine structure (EXAFS). With the former, saturation of the
compaction at an ion dose of lei5 /cm2 was observed. With the latter, complementary
information on implantation-induced changes at the atomic scale were determined, specifically,
EXAFS was used to differentiate the influences of bond length and bond angle changes in the
compaction process. Furthermore, a novel in-situ photographic technique has been developed to
record the state of the substrate surface, at a temperature of -196°C and under vacuum
conditions, during ion implantation. Cracking of the surface, as a means of stress relief, was
observed at doses less than that required for saturation of the compaction. Crack formation was
studied as a function of both ion dose and energy, the latter to differentiate the influences of
electronic and nuclear stopping processes. Thereafter, the evolution of the cracked surface was
characterised as a function of temperature, pressure and ambient.
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MULTIPLE SCATTERING PROBLEMS IN
HEAVY ION ELASTIC RECOIL DETECTION ANALYSIS
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Department of Applied Physics, Royal Melbourne Institute of Technology, GPO Box 2476V,
Melbourne, Australia;
D.D. Cohen, N. Dytlewski and R. Siegele,
Australian Nuclear Science and Technology Organisation, PMB 1, Menai, Australia

A number of groups use Heavy Ion Elastic Recoil Detection Analysis (HERD A) to study
materials science problems. Nevertheless, there is no standard methodology for the analysis of
HEERDA spectra. To overcome this deficiency we have been establishing codes for 2-
dimensional data analysis. A major problem involves the effects of multiple and plural
scattering which are very significant, even for quite thin (~100 nm) layers of the very heavy
elements. To examine the effects of multiple scattering we have made comparisons between
the small-angle model of Sigmund et al.1'2 and TRIM3 calculations.

1. Introduction
HERD A with its exceptional and unambiguous multi-elemental depth profiling capabilities is a
powerful analysis tool using heavy ion tandem accelerators or cyclotrons with two basic
detector types (i) Time of Flight and Energy (ToF-E) telescopes which are mass resolving and
(ii) Energy Loss and Energy (AE-E) telescopes which are nuclear charge resolving. The
important capability of the HDERDA method is the quantitative elemental depth profiling of
thin films and the near-surface region of solids. The accuracy of the elemental depth profiles is
dependent on the understanding of the underlying physical processes governing ion-matter
interactions and more importantly their adequate modelling.

The main physical considerations in ion-matter interactions are the scattering process, energy
loss, energy loss straggling, multiple and large angle plural scattering. In the case of light ions,
these are in the main well understood. But for heavy ion-matter interactions where energy loss
straggling and large angle plural scattering are more acute, there is no reliable and satisfactory
understanding and modelling. This is a major limitation when dealing with heavy ion IBA. In
this paper issues regarding multiple scattering in simulation of HERD A data are examined.

2. Theory
This paper considers the application of multiple scattering slab analysis of BDERDA. Davies et
al. have indicated in the Ion Beam Handbook4 that they believe that Multiple scattering can
only be adequately considered through Monte-Carlo simulation using TRIM3. We are reluctant
to abandon slab analysis as Monte-Carlo is expensive in computer time for routine use
although it has been used for some simulations, e.g. Biersack et al.5. Tadic et al.6 have
examined a similar set of problems for RBS of heavy ions. They used the small angle multiple
scattering models of Sigmund and Winterbon1 and Marwick and Sigmund2.

TRIM has been used to model transmission of ions through thin films of Au using typical
ion/target combinations. The results of this modelling are compared with the model of
Sigmund and Winterbon1 and examined to find ways in which the simulation might proceed.
Sigmund and Winterbon have tabulated angular distributions fiyu^a) as functions of
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- a where a is the total deflection angle

0 ***>

reduced variables x = Tea Nx and a =

and a is the screening radius. The screening radius has been estimated using Meyer's formula7.
These distributions are projected onto the scattering plane for application to HEBRDA as small
angular deviations perpendicular to the scattering plane contribute little to the angles involved.

Marwick and Sigmund2 have considered the lateral spread of the beam. This lateral spread is
particularly important in the case of conventional HEERDA in the glancing mode as the lateral
spread of the beam has a strong effect on the path length the ion must traverse in passing
through the layer (Fig. 1).

127i

a

xcosft

Figure 1. Diagram showing the effect of multiple scattering, showing the angular deflection a

and the variation of path length (Al_, A1+) of incident ions through a layer of thickness xcosSj.

3. Results
Figure 2 shows a comparison of the angular deviation of transmitted 60 MeV 127I ions through
layers of Au of thicknesses 13 lcosGi nm as a function of incident angle (9i) simulated by TRIM
with 106 ion trajectories so that the undeviated path length is the same for each simulation. The
curves mostly overlap, with differences when the ion trajectories approach the normal or
parallel to the layer boundaries. Changing the angle of incidence has little effect on the
distribution. The angular deviation for an incident ion beam at 67.5° has been compared with
the distribution from the model of Sigmund and Winterbon and they agree well.

1000000 T

10000 --00

o

100 -•

••••••*
• . • • • ! • • •
• • • • •

\
'*AA

-40 40-20 0 20
Angular Deviation (degrees)

Figure 2. Angular distribution of transmitted 60 MeV 127I ions through Au of thicknesses 131
cos0; nm as a function of incident angle (9;) at 7° (A), 45° ( • ) and 75° ( • ) simulated by TRIM.



Fig. 3 shows the mean energy of transmitted 60 MeV 127I ions through Au of thicknesses of
131 cosG; nm as a function of incident angle (0i) simulated by TRIM. At large incident ion
angles, the energy distribution becomes very asymmetric which can be partly ascribed to the
difference in path length for ions deviating from the normal. For grazing incidence, it becomes
very clear that the mean energy increases for small deviations toward the normal. The TRIM
calculations show that for ions incident at 75°, the mean energy is highest for a deviation -3°.
This is not readily explained by simple path length considerations used by Tadic et al. as
shorter path lengths occur for greater deviations but lower mean energies are calculated by
TRIM. TRIM simulations of the angular distribution due to multiple scattering as a function of
layer thickness agree with the theory of Sigmund and Winterbon.
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Figure 3. Mean energy of transmitted 60 MeV 127I ions through Au of thicknesses 130 cos9j
nm as a function of incident angle (9;) of 7° (•) , 45° (A) and 75° ( • ) simulated by TRIM.

Conclusion
The model of Sigmund and TRIM simulations of the angular distribution from multiple
scattering are in agreement. However, the energy of ions transmitted in a glancing geometry
cannot be adequately estimated by simple path length considerations. These energies calculated
by TRIM will have some uncertainty, but the general behaviour will not change. To quantify
multiple scattering effects, measurements of multiple scattering of heavy ions in situations of
very heavy targets and where single scattering is excluded have commenced.
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The advantage of Time of Flight and Energy (ToF-E) Heavy Ion Elastic Recoil Detection
Analysis (HIERDA) over Rutherford Backscattering (RBS) analysis is its mass and energy
dispersive capabilities. The mass resolution of ToF-E HIERDA deteriorates for very heavy
elements. The limitation is related to the poor energy resolution of Si detectors for heavy ions.
While the energy spectra from ToF-E HIERDA data are normally used to extract depth
profiles, this work discusses the benefits of using the time spectra of both the recoiled and the
scattered ions for depth profiling.

1. Introduction
HIERDA using either the mass dispersive ToF-E or the nuclear charge dispersive AE-E
(Energy Loss and Energy) detection systems, has been extensively studied during the last few
years by groups in Sweden [1], Germany [2], Canada [3], France [4], Finland [5] and Australia
[6] using (0.2-2 A MeV) heavy ions. The exceptional and unambiguous multi-elemental depth
profiling capabilities of HIERDA are due mainly to its dispersive multi-elemental detection
characteristics. Despite the effort devoted to optimising HIERDA, the ability to extract depth
profiles is limited due to: (i) the poor understanding of the transport of heavy ions, and (ii) the
poor energy resolution and stability of Si detectors for heavy ions [7].
Limitations of HIERDA are not a result of physical principles but are mainly related to the
mass or nuclear charge separation performance of the detection system. In the case of the ToF-
E detection telescope, this limitation is due to the energy resolution of the Si detector. In a
previous study, the mass resolution of ToF-E HIERDA [8] was determined, showing an
improvement with increasing energy and lighter recoils due to the energy response of the Si
detector. For ToF-E detection systems, several data processing methodologies have been
developed and used to simulate (ToF, E) data [9] or extract elemental energy spectra [10] to
determine depth profiles. Time spectra have been largely ignored. Also the forward scattered
spectrum is not used even though it contains valuable information.
This work demonstrates that: (i) instead of the ToF detector, the Si detector should be used as
the dispersive instrument. The time spectra provide better depth profiling information,
improving the depth resolution of HBERDA, and (ii) some difficulties in extracting elemental
energy spectra of the overlapping signals from heavy recoils (Pt-Bi) can be overcome by using
the complementary time spectra of the recoiled and forward scattered ions.

2. Advantages of Time spectra
In IBA studies, energy spectra are usually measured and used for depth profiling. The ToF
detector in HIERDA is normally only used for mass dispersion as it depends on the flight
length (L). Despite modelling of the ion-matter interactions being defined in terms of energy,
there is no need to reformulate the models of ion-matter interactions in terms of the ToF
parameter. Experimental time spectra can be directly used for depth profiling. The depth
profiles are extracted using a simulation where each isotopic contribution is calculated
independently and then summed. This is advantageous for HIERDA as the depth resolution is
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improved and ion damage induced changes in the Si detector pulse height do not affect the
analysis. On the contrary, the time resolution can be well approximated by a constant.
Fig. 1 shows the gain in depth resolution when using time spectra for a ferroelectric sample.
The energy resolution of the Si detector is so poor that it is difficult to distinguish the high
energy edges of the different elements. On the contrary, the shape of the time spectrum shows
well defined high energy edges, demonstrating superior resolution of the ToF detector. Fig. 2
shows a comparison between the energy resolutions of the Si and ToF. The energy resolution
of the Si detector is estimated using Amsel's formula [13] fitted to the available experimental
data for elements up to Br [14]. Amsel's empirical formula is:

AEsi = a + bEm (1)
where a and b are constants for a given atomic mass number. The energy E is expressed in
keV. From Hinrichsen's compilation [14] the mass dependence of the parameters a and b is
estimated to be:

AEsi = (108.08-3.38 M) + (0.51 M-5.85) E1B (2)
where M is the atomic mass of the detected ion.
This expression fits experimental data ranging from 12C to 81Br ions with energies below 25
MeV and has been extrapolated for 127I ions. A measurement of the energy resolution for 58
MeV 127I ions gives 3200 keV including geometrical factors suggesting that the expression (2)
is an underestimate. The energy resolution derived from the ToF detector is:

AEToF=2EAt/t (3)
where t is the time of flight of the ion. At is the total time resolution of the ToF detector
including the intrinsic time resolution, electronic noise, geometrical contributions and sample
roughness. At is 400 ps for scattered 127I ions in this work.
The energy resolution of the ToF detector for 127I ions (Fig.2b) is lower than the energy
resolution of the Si detector and is at least a factor of 2 better at high energies and a factor of
10 better below 20 MeV for L of 0.5 metres and can be improved by a longer L at the expense
of the solid angle.
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3. Complementary spectra of scattered and recoiled ions
It is proposed to use the time spectra of both the forward scattered and the recoiled ions as
they contain valuable complementary information. The kinematics governing the scattering
process mean that the mass dependencies of the energy transfer to the recoil and the scattering
energies follow opposite trends when the incident ion is lighter than the analysed ion. This
means that the overlapping isotopic contributions from the recoiled ions are completely
different for scattering signals (Fig.3). The simulation of both the scattered and recoiled data
from heavy ions adds extra information for the depth profile extraction.
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Figure 3: Superposition of experimental and simulated time spectra for (a) overlapped Ta, Pt
and Bi recoils (b) forward scattered 127I from Ta, Pt and Bi.

4. Conclusions
We have demonstrated for HERD A using a ToF-E telescope that the high stability of the ToF
signal which is independent of the mass, atomic number and energy of the detected ions has
significant advantages over the use of the energy signal from Si detectors. The simulation of
the complementary scattered and recoiled ion time spectra improves depth profiling and
reduces current limitations when dealing with very heavy ions.
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NEUTRON ACTIVATION ANALYSIS TO EXAMINE EFFECTIVENESS OF METAL
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Metal impurities introduced during various fabrication steps are of considerable concern for
silicon device production. We have previously demonstrated the effectiveness of gettering of
various implanted metals to cavities in Si by using Rutherford backscattering (RBS) and
secondary ion mass spectrometry (SIMS). However, RBS and SIMS have limited sensitivity
and only probe near surfaces. In this study, neutron activation analysis was carried out to
examine the effectiveness of metal gettering to cavities induced by hydrogen implantation in
silicon.

After cavity formation by H implantion and annealing at 950 °C for lh, SIMS analyis indicated

that unintentional Cu contamination of the order of 10 cm was introduced. Neutron
irradiation was carried out for 225 h in the core irradiation facility of the Kyoto University

1 "̂

Reactor with a thermal neutron flux of about 3x10 n/cm s. Gamma-rays from the samples
were measured about 4 days after the end of irradiation by using a pure Ge detector. To detect
the Cu atoms in the samples, gamma-rays of 0.511 MeV from Cu with a half life of 12.7h
were measured. Metal contamination such as Na, Cu, Au, Fe and W was often detected in the
samples with cavities, while non-processed samples (as-received wafer) showed much lower
contamination levels except for Na. The surface of a sample containing a cavity band was
removed by chemical etching with a solution of HNO3 and HF. The Cu signals considerably
reduced after etching, indicating the cavities successfully trapped Cu atoms unintentionally
introduced in the wafer.

Under NUCLEAR TECHNIQUES OF ANALYSIS (NTA)
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Technical Advances at the ANTARES AMS Centre
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Accelerator Mass Spectrometry (AMS) began at ANTARES in late 1991.
Many technical improvements and upgrades to the AMS measurement
system have taken place since then. The AMS Centre routinely measures
14C (to better than 1% precision), 36C1 and 1291. The capability to measure
lOBe and 26A1, and is established although further development is still in
progress. A capability to analyse Actinides is being established and is the
subject of another paper to this conferencel. This paper reviews some of the
more recent technical improvements to the facility.

For our 14C analyses a new gas stripper system and high resolution ExB
velocity analyser have been installed and are in routine operation. The gas
stripper is also used for most other isotopes. A new 90 degree spherical
ESA allows 1291 measurements without the need for time-of-flight
analysis. Installation of a critical insulation flange in the isotope cycling
sytem has permitted ebouncingi of 12C- and the measurement of 13C/12C
ratios. A complete set of Dowlish tubes now allows spark free operation to 8
MV for our lOBe and 36C1 measurements. The very recent installation of
pelletron chains is being assessed.

1. MAC. Hotchkis et al. The Actinides Beamline on the ANTARES
Accelerator Mass Spectrometry Facility.

For POSTER presentation at the Nuclear Techniques of Analysis session
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A PIXE/PIGE STUDY OF LATERITIC GOLD MINERALIZATION
FROM THE REGOLITH OF THE MYSTERY ZONE, MT PERCY,
WESTERN AUSTRALIA

Xu Li and J.C. van Moort
Geology Department, University of Tasmania, GPO Box 252-79, Hobart, Tasmania 7001

Introduction

Bulk rock chemical analysis by proton-induced X-ray and y-ray emissions (PIXE/PIGE) have
been used in exploration geochemistry over a decade. Simultaneous analyses are obtained for up
to sixty elements, ranging in atomic number for 3Li to ^Pb, typical minimum detection limits
(MDL) for trace elements are a few ppm. Similar results may be obtained by XRF spectroscopy,
however this method cannot provide information on the concentration of the elements Li, B and
F.

PIXE/PIGE have been utilized extensively in the search for gold (van Moort and Hotchkis,
1993, Russell, 1995)and volcanic hosted massive sulphide deposits (Pwa, 1996), using rock
powders from relatively fresh rock. The present study uses regolith samples, from which
weathering products (oxides, hydroxides, carbonates, sulphates and clay) have been removed by
sequential treatment with aqua regia and sulphuric acid. The samples come from the Mystery
Zone, Mt Percy, Kalgoorlie, comprising both mineralized and barren samples. The acid
insoluble residue consist essentially of quartz with minor sericite.

The PIXE/PIGE data from the acid insoluble residue shows that the geochemical character of W,
Al, K, Ca, V, Ga, Rb, Rb/K and Rb/Al could correctly define the location of underlying
mineralization at depth. The ratio of Ti/Zr remained relatively constant in different geological
units and can be used to distinguish lithologies.

Geological setting

Mt. Percy gold mine is located on the north-eastern outskirts of Kalgoorlie, Western Australia.
The gold mineralisation at Mt Percy is located in the lower part of the Kalgoorlie sequence.
The sequence is crosscut by a series of north-trending, west-dipping dextral faults, including
the Martiana, Reward, Charlotte and Mystery Faults. In the Mystery Zone, the chlorite talc
carbonate rocks of the Hannan's Lake Serpentinite are intruded by porphyries, with strong
fuchsite-carbonate alteration occurring at their contacts. Primary gold mineralisation is
largely confined to a series of irregular, mostly steeply-dipping lenses within the porphyries
and adjacent fuchsite carbonate alteration zones.

Sampling and sample preparation

One hundred and eighty seven regolith samples from the Mystery Zone, Mt. Percy, Kalgoorlie
have been studied by Butt(1991) for gold and associated elements. The present study is an



extension of this important earlier study with the aim to test if the acid insoluble PIXE/PIGE
method can be used in highly weathered terrain for gold exploration. The section 15850N
crossing the mineralised zone at the Mt. Percy has been studied.

All samples were riffle split and ground to less than 75 (im using a Mn steel mill (Butt, 1991).
The powder samples were then treated with hot aqua regia and then hot sulphuric aicd as
described by Xu and van Moort (1997). A 400 mg acid insoluble regolith residue was
mechanically mixed with lOOmg of spectrographically pure graphite in an acrylic vial together
with an acrylic ball for ten minutes and pressed into a tablet to be ready for PIXE/PIGE
analysis.

Instrumentaiton, precision, accruacy and detection Limit

PIXE/PIGE analysis were carried out at Lucas Heights, ANSTO, on the 3 MeV Van de Graaff
positive ion accelerator. The proton energy used was 2.5 MeV protons with a beam current of
about 300 nA. The aperture was set at 1.5 mm with a 3.3 mm steeple. The beam spot size
was 1.5 mm and run timnes were adjusted so that the total charge collected was 100 (iC.

The reproducibility derived from the NBS obsidian standard SRM 278 and two regolith
samples randomly taken from the study are very good. Normally they ranged from as low as
1% for Sr to 20% for Ba." The accuracy ranged from 92-104% for most elements. Only a few
elements (Cu and Zn) with poor accuracy were either present in concentrations at or below the
minimum detection limit. The detection limits from most elements were found to range from
2 to 30 ppm, except some light elements (e.g. Cl, Mg, Si and Al), which are about 100 ppm to
1000 ppm.

Results and disscusion

The distributions for elements W, Al, K, Ca, V, Ga, and Rb are very similar to Au. The
difference is that gold distribution in fuchsite ultramafic and porphyry units were patchy
because of the weathering process, but the distribution of those elements were more consistant
in same geological unit after the acid treatment. They were both absent from biotite talc ultra
mafic unit. Comparing with the non-acid treatment Al distribution which was enriched
throughout the whole regolith, particularly over the ultramafic rock, acid insoluble aluminium
content show very lower values in talc and biotite ultramafic which is not related to the gold
mineralisation. The enrichment of Al and K were more or less related to the alteration. The
rubidium distribution was characterised by moderate high value throughout the porphyry and
fuchsite rocks from the base to the surface of the profile without a big change. That explains
the Rb high values (non-acid treatment) occur in saprolite and mottled clays between 385E
and 400E on 15850N due to the weathering products enrichment (Butt, 1991). Zinc was
enriched in the fuchsite ultramafic rocks. It seems to relate to the alteration. Vanadium had a
very similar distribution to Au. The difference is its content increasing somewhat towards the
surface. The distribution of chromium was very similar to Al and Rb indicating that they all
host the mineral fuchsite. Probably they host the same minerals. Tungsten and gallium were



consistently enriched throughout the primary mineralisation zone, except that some lower
values appeared in fuchsite rock.

Zr, Th and Nb are the members of the second and third transition series and have very similar
chemical characteristics. They behaved immobile character, with high values near the surface.
But it still could be seen the highest value was in the near surface, lateritic duricrust.

Titanium is concentrated in the talc chlorite carbonate ultramafic rocks. Unlike the tradition
geochemistry result in which Ti is strongly concentrated relative to Zr so that lithological
discrimination based on Ti-Zr plots is not possible (Butt, 1991), In this study, the ratio of
Ti/Zr remains relatively constant in different geological units even under conditions of intense
chemical weathering, except in talc carbonate ultrafafic rocks.

Chromium is concentrated in fuchsite ultramafic rocks (>874 ppm), which confirmed the
chromian muscovite is the principal host minerals in the unweathered rocks. The
unweathered porphyry, biotite and talc chlorite ultramafic rocks have much lower Cr content,
which is normally less than 189 ppm. Without considering the Cr contents in the lateritic
duricrust, which was developed over the ultramafic rocks are unusually low, Cr abundance
alone can be used to distinguish lithology.

Copper enriched in the porphyry and mottled and plasmic clay. Pb and Mo, because they are
below the detection limit, it could not see any relationship with gold mineralisation. Ni and Zn
were more enriched in unweathered ultramafic rocks, but depleted in clay saprolite above the
biotite talc ultramafic unit and showed the low values in porphyry. There are no envidence of
those base metals with the primary Au mineralisation at Mystery Zone.

Rb/Al ratio are more accurately outline the gold mineralisation zone. Rb/K ratio show high
values near the surface.

Generally, geochemistry character of W, Rb, V, Al, Cu, Pb Ti, and Zr, Rb/K and Rb/Al in the
acid insoluble residue by PIXE/PIGE could be correctly define the tenor and location of
underlying mineralisation at depth.
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Australia.

The lifetime of Carbon stripper foil can have a marked impact on the successful running of a beam line. Standard
techniques for production of carbon stripper foils include evaporation of carbon (ec) and laser-pulsed ablation (Ipa).
Recent work by a using Ipa has been successful in substantially increasing the lifetime of a very thin (100A) foil.
The suspected mechanism for the increased lifetime of the foil is that the amorphous carbon foil is density-matched to
that of graphite (around 2.26g/cc). hi this work, we attempt to reproduce this result by producing carbon stripper
foils with a mass-density similar to graphite using a cathodic arc deposition system. The cathodic arc is well known
for the production of tetrahedral amorphous carbon: a high density, high stress form of carbon with over 90% spMike
bonds; to reduce the density of the carbon and promote more graphitic structure, a high bias was initially attempted
but this proved unsuccessful. Another method is to use a heated-substrate holder to reduce compressive stress within
the deposited film. The performance of the density-matched carbon stripper foils and the implications for future
production of high-quality carbon stripper foils in our laboratory will be discussed.

INTRODUCTION

Carbon foils are a vital component of many
accelerators and are used to remove or strip
electrons from the ion species being
accelerated. These foils are typically very
thin (~200nm). There are several facilites in
Australia which use carbon stripper foils
including the National Medical Cyclotron in
Sydney and the Nuclear Physics Department
in RSPhySE at ANU.

Because of the different requirements of each
facility, carbon stripper foils are often
produced in-house to meet the necessary
specifications. There are several techniques
used for regular production of stripper foils
including evaporation-condensation (ec) of
carbon by either resistive heating or e-beam;
laser-plasma ablation or glow discharge in
ethene gas.

The quality of a stripper foil is measured by
its lifetime under irradiation, and its beam
performance (angular spread). Under a model
proposed by Dollinger and Maier-Komor [1]

the stripper foils with the longest lifetimes
are thin, maximising ion transmission and
also contain isotropically oriented graphitic
crystallites.

Dollinger [2] showed that one way of
producing a foil with these characteristics
was to use laser-plasma ablation (Ipa) of
solid graphite targets. Another possible way
of producing a foil with similar attributes to
a Ipa foil is to use the cathodic arc deposition
system. The cathodic arc deposition system
is able to produce highly densified
amorphous carbon films, commonly called
ta-C or tetrahedral amorphous carbon [2].
By altering deposition parameters, such as
bias or temperature we will investigate the
effect this has on the microstructure of the
carbon foil.

EXPERIMENTAL
A schematic of a conventional cathodic arc is
shown in Figure 1. The filtered cathodic arc
is a technique for coating which is low-
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waste, and has good deposition rates. The
'arc' refers to the method of deposition
which is to apply a small negative bias to
target relative to the chamber (ground). The
target is touched with a striker to establish
an arc with the current supplied by a
commercial arc welder supply. The current
of around 80-100A traverses the surface of
the cathode ejecting the material with
considerable kinetic energy. The curved
chamber surrounded by magnetic field coils
acts as a 'macro-particle filter' and removes
micron sized particles that may be dislodged
by the arc.

Deposition temperature was modfied
through a resistive heating holder and
monitored through the use of thermocouples.
Films were deposited onto both silicon and
glass for temperatures up to 300°C.

RESULTS
In a conventional transmission electron
microscope, energetic electrons (200-
300keV) are used to form magnified images
of thin crystalline or amorphous specimens.
As electrons pass through a specimen they
undergo several quasi-elastic and inelastic
interactions. We can use these electrons to
gain information about the specimen using a
technique called electron energy loss
spectroscopy (EELS). In EELS, the electrons
are passed post-specimen through a 90°
magnetic prism (which disperses the
electrons in energy similar to light through a
prism) and thence through magnetic
quadrupole lenses to fall upon a parallel
YAG detector.

A useful low-energy (0-100eV) interaction
the volume plasmon interaction (a 'phonon'
for electrons) is can be monitored using
EELS. It is caused by a group excitation of

electrons in the solid. Using a 'quasi-free'
electron model [4] the plasmon frequency
(and hence energy) is related to Nv the
valence electron density:

p £om

where qc is the charge on an electron, 80 is
the permittivity of free space, a>p the
plasmon frequency and m is the effective
electron mass (in this case equivalent to the
rest mass of an electron). In a carbon
material, we can assume (to a first
approximation) that the number of valence
electrons per atom is four. The plasmon
frequency is then directly related to the
density of the material. The comparison of
plasmon energies for different carbon
materials and stripper foils is shown below.

ta-C
Glassy Carbon
/pa-foil
ec-foil
graphite

Plasmon
(eV)

28.2
21.5
26.2
23.1
25.2

Density
(g/cc)

2.90
1.68
2.49
1.93
2.26

Table 1. Comparison of plasmon energies and
densities of different types of carbon to stripper foils

As can be seen from Table 1 above, the
plasmon energy was indicative of the density
of the carbon material. The plasmon energy
of the Ipa foil was closest to that of graphite,
while the ta-C was considerably higher.
Glassy carbon is a low density graphitic
carbon but it has poor registration between
basal planes which accounts for its lower
density, and hence plasmon energy.
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Our initial results using biased deposition
were promising, but as shown below in
Table 2, even at high bias, the plasmon did
not fall below 26.8eV. Although this was
very close to the Ipa plasmon energy, the
residual compressive stress in the film
destroyed its structural integrity, making it
unusable as a stripper foil.

Bias Plasmon
(eV)

Density
(g/cc)

-1250
-300

0

26.8
28.3
28.2

2.60
2.9
2.90

Table I. Comparison of plasmon energies and
densities for cathodic arc foils for different bias.

Our initial tests using a heated substrate
holder have been moderately successful. We
have sucessfully deposited amorphous
carbon at temperatures up to 300°C, but we
have experienced problem with delamination
of the film.

CONCLUSION
Initial work has shown we can distinguish
between different stripper foils by measuring
the volume-plasmon energy. Our work using
a heated substrate holder to deposit graphite
foils is still in progress.

REFERENCES
1. Dollinger G. and P.Maier-Komor NIM

B282 (1989) 223-235.
2. Dollinger G. and P.Maier-Komor NIM

A303(1991)79.
3. McKenzie D. R. et al, Diamond and

Related Materials, 1 (1991), 51.
4. D. G. McCulloch and S. Prawer, J. App.

Phys. 78(1995)3040.
5. Egerton R. F., Electron Energy Loss

Spectroscopy in the Electron Microscope.
(1986) Plenum Press New York.

-it



P127 .'IIIIIIIIIlllEil!
AU98V/154

DEVELOPMENT OF AN EXTERNAL BEAM FACILITY FOR PIXE AT RMTT

M. Moserf, I. F. Bubb, P. N. Johnston, M. El Bouanani, W. B. Stannard and R. C. Short
Department of Applied Physics, Royal Melbourne Institute of Technology, GPO Box 2476 V,
Melbourne, Australia
f on exchange from Technische Universitat Graz, RechbauerstraBe 12, 8010 Graz, Austria

An external Proton Induced X-Ray Emission (PIXE) facility for the 1 MV Tandetron
accelerator based at Royal Melbourne Institute of Technology has been developed. The 0.35
mm diameter focused beam of 1.6 MeV protons reaches the target after traversing 8 urn
Kapton foil coated with gold and 13.5 mm of air. For quantitative analysis, the number of
protons hitting the target was determined by the number of backscattered protons from the
inner layer of gold on the window foil. Radiation damage causes the Kapton window to exhibit
increasing inward diffusion of air. This provides an excellent mechanism for determining the
need to replace the window foil before it ruptures. The facility has been used to make non-
destructive measurements of the composition of samples from the Museum of Victoria.

1. Introduction
PIXE analysis in vacuum is a widely used materials analysis technique [1]. The importance of
PIXE is due to its multi-elemental analysis capability, sensitivity, speed and non-destructive
nature. Further applications arise when the beam is extracted from vacuum forming an external
beam. The non-destructive nature of PIXE is enhanced with an external beam allowing a wider
range of analyses for the following reasons:
• less size limitation for the samples: This enables the analysis of bulky, bigger items without

having to take them apart or taking samples.
• improved heat conduction: Due to the ambient gas atmosphere around the specimen, a less

destructive regime exists for the analysis of samples of organic origin and samples that
degrade due to the ion heating.

• less charge build-up: The gas atmosphere can provide an electrically conducting path and
therefore simplifies the analysis of insulating materials by reducing sample preparation and
elimination of conducting coatings.

• laboratory atmosphere: The higher pressure in non-vacuum systems enables the analysis of
volatile biological samples and samples that degrade in vacuum.

The technique is used in areas such as biological and medical analysis, atmospheric aerosol
analysis, or applications in earth sciences, art and archaeology, because it enables non-
destructive analysis of valuable or fragile specimens.

2. Design of the External PIXE Facility
2.1 External PIXE Apparatus
The facility uses a focused beam of 1.6 MeV protons which are generated by the Tandetron
accelerator followed by collimation and focusing in the beamline. The external PIXE apparatus
which is displayed in a top-view drawing in Figure 1 is mounted on the end of the accelerator
beamline. Beam collimation takes place in the external PIXE apparatus by its passage through
a carbon collimator just before the aperture of the annular backscatter detector which is
shielded from the beam. The beam reaches the window with a diameter of not more than 2
mm. Final focusing is achieved by observation of beam induced fluorescence from glass
mounted on a sample holder inside the external PIXE apparatus. The beam is extracted from
the vacuum through the Kapton window foil coated with a 20 nm layer of gold on both sides.
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Figure 1: A top-view drawing of the RMIT external PIXE apparatus.

The design around the exit window can be seen in Figure 2. The exit window foil is mounted
on the inner aluminium washer with a Kapton proton absorber on the vacuum side around the
exit window. The thickness of the washer around the exit window is reduced to 0.35 mm to
improve the geometry for the backscattered and the incident ions. The aluminium is shielded by

0 1 2 3 4 5

External PIXE Apparatus
Shell

Inner Washer Outer Washer

Figure 2: Enlargement of the situation around the exit window foil in the external PIXE
apparatus



the 120 um thick Kapton foil in order to prevent background y-rays caused by 27Al(p, y)28Si
reactions. Radiation damage causes the Kapton vacuum window to show increasing diffusion
of air. This provides an excellent mechanism for determining the need to replace the exit
window foil as an abrupt rupture would allow a rapid pressure increase with the associated risk
of sparking in the accelerator column.
2.2 Beam Normalisation
Quantitative analysis of the samples requires knowledge of the number of incident ions
impinging on the target. This is monitored using the RBS peak from backscattered protons
from the inner layer of gold on the window foil. A foil of 25 um Kapton in front of the
backscatter detector reduces the count rate in that detector. The normal beam energy of 1.6
MeV was kept below the non-Rutherford backscattering carbon resonance energy of 1.73
MeV [2] to avoid deadtime losses. The thickness of the gold layer on each window foil is
different, the number of backscattered protons from the gold layer reaching the backscatter
detector is calibrated using the PIXE signal from a pure nickel standard. The number of
incident protons is a necessary parameter for analysis with the PIXE analysis software package
PIXAN [3]. The system records a PIXE spectrum for a preset number of RBS gold counts.
The mean energy of protons reaching the target after traversing 13.5 mm of air was calculated
with TRIM [4] to be 1.07 MeV.
2.3 Detector Efficiency Calibration
The Si(Li) X-ray detector was calibrated for its absolute full energy peak efficiency using a
standardised 241Am X-ray source and by PIXE analysis of Ni, Cu, Ge, CaF2, Si and Sn
samples. The efficiency was calculated by using measured X-ray emission probabilities for the
Np X-rays [5] and by PIXE analysis using the PIXAN program.

3. Application
The facility has been successfully used to make non-destructive, quantitative measurements [6]
of the composition of samples from the Museum of Victoria to enable study of the
conservation method and to provide additional data for archaeological analyses.
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APPLICATIONS OF EXTERNAL PIXE TO ANCIENT EGYPTIAN ARTEFACTS
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The external Proton Induced X-Ray Emission (PIXE) facility at Royal Melbourne Institute of
Technology has been used to analyse ancient Egyptian glass samples, an Egyptian wall paint
fragment and soil pigments. External PIXE analysis of two Egyptian glass samples enabled the
partial determination of the colouring transition metals and the manufacturing technique.

1. Introduction
PIXE analysis is a widely used materials analysis technique because of its multi-elemental
capability, high sensitivity, high speed and non-destructive nature [1]. The non-destructive
nature of PIXE is enhanced for external PIXE and allows a wider range of analyses including
(i) large items without sampling, (ii) some organic samples and samples that degrade due to ion
heating, (iii) insulating materials and (iv) samples that degrade in vacuum. External PIXE is
used in biological and medical analysis, aerosol analysis, earth sciences, art and archaeology,
where it enables analyses of valuable or fragile specimens [2-8]. This paper describes analyses
of ancient Egyptian glass samples and Egyptian wall paint as part of a wider study [9].

The external PIXE facility is described in detail elsewhere [9-11]. It uses a 0.35 mm diameter
beam of 1.6 MeV protons which are extracted from the vacuum through an 8 um gold coated
Kapton foil. The beam reaches the target with an energy of 1.07 MeV after traversing 13.5 mm
in air. Analysis of the spectra was carried out with the analysis package PIXAN [12].

2. Egyptian wall paint
A wall paint fragment found during the archaeological excavation of the town of Ismant el-
Kharab as part of the Dakhleh Oasis Project in the western desert of Egypt was studied. It is
thought to originate from a 1st century AD Roman Egyptian shrine. The aim of the study was
to determine the source of the paint pigment [10]. The paint and soil pigments of similar colour
from the desert surrounding the site were analysed. The paint has a high As concentration (Fig.
1) believed to come from AsO4 [13] used for colouring the paint. The presence of sulphur
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Figure 1: External PIXE spectrum from the wall paint with clearly visible As peaks.



suggests orpiment AS2S3, which is found in yellow pigment of similar origin [2], however it
was not found with XRD [9]. Exposure of the wall paint to air could allow oxidisation of
orpiment to amorphous As2O3 and gaseous SO2 [2]. The As in the pigment provides a means
of obtaining information about the source of the pigment since As is rather unusual in soil
pigments. Analysis of 17 soil pigment samples failed to show identifiable As X-ray peaks. This
suggests that the origin of the colour pigment used lies outside the Dakhleh Oasis.

3. Egyptian Glass Samples
During the archaeological excavation two glass pieces, one blue and one of an unusual
transparent red, were collected. Measurements were made to determine the colouring elements
in the glass. PIXE analysis cannot indicate oxidation states of the metals which could be useful
for identification of the colouring metal oxide. Combinations of metal oxides considerably alter
the colour. An excellent review of ancient glass colouring is Newton & Davison [14].
3.1 Red Glass
During the melting of glass containing Mn and Fe an equilibrium of the different oxidation
states can be found tending toward Fe3+ and Mn2+. Fully reducing conditions result in a bright
blue due to Fe2+ and the colourless Mn3+. Oxidising conditions result in brown from Fe and
purple from Mn. Intermediate conditions allow Mn to act as a decolouriser resulting in a
colourless glass if the compensation of the Fe yellow due to the Mn purple is right. Imperfect
conditions allow many colours such as green, yellow, pink [14]. Fig. 2 shows the spectrum
from the red glass. The high concentration of Mn and Fe with the transparency of the glass
suggests a decolourising of the Fe influenced by Mn. Light red colouring comes from imperfect
compensation due to this decolouring effect of Mn for Fe with the high Mn concentration.
3.2. Blue Glass
The transition metals, Fe, Co and Cu are known to cause blue colouring in glass. Mn in
combination with the right manufacturing conditions can cause a decolourising effect of the Fe
causing a blue colour. Measurement of the Egyptian blue glass sample resulted in the spectrum
in Fig. 3 showing the occurrence of all these metals. The concentration of Mn was not high
enough for decolourising the glass. Co and Cu concentrations were too low to be an explicit
source of the blue colouring although they are probably a contributing factor. The main source
for the blue colouring is probably the high content of Fe observed in the analysis.
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Figure 2: External PIXE spectrum of the red Egyptian glass displaying the high concentration
of Mn and Fe causing the light red colour.
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5. Summary
External PIXE analysis of two Egyptian glass samples enabled the determination of the
colouring transition metals showing them to be consistent with 'New Kingdom' glasses.
Analysis of Egyptian wall paint and pigments from soils originating from the archaeological
excavation of Ismant el-Kharab failed to uncover the origin of the paint pigment.
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Introduction.

In accelerator mass spectrometry (AMS), isotopes to be measured are usually injected sequentially into
the accelerator for each cycle. In order to achieve fast cycling time, the injector magnet field is held constant
and the different isotopes are modulated in energy by floating the beam box at appropriate voltages to maintain
the same orbit. This method is commonly known as 'bouncing'. Alternatively, the different isotopes can be
injected simultaneously after suitable attenuation of the more intense isotopes following dispersion with a first
dipole magnet, and recombination in a second dipole in a configuration known as the Brown achromat. The
advantage of this latter - 'recombinator' method[l] is that the different isotopes can be measured
simultaneously at the high energy end. In the first method, at the high energy end the different isotopes are
either measured in separate Faraday cups if a broad range magnet is used, or by altering the magnetic field for
each isotope - which can only be carried out slowly, governed by the magnet settling time. The bouncing
scheme used at the lower energy side is impractical to use at the high energy end due to the excessively high
voltages required.

The AUSTRALIS (AMS for Ultra Sensitive TRAce eLement and Isotopic Studies) at the CSIRO HIAF
laboratory, a microbeam AMS system [2,3], is aimed for applications in the medium to heavy atomic mass
region, for which the recombinator technique is not suitable due to the difficulty in rejecting or attenuating
intense peaks due to the relatively closer spacing of the orbits, and thus the sequential injection method is the
more suitable method. At the high energy end, it is desirable to achieve the same fast 'bouncing' rate as that
can be achieved at the low energy end in order to obtain high precision in the isotopic ratio measurements.

High energy fast bouncing.

We have adapted a technique pioneered by Amsel et al.[4] to achieve the fast bouncing rate at the high
energy. Originally developed as a convenient means of modulating the beam energy over a small relative
interval in excitation function measurements, the method is readily adaptable as an isotope switcher. In this
scheme, different isotopes of the same energy are deflected off axis in the orbit plane by varying amounts at the
entrance to the magnet and returned to the main axis at the exit by another deflection of the same magnitude in
the same plane, as shown schematically in figure 1.

Figure 1. The fast bouncing system at the high energy end consists of pairs of deflector plates at the entrance and at the
exit of the high energy magnet, deflecting the beam in the plane of orbit. The voltages are identical for the two sets of
plates.

In the AUSTRALIS system, the high energy mass spectrometer consists of a 1.3 metre radius, 90°
double focusing analysing magnet designed to enable analyses of elements up to U at 2.5 MV terminal voltage
for charge state 6+ . The pole gap is 2.5 cm, and tips are 15 cm wide which is sufficient for the application of
this bouncing method. The magnet is followed by two 3 metre radius, 2.5 cm gap, 22.5° bend, spherical
electrostatic analysers (ESA's) separated by an electrostatic doublet that focuses the beam at the detector
chamber at ~70 cm from the second ESA. The beam can be measured either in a Faraday Cup, ion counter or a
gas proportional counter. The electrostatic deflector plates are housed at the entrance and exit ports, and



consist of 20 cm long by 5 cm plates separated by 2.5 cm gap. The voltages are supplied by a fast high voltage
amplifier (from TREK Inc.) with 10 kV/ms slew rate, driven by a pulse generator.

Results

The system is tested first with a proton beam where the beam energy is varied while maintaining the
same magnetic field in the analysing magnet. The magnet was operated with 2 mm slit widths and was first set
to pass 3 MeV protons at zero deflector voltage. The beam energy was then increased by a small step, and the
voltage on the deflector plates was varied until 100% transmission is restored. The deflector voltage can be
applied in the symmetric mode, where equal but opposite voltages are applied to plates of the same pair, or in
the asymmetric mode where the voltage is applied only to one plate with the other plate held at ground
potential. In figure 2 the beam energy has been converted to the equivalent mass at 3 MeV. Both the symmetric
and asymmetric modes gave a linear response over a range of ~3% of relative mass change. A flat top
transmission was obtained with the equivalent mass resolution of 1300 and remain so over the same range
(figure 3). At greater deflection voltage the flat top deteriorates indicating loss of resolution. The transmission
efficiency remains flat over the same range, dropping gradually at higher voltages for the symmetric mode
(figure 4). The drop is more rapid for the asymmetric mode indicating the lens effect of the deflector plates.
The 3% range corresponds to 6 amu range at mass 200, and to ~3 amu at mass 90, which are sufficient for Pb
(mass 204 to 208) and Sr isotopes measurements respectively.

Tests with heavy ion beam yielded similar results. Figure 5 shows the 208pb4+ ions detected at the
high energy from injected 208pb$- ions, at various settings of the magnet as a function of the deflector
voltage, showing the linearity of the response and constancy of the transmission efficiency, over a range
corresponding to +/- 3 amu.

While instability can arise from many sources, e.g. accelerator voltage, beam transport elements, one of
the main causes is the ion source itself. The advantage of fast bouncing is demonstrated in figure 6, showing
the PbS- beam detected at the low energy, as a function of the bouncing speed. The left figures correspond to
bouncing cycle of a few seconds whereas the right figures to the order of a second (200 ms per isotope). The
intensity of the 204pt)S- is close to the noise level of the Faraday cup and most of the fluctuations are just this
noise. But for the more intense peaks (206pt>s-, 207pbs- and 208pb§-) the variation is more gradual with
increasing bouncing speed. The ratios absorb some of the fluctuations, but as can be seen, the faster bouncing
speed improve the constancy of the ratios even more. Variation of less than 1% can be achieved easily with
bouncing cycle of ~1 second.
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Figure 2. Test of the deflector plates with 3 MeV protons.
The proton beam energy variation has been translated
into the equivalent mass for a 3 Me V beam. Both the
symmetric mode, where the voltages on the pair of plates
are equal but opposite, and the anti-symmetric mode,
where one of the plates is grounded, give linear
response.
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Figure 3. The beam profile remains flat over a
significant range of deflection and deteriorates at higher
deflection, accompanied by a decrease in transmission.
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Conclusion

A fast bouncing system for the high energy end of an AMS system has been devised for the
AUSTRALIS system. Based on a method designed for excitation function measurements, the method adapts
readily as an isotope sequencer for AMS at the high energy side. Synchronised with the low energy side
bouncer, the system will enable isotope ratios measurements with high precision by overcoming drifts in the
source, beam transport and the accelerator itself.
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INTRODUCTION

Thin carbon foils are often used in tandem accelerators for terminal stripping, whereby
the injected negative ion beam is charge-exchanged to multiply-charged positive ions for the
second stage of acceleration. Alternative use of gas stripping yields a lower mean charge
state, and therefore reduced energies for beams of useful intensity. Less commonly, foils are
used as a second stripper, located within the acceleration stage beyond the terminal, to
achieve even higher charge states (and thus higher energies again, albeit with reduced
intensity), or as a third stripper after acceleration to obtain almost fully-stripped beams to
inject into a booster accelerator (usually comprised of super-conducting resonators).

Several essential, though mutually conflicting, factors that determine the thickness of
the foils can be readily identified. Aside from the practical aspects of handling, the foils must
be thick enough to achieve near-equilibrium charge exchange, and to have a reasonable
lifetime under beam bombardment. On the other hand, the foils need to be sufficiently thin so
that acceptable transmission is not thwarted by excessive multiple scattering in the foil.
Multiple scattering becomes important as the mass of the beam increases. With the ANU
14 UD accelerator for example, essentially 100% transmission with protons decreases to
about 80% for 12C ions and to about 65% for 35C1. Such transmission is only obtained for
chlorine with focussing after the foil, using an electrostatic triplet lens.

Until recently, foils with a thickness of about 5|igm.cm-2 (ie 250A or 25 nm) have
provided a suitable compromise between the various factors. The foils are prepared at ANU
by arc-deposition of carbon onto detergent-coated glass slides; the slides are dipped into
collodion to facilitate.handling before the foils are floated off and mounted on frames. The
collodion is removed by baking at about 400°C prior to the foils being loaded into the stripper
assembly. A capacity of 266 foils has hitherto been adequate, sustaining performance of the
14 UD for about six months, with beam species extending to masses of about 60.

However, attempts to accelerate heavier beams, in particular 197Au for a new Elastic
Recoil Detection Analysis program, provoked concern about the lifetimes of foils. The use of
double stripping to obtain 200 MeV 197Au, with a combination of 10+ and 20+, was quickly
found to be impractical, since the typical lifetime of a terminal foil was only about 10 minutes
with an injected beam of several hundred nanoamperes. It is to be anticipated that the terminal
foil would be most prone to the effects of bombardment because the beam is well focussed at
the terminal, but less so at the second stripper because of multiple scattering by the terminal
foil. Moreover, the triplet in the terminal provides some degree of charge state selection to
reduce still further the beam intensity per unit area at the second foil.

Somewhat serendipitously, a batch of foils, prepared at Munich by the alternative
method of laser-ablation [1], was available for evaluation. The present work describes a series
of investigations which compared the arc-deposited foils with those from Munich. It was
found that the average useful lifetimes of the Munich foils were at least ten times longer than
arc-deposited foils. Furthermore, they maintained a constant beam output during the time in
marked contrast to the arc-deposited foils, for which the output decreased quite rapidly.

The longevity, and no less importantly, the constant beam output of the laser-ablated
foils have emerged as critical to the continuance of the ERDA program. More significantly
though, such qualities have provoked re-examination of likely energies for heavy beams that
could be obtained with the Linac booster if foil stripping were used in the 14UD terminal,
rather than gas that had previously been considered the only viable option. A program is in
progress to explore the means to produce laser-ablated foils, or their equivalent, locally.



MEASUREMENTS WITH THE 14 UD ACCELERATOR

The first comparison of the two foil types was a perfect "blind" experiment. Deterred by
the short lifetimes, double foil stripping was abandoned; gas at the terminal was tried instead
with a charge state combination of 7+ and 20+. Though successful, the resulting beam
intensities were too low for efficient measurements. Finally, single foil stripping was tested as
a means of reducing the amount of beam that needed to be injected, with the expectation of
extending the foil lifetime. The energy obtainable was reduced to 154 MeV using the 13+
state (the energy limit is set by the mass-product of the analyzing magnet). Again, foil lifetime
looked to be a problem. With about 100 na being injected, each of the first few foils lasted for
no more than an hour. However, the next foil in sequence was still in use when the
measurements were completed nine hours later! Belatedly, because the measurements had
commanded full attention, both the stamina of this foil and then its origin were appreciated It
was in fact the first of the laser-ablated foils, that had been included in the foil inventory at
intervals.

A more controlled series of measurements demonstrated no less strikingly differences
between the two foil types. With an injected beam of 75 na (as read on a Faraday cup at the
accelerator tube entrance - the so-called tank cup), the total stripped output (on the high
energy cup before magnetic analysis) was monitored as a function of time for two arc-
deposited foils and one laser-ablated foil. The output from both of the arc-deposited foils
began to decrease after several minutes, continuing to do so monotonically to less than 25%
of the initial output after 30 minutes (Figure 1). Fluctuations in the output became apparent
for both as the bombardment continued, though one finally ruptured after 35 minutes of
bombardment (with no foil, the high energy cup read -8 na; the same indication obtained for
the ruptured1 foil). The other foil continued to yield a steadily diminishing output, though
with increasing fluctuations, for an hour. By comparison, the laser-ablated foil maintained a
constant output after a total bombardment of 38 minutes, until the test was stopped to
conserve the foil. For the first 17 minutes of that time, injected beams of 100-300 na had been
used during the beam set-up.

O—D
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Figure 1. The total stripped output from the two foil types as a function of
time.



Interestingly, the Munich foil also provided the greatest output, suggesting that it was
thinner than the other two foils. The nominal thickness of the laser-ablated foils is 4jigm.cm-
2. Measurements, comparing the terminal voltages at which carbon beams were analyzed with
either gas or foil stripping, confirmed that the actual thicknesses were very close to the
nominal value. Most of the ANU foils of the batch in use had thicknesses in the range 5-7
|igm.cm-2, somewhat thicker than the preferred 3-5 ji.gm.cm-2.

Subsequent use of both foil types for ERDA measurements at 154 MeV provided still
further confirmation of the longevity of the laser-ablated foils. Of eight arc-deposited foils,
the longest lifetime was 80 minutes. Five laser-ablated foils were used for between 130
minutes and 17 hours.

MEASUREMENTS WITH THE 1.7 MVIMPLANTER

The 1.7 MV implanter of the Department of Electronic Materials Engineering at the
ANU can provide beams of 197Au with an energy comparable to that at the terminal of the 14
UD when a 154 MeV beam is produced at a terminal voltage of 11.0 MV. Thus it is possible
to observe foils directly under conditions essentially identical to those that prevail in the 14
UD terminal. Accordingly, a beam of 6.8 MeV 197Au (charge state 3+) was used to bombard
foils of both types, recording the subsequent behaviour of the foil itself with a video camera,
and monitoring the total stripped current. Usually, the beam intensity was about 50 na,
collimated onto a central 5 mm diameter region of the foil.

The two foil types behaved similarly, albeit that the time scales were vastly different,
confirming the earlier observations. For both, a change of surface appearance (best described
as a roughening) occurred immediately beam bombardment commenced. Radial stressing
gradually became apparent, consistent with shrinkage of the bombarded area, that became
smooth and more reflective. Thereafter, most foils tore at one or more places around the
periphery of the hole in the frame, either allowing wedge-shaped fragments to curl, sometimes
into the beam path, or to break free of the foil completely. Others tore internally, away from
the actual, bombarded area. Unsurprisingly, the output current fluctuated considerably when
these conditions prevailed. Whereas the arc-deposited foils displayed the full gamut of these
phenomena within 10-30 minutes, a laser-ablated foil took several hours to do so, although
the overall pattern of behaviour seemed no different.

Figure 2. An arc-deposited foil displaying the typical radial stressing that was observed
during tests with the implanter. The foil shown was actually one removed from
the 14 UD terminal after a short exposure to about 50 na of 197Au. The sharp
focus of the beam is evident (the foil diameter is 9.5 mm).
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OPTICAL AND ELECTRON SPECTROSCOPY

Both methods indicated that the arc-deposited foils were relatively smooth and
amorphous, even at high magnification. The laser-ablated foils appeared to be much more
crystalline, with some features as large as 5jim x 5jim. The Munich group interpreted this
appearance as "quasi-graphitic crystallites, nearly isotropically distributed".

STATUS REPORT

There is some evidence to suggest that the Munich foils mimic the surface structure of
the release agents (Betaine, NaCl and/or copper) rather than the crystalline appearance being
the result of the method of deposition. Thus the foils could be postulated to have a "micro-
bagginess" which ameliorates the rate at which the foils become stressed under bombardment.

On-going work includes establishment of laser-ablation facilities, and investigation of
the role, if any, played by the release agents used.
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Novel Imaging Techniques for the Nuclear Microprobe
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Many of the developments of the scanning electron microscope (SEM) have been parrelleled during
the development of the scanning nuclear microprobe. Secondary electrons were used in the early
development of both devices to provide specimen imaging [1,2] due to the large numbers of secondaries
produced per incident charged particle. Other imaging contrast techniques have also been developed on
both machines. These include X-ray analysis, scattering contrast, transmission microscopy, channeling,
induced charge and others [3]. Techniques on the nuclear microprobe still need to be developed for
live-time imaging of specimens. This aids greatly in specimen positioning and generally makes the
device more user-friendly.

The "cross-section dependant" imaging techniques such as PIXEj RBS, NRA, etc., rely on the beam
current on target for a given resolution. This has prompted research and development of brighter ion
sources to maintain probe resolution at high beam current. Higher beam current bring problems with
beam damage to the specimen.

Low beam current techniques [4] however rely on high countrate data collection systems, but this
is only for spectroscopy. To produce an image we can increase beam currents to produce live-time
images for specimen manipulation and observation.

The work presented here will focus on some developments in live-time imaging with a nuclear micro-
probe that have taken place recently at the School of Physics, MARC, University of Melbourne.

1 The Techniques

In STIM imaging the high countrates(100's of kHz) can be used to produce pseudo-live-time images
but the response of the detection system is limited by the charge collection time for a single ion and
the system quickly saturates. This paper will investigate other detection systems for the production
of true-live-time images.

Over the last few years PIN photodiodes have been developed that can be used for charged particle
spectroscopy and have sufficient resolution to compete with traditional surface barrier detectors. The
big advantage of PIN diodes is there price, about 103 times less than a surface barrier. This makes
the PIN diode very attractive as a radiation detector. To produce a D.C. signal from a PIN diode
for true live-time imaging we have used the detection system shown in figure 1. This system shows
a standard PIN diode (normally used for STIM) that has been covered with a thin (0.5mm) layer
of NE109 plastic scintillator. The scintillator has in turn been covered with a thin (1000 angstrom)
layer of Al to prevent charging. A beam of 1 - 10 pA is then used in STIM mode to obtain live-time
images. This beam current is about 3 orders of magnitude greater than standard STIM beams. The
scintillator acts as a charged particle-to-light converter and allows these much greater beam currents
to be used. This means that spectroscopic information is lost, but if only an image is required to
position or view the specimen then the loss of spectroscopic data is irrelevant.

The low current techniques of Ion Beam Induced Charge (IBIC) can be made pseudo-live-time by
the use of a variable persistence ocsilloscope (VPO). The VPO is an ocsilloscope with X-Y display



capability and Z contrast input and a persistence control. This control varies the time that the Z
bright-up signal stays bright. Low contrast images can therefore be improved and provide a pseudo-
live-time image. This will be discussed in more detail later.

2 Images and Results

Figure 2 shows a STIM image of a 2000 mesh grid taken with the above detection system using a 2
MeV proton beam. This provides true live-time imaging that can be viewed using any ocsilloscope
with X-Y capability and Z contrast control.

Figure 3 shows a series of images taken with the above detection system of a piece of 8/im thick Si
crystal with the <100> channeling axis at right-angles to the crystals surface. The beam was ~2 pA
of 2 MeV protons and the scan size is about 200 X 200 (tan. The first image (a.) shows the specimen in
a random direction (shown in black) close to the <100> axial channel. The specimen issurounded by
vacuum where the beam passes directly into the detector to give a white background. In the second
image (b.) the specimen has been tilted closer to the <100> axis and now more of the beam is passing
through the sample without being scattered and the specimen is seen to become more white. In the
final image (c.) the specimen is in a axial channeled orientation and most of the protons pass through
the specimen without being scattered to produce an all white image (i.e. there is no contrast between
the crystal and the vacuum). This type of imaging could be very useful for radiation damage studies
of thin materials.

The IBIC images shown in figure 4. are of true live-time (a.) and pseudo-live-time (b.) images of
a TA 670 CMOS SRAM. This type of imaging can be used to easily position the device for further
spectroscopic analysis. THe image was taken by connecting a charge sensitive pre-amplifier to VDDI

biasing the device (5V) thru V55 and connecting the output of the charge sensitive pre-amplifier to
the Z contrast of the VPO. The persistence is off in figure 4a. and has been turned up to an arbitrary
value in figure 4b.
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1. Introduction

Fuel cells convert gaseous fuels via an electrochemical process directly into electricity with
high efficiency (up to 60% electric efficiency and with heat recovery up to 80% system
efficiency) and very low pollution (orders of magnitude reduction in the level of NOX and a
significant reduction in the levels of the greenhouse gas carbon dioxide, and SOX - the cause of
acid rain)[I]. The solid oxide fuel cell is the most versatile of all fuel cell technologies
currently under development in terms of its high efficiency and fuel flexibility. However, the
high operating temperature (800-900°C) puts constraints on materials which can be used in
solid oxide fuel cells.

In a fuel cell, several single cells are joined together through an interconnect material to form
a stack for desired power output. The interconnect also delivers fuel and air to anode and
cathode respectively of the fuel cell. The interconnect material is required to meet stringent
specifications of matching thermal expansion coefficient with other fuel cell components, low
material and fabrication costs, high electrical and thermal conductivity, chemical stability with
respect to other fuel cell components, high strength and ductility, and high corrosion
resistance.

The high chromium alloy steels, if used as interconnects in solid oxide fuel cells, have the
potential of meeting most of the above criteria. However, low corrosion resistance of these
alloys combined with high volatility of Cr (6+) species from Cr2O3 formed at the surface of
the alloy are serious problems . With a view to reduce these problems, in this paper the role
of reactive elements such as La, Y and Zr on the high temperature corrosion of stainless steel
has been investigated.

2. Experimental

Ferritic stainless steel TP 446 (72.37% Fe, 26.16% Cr, 0.77% Mn, 0.51% Si) specimens were
polished to 2400 mesh grit SiC paper and thoroughly cleaned. Ions of La, Y, Zr and Cr were
implanted on steel samples using MEVVA ion implanter at an extraction voltage of 40 kV. A
single dose of 1 El7 ions/cm was chosen initially for all species at nominal room temperature.
This dose was selected as it provides reasonable concentration of the doping ion at the metal
surface. Cr was implanted to observe the self ion damage. After implantation, samples were
heat treated at 800°C for 1 h or at 900°C for 0.5 h in air. Heating rate was 100°C/h. Specimens
were characterised by Rutherford Backscattering Spectrometry (RBS) and optical microscopy.
An analysis beam of 2.0-MeV 4He was used for RBS.

* Work supported by an AINSE and an ARC Grant.



3. Results and Discussion

3.1 Optical Microscopy Analysis
At 800°C La implantation reduces the oxidation rate of TP 446 stainless steel (see Fig. la).
This effect decreases as the temperature is increased to 900°C (see Fig. lb). At both
temperatures several oxide phases (eg Cr2O3, SiO2 and (CrMn)3O4 ) appear to grow on the
steel surface acting as a protective layer. Formation of these phases will further be confirmed
by XRD and SEM-EDX analysis.
Y implanted specimens show similar behaviour.
However, Zr implantation has little effect on the oxidation rate of this alloy. Although there is
a small improvement at 800°C (see Fig. 2a) the steel surface is totally oxidised at 900°C (see
Fig. 2b).

v.

Figure 1: Optical microscopy picture of La implanted stainless steel TP 446 _ _ 50 jim
a) Oxidised at 800°C b) Oxidised at 900°C

Figure la) and b) show optical microscopy images of La implanted stainless steel specimens
heat treated at 800 and 900°C. These images appear darker as the oxide layer grows thicker,
depending on the temperature and hold time. Darker areas are spread on the surface as well as
along grain boundaries. Grains of the bulk metal (grey areas in Fig. la) are clearly visible after
the heat treatment at 800°C for 1 h. As the annealing temperature is increased to 900°C (see
Fig lb) the image gets blurred, but it is still possible to see the grains. Although the oxidation
at 900°C is more rapid, the beneficial effect of La is still obvious.

50
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a b
Figure 2: Optical microscopy picture of Zr implanted stainless steel TP446

a) Oxidised at 800°C b) Oxidised at 900°C
Figure 2 a) shows a Zr implanted steel specimen heat treated at 800°C. Although some parts
of the specimen are covered with a thinner oxide layer (light areas), this image is quite blurred
indicating much more rapid oxidation compared to La implanted sample at 800°C. After the
900°C annealing, the surface appears to be totally oxidised (see Fig. 2b). These results clearly
show that Zr does not protect the metal surface.



3.2 RBS Analysis
Figure 3 shows RBS spectra of non-oxidised and oxidised (800°C) La implanted steel
samples. In curve 1 (no heat treatment), the La signal has a Gaussian distribution with a peak
at 1.774 MeV, while the substrate appears as a step with leading edge at 1.491 MeV. The peak
position of La is at a depth smaller than it's surface edge. Trim calculations give a projected
range of Rp=175A and a straggling width of ARp=70A, which are consistent with RBS
results. Oxygen can not be observed because of the high background signal from the steel
substrate. When an implanted sample is heat treated at 800°C (curve 2), La diffuses into the
bulk material. La peak is no longer shallow, and is redistributed during oxidation. However,
detailed analysis of this curve indicates that there is no loss of La by vaporisation, ALa=4604
counts for both oxidised and non-oxidised samples. Oxide film thickness causes a shift in the
Fe edge by AE=152.8 keV and is increasing with oxidation at higher temperatures, as does the
oxide thickness. Cr peak is observed at 1.473 MeV indicating that the oxide formed is mainly
Cr2O3. Results at 900°C (not shown) indicate higher penetration of La into the substrate and
increased oxide thickness.
Y implanted and oxidised samples show a similar behaviour.
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Figure 3: RBS Energy Spectra, La implantation Figure 4: RBS Energy Spectrum, Zr implantation

Figure 4 shows energy spectra of Zr implanted and oxidised (900°C) samples. Zr is observed
at 1.661 MeV. As the temperature is increased Zr diffuses into the bulk. At 900°C, contrary to
the behaviour for La, it is no longer detectable on the surface. It looses it's protective ability
and the sample oxidises rapidly. These observations are consistent with optical microscopy
results.

4. Conclusion

The experimental results show: 1) Oxidation behaviour of TP446 stainless steel improves with
implantation of reactive elements. 2) Implantation with La and Y reduces oxidation rate of the
steel alloy at both temperatures. These elements are more effective at 800°C than they are at
900°C. 3) Zr implantation has a little effect on the corrosion rate at 800°C. Specimens that are
heat treated at 900°C undergo rapid oxidation.
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Introduction

Silicon is used almost to the exclusion of all other materials in semiconductor electron-
ics. However, it suffers from the limitation that it is an indirect band gap material and
does not emit light efficiently. Since the advent of fiber-bound data transmission, there
has been considerable interest in the modification of silicon to make it light emitting.

Various ways of modification have been suggested. These include porous silicon and
spark processed silicon.1 Both methods are very simple techniques, that produce low di-
mensional silicon structures, which are believed to be responsible for the better light
emitting properties. However, because both techniques are carried out in air or in a liquid
environment, they both change the composition and introduce impurities into the silicon.

Thus it is important to determine the composition of these materials in order to es-
tablish whether there is a relationship between composition and light emitting properties.
Spark processed silicon, like porous silicon, is very easy to produce but has the advantage
over the latter that it is structurally and chemically more stable. Because of this diodes
can easily be produced by depositing a conducting layer on top of the spark processed
samples. Diodes produced in this way turn out to have differences in their performance
depending on the material of the conductive layer. Diodes with silver and copper conduct-
ing layers were produced and their compositions were measured using ion beam analysis
(IBA) techniques.

Exp erimental

Two different types of spark processed silicon samples were prepared. One set was
lightly sparked and the other was heavily spark processed. In the lightly sparked material
the treatment was carried out for about 1-2 seconds per spot compared to 10 seconds
for the heavily processed samples. The spark processing was carried out in air. After
processing one spot, the cathode was was moved approx. 0.2 mm across and the next spot
was processed. In this fashion the cathode was scanned over an area of 5x5 mm, large
enough for ERDA and RBS analysis.

After spark processing one sample of each was coated with a conductive copper or silver
layer. In addition a glass slide was coated with each metal under the same conditions in
order to provide a reference for measurements of the metal layer thickness.



Table 1: Table of the total amount of various elements in the investigated samples.

spark
processed
lightly
heavily
glass slide
lightly
heavily
glass slide

coating

Cu
Cu
Cu
Ag
Ag
Ag

Cu/Ag layer
at/cm2

8.1 x 1017

7.7 x 1017

7.8 x 1017

3.0 x 1017

3.1 x 1017

3.0 x 1017

thickness
nm
95.5
90.8
92.0
50.3
52.5
50.3

oxygen
at/cm2

2.8 x 1017

1.1 x 1018

-
1.9 x 1017

1.0 x 1018

-

carbon
at/cm2

3.4 x 1016

3.2 x 1016

0.9 x 1016

1.5 x 1016

1.6 x 1016

0.6 x 1016

nitrogen
at/cm2

2.3 x 1016

5.0 x 1016

-
1.9 x 1016

5.8 x 1016

-

The RBS measurements were carried out using 2 MeV He+ in a 169° backscattering
geometry, while the elastic recoil detection analysis (ERDA) used a 63 MeV Br8+ beam,
with recoil particles being detected at 45° with a time-of-fiight spectrometer.2

Results and Discussion
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A typical ERDA 2-dimen-
sional coincidence spectrum is
shown in fig. 1. Each curve in
the spectrum represents one of
the elements present in the sam-
ple. In all spark processed sam-
ples silicon, oxygen, carbon and
copper or silver from the con-
ducting layer as well as small
amounts of nitrogen were de-
tected. It can be seen from the
spectrum in fig. 1 that no other
elements are present in the sam-
ples, at concentrations above the
detection limit of ERDA. The
Br in the spectrum is due to Br
from the ion beam scattered off
the sample.

From the 2-dimensional co-
incidence spectra, an energy
spectrum for each element can
be extracted. These are shown

in fig 2. The energy spectra of C, N, O, Cu and Ag show peaks close to the surface, while
the Si spectrum shows that the Si is buried underneath. The slope of Si edge suggests
that the surface of the spark processed samples is very rough, with the effect being more
pronounced in the heavily processed samples.

ERDA and RBS measurements were used to calculate the total amount of O, C, N and
Ag or Cu in the samples. These result are summarized in tab 1. The Ag and Cu content
are the same for the two sets of samples. The table shows that the total amount of oxygen
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Figure 1: ToF-ERDA spectrum of a spark processed Si
sample with a Ag-coating.
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and nitrogen increases with spark processing time. The oxygen increases proportionally
with spark processing time, while the nitrogen content only doubles between the lightly
and heavily (2 and 10 sec) processed samples. This clearly shows that both oxygen and
nitrogen originate from the spark processing. In the case of the nitrogen this is further
supported by the fact that no N was detected in the glass reference samples.

In contrast the carbon concentra-
tion in the spark processed samples
does not vary with the processing
time. However, it appears to depend
on the material of the conducting sur-
face layer. The Cu coated samples
contain about twice the carbon com-
pared to the Ag coated ones. This ra-
tio is very similar for the glass refer-
ence samples, although the total car-
bon content in these samples is a third
of the carbon content in the spark
processed silicon samples.

The fact that the carbon content
depends on the material of the con-
ductive layer suggests that the car-
bon is somehow related to the metal
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Figure 2: ERDA spectra for the various elements of a
spark processed Si sample with a Ag-coating extracted
from fig. 1.

coating. If the carbon, however, was
introduced during the coating proced-
ure it should be the same in both
glass slides and spark processed sam-
ples. The carbon recoil spectra of
the glass samples show two distinct
peaks, associated with carbon on the
surface and at the glass metal interface. It can be speculated that the carbon in spark
processed samples is also concentrated at the surface and the interface. The fact that this
can not be seen from the recoil spectra can be explained by the surface roughness of the
spark processed samples.

Thus, based on the analysis of metal films deposited on glass slides, it appears that
most of the carbon present is introduced at the onset and end of the deposition process.
Furthermore our results suggest that spark processing does not result in significant uptake
of carbon. The higher carbon content in the spark processed samples can then be explained
by the greater surface roughness and hence much larger effective surface of these samples.

Finally, the results show that oxygen and nitrogen in the samples was introduced during
the spark processing in air. The nitrogen content is an order of magnitude lower then the
oxygen content, which is understandable since it is much more difficult to break the triple
bond in N2 compared to the double bond in C>2-
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Abstract

The ANSTO milliprobe on the 3 MV Van de Graaff was used to measure the
diffusion profiles of Sr and Cs in cement pastes with and without zeolite additions
using PIXE. The PIXE milliprobe proved to be a suitable tool for Sr profiling, but
provided only semiquantitative information for Cs, because of the poorer detection
limits for heavier elements.

Introduction

Low radioactive waste is created in many processes in the nuclear fuel circle as well in
medical applications of radio-isotopes. This radioactive waste has to be disposed of. One
common technique is the encapsulation of the waste into cement based materials before
disposal. Since such waste is likely to be transported prior to disposal, it is important to
know how fast the mobile ion will move particularly if the waste package becomes involved
in an accident. Two mobile elements contained in solid waste from nuclear reactors are
cesium and strontium.1 The diffusion of these elements is of the order of a few millimeters
into the material, thus ordinary ion beam analysis (IBA) profiling techniques, which give
depth profiles of the order of fxva into the surface can not be used. However, diffusion
profiles can be measured by using small beam spots and scanning across the sample.

Sample Preparation

Cylindrical cement based samples of 40 mm diameter and 60 mm length were prepared.
The samples were then placed in a diffusion cell, in which at one end a solution of 0.6 M
CsN03 and Sr(N0s)2 was held at a constant concentration by a siphonic system. The other
end was conditioned with a solution, that had been equilibrated with cement. Pastes of
cement and cement zeolite mixtures with exposure times varying from 7 to 47 days were
investigated. It is known that zeolite additions to cement paste increase the binding of Sr
and Cs to the matrix.2 It was therefore of interest to determine if such materials will slow
down the diffusion of these mobile cat-ions.

PIXE Analysis

After exposure to the Sr(NO3)2 and CSNO3 solutions, the samples were cut into thin
disks and the Sr profile was measured with PIXE using a small diameter beam. The
measurements were performed on the ANSTO milliprobe. Spot sizes smaller then 1 mm
were achieved by collimating the focused beam with apertures. A schematic of the setup is
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Figure 1: Experimental setup for the PIXE measurements.

shown in fig. 1. After the switching magnet the beam was collimated by a 7 mm aperture,
which centers the beam in the quadrupole doublet. Downstream of the quadrupoles a
1 mm aperture was used to limit the beam divergence. The beam was set up with a viewer
behind this aperture, by optimising the the quadrupoles until the beam fully illuminated
the 1 mm aperture. Small apertures (55jum to 500/im) in front of the target were used to
select a small part of the focused beam.

The distance between the 1 mm aperture and the beam defining aperture was 50 cm
while the distance from this aperture to the target was 10 cm. The position of the beam
was determined using a fiuorescing target, which was monitored using a video camera
attached to a bore-scope. The bore-scope together with the video camera have an overall
magnification of 50, which was sufficient to position the target precisely. A Csl crystal
was used, because it gives bright luminescence even at target currents below 1 nA.

The beam spot size used during this experiment was measured using a thin wire and
found to be 250-300 fan.

Results and Discussion

Energy (keV)
15 20 25 30

103 :

A typical PIXE spectrum is shown in
fig. 2. The spectrum was taken using a
1 mm perspex filter in front of the x-ray de-
tector. The filter absorbs a large fraction of
the low energy X-rays, but only very few
of the higher energy ones. This is neces-
sary in order to avoid count rate problems
in the detector with characteristic X-rays
from Ca and Si, the mayor constituents of
cement. The spectrum clearly shows peaks
for Ca, Fe, Sr and Cs. No peak is visible for
Si X-rays, because these X-rays are almost
completely absorbed by the perspex filter.
In some cases small peaks of Zn X-rays
were also visible in the spectrum, however
it is most likely that these were caused by

the scattered beam hitting the chamber rather then the sample. Iron like the calcium was
a constituent of the samples and was visible in all spectra.
•< The elements Ca, Fe and Sr yield sufficiently high count rates to allow precise meas-
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Figure 2: Typica,l PIXE spectrum of one of the
samples, taken with a 1 mm perspex filter.



urements of their content. Because of the lower efficiency of X-ray detectors at energies
above 30 keV, the low production cross section and the low target current, the Cs count
rate was too low to determine a meaningful profile in a realistic time. By increasing the
measurement time it is possible to measure a Cs profile, but it would require many hours
of measurement time under the present conditions.

The total amount of Sr at the beam position can be determined, by comparing the
integral of the peak with a calibration sample. As calibration samples cement pastes with
known Cs and Sr contents were used.

Fig. 3 shows the Sr-diffusion pro-
files for samples exposed to Sr-solu-
tions for various times. There were
edge effects and it was difficult to
judge where the cement surface began.
Therefore the half height of the Ca
and Fe X-ray signal was used to de-
termine the edge of the sample. The
profiles shown in fig. 3 show an in-
crease of the Sr content over the first
100-150 jum. This initial increase is
an artifact of the measurement caused
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Figure 3: Sr diffusion profiles for cement sampies
exposed to Sr(NOs)2 solutions for 7, 27 and 47 days.

by the width of the ion beam.
The profiles of fig. 3 clearly show

increased Sr uptake with time. Both
the maximum content at the surface
and the maximum depth of the Sr uptake increase with the diffusion time. The diffusion
profiles after 7, 27 and 47 days of exposure can be fitted by single coefficient diffusion
using least squares routines.

Further the effect of zeolite additions on the Sr diffusion profiles were investigated.
Preliminary results show very small differences in the Sr profiles, which suggests that
zeolite additions have very little effect on the Sr diffusion in cement pastes.

Conclusion

The diffusion profiles of Sr were measured by means of an ion beam milliprobe with
sufficient accuracy to permit determination of diffusion processes. The Sr profiles were
fitted with single coefficient diffusion equations. In principle it should also be possible to
measure Cs profiles, but this will require a much longer analysis time.
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Introduction

Ion microprobes have a long tradition at ANSTO as well as in Australia. ANSTO was
among the first to use micro-sized beams in the 60s. Since then microbeams have developed
considerably and proton and alpha microprobes are a common sight in IBA laboratories
around the world. Ion microbeams allow surface imaging of specimens in addition to the
depth profiling capabilities of macroscopic beams. Nuclear microprobes have significant
advantages in terms of sensitivity for elemental analysis over electron beam microanalysis.

The advantages of ions heavier then helium in nuclear micropobes was first pointed out
by Martin1 in the late 1970's. However, very few microbeams employing heavy ions at high
energies have been realized since then, because of the limited availability of high energy
accelerators and the difficulty of the task.

The high energy heavy ion microprobe under construction at ANSTO will be a unique,
multi-user facility providing new capabilities for ANSTO and the broader Australian re-
search community. It will be used in materials research, environmental research, industrial
applications and for applications in biology, medicine and geology.

Advantages of High Energy Heavy Ion Microbeams
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Figure 1: The figure shows the cross sections for various
techniques.

The ANSTO heavy ion micro-
probe will not only provide H and
He ions, but a wide range of ions
at different energies. This results in
a number of advantages. The cross
sections of most IBA techniques are
proportional to the square of the nuc-
lear charge of the incident ion, Z2.
Higher cross sections mean a higher
sensitivity or a shorter measurement
time, which gives a heavy ion micro-
probe a clear advantage over proton
microprobes. The higher cross sec-
tions are sometimes offset by the fact
that the energy also has to be in-
creased in order to achieve the same

probing depth or to stay in the Rutherford regime. This, however, is not the case for elastic
recoil detection analysis (ERDA) and PIXE.

The cross sections for various IBA techniques, such as PIXE, RBS and ERDA for
different ions and energies are shown in figure 1. The figure shows the higher PIXE cross-
sections for oxygen compared to protons as well as the higher ERDA cross sections for
iodine compared to Si. It also shows that the cross sections for ERDA using iodine are
much higher compared to the cross sections of 2 MeV He-RBS. Using heavy ions in PIXE
analysis also reduces the bremsstrahlung of the primary ion thus lowering the background,
which results in an even further increase in sensitivity.

/ ' /



Figure 2: Overview of the ANTARES tandem accelerator and beamlines.

Furthermore the use of techniques such heavy ion RBS (HIRBS) and heavy ion ERDA
for microanalysis only becomes possible with a heavy ion microprobe. HIRBS has the
advantage of an enhanced depth and mass resolution over conventional RBS using light
ions such as H and He. The cross sections in ERDA increase strongly for heavy ions and
in fact ERDA becomes a truly universal technique with heavy ions, allowing the detection
of all elements from hydrogen up to the mass of the ion used in the analysis. In contrast,
PIXE is normally limited to target elements heavier then aluminium and gives no depth
information, while RBS is best suited for the depth profiling of medium to heavy mass
elements in a light element matrix. The possibility to use ERDA makes a high energy,
heavy ion nuclear microprobe a universal tool, that can be used for the depth profiling of
heavy and light elements simultaneously.

ANSTO Microprobe Facility

Figure 2 shows the ANTARES Accelerator with its various beamlines. The tandem ac-
celerator together with its various ion sources is located in the tandem hall, while all the
beamlines installed previously are located in the target area. With the ever increasing
number of beam lines the space in the target hall has became very limited. Since the micro-
probe beamline had to be at least 7 m long a location in the tandem hall was chosen. This
location also has the advantage that only one deflection magnet is required, which makes it
easier to optimize the beam.

A detailed drawing of the microprobe is shown if figure 3. After the analysing magnet
the ions travel through energy stabilisation slits situated in front of the object slits. These
slits are also used as collimators to prevent damage to the object slits. A set of quadrupoles
and deflectors after the accelerator are used to focus and centre the beam on the object
slits. Faraday cups before and after the slits are used to set up the beam. Additionally a
beam profile monitor and viewer allow monitoring the beam shape.

The collimating slits are located 6.10 m from the object slits and and are directly
followed by the beam scanning and forming elements. The beam focusing and scanning
system consists of the OM-55 quadrupole triplet and the OM-25 scanning system from
Oxford Microbeams. The OM-55, a modified version of the OM-50, has a smaller polegap
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Figure 3: Schematic of the microprobe beamline and target station, a: gate valve, b: Faraday
cup, c: beam profile monitor, d: energy stabilisation slits, e: object slits, f: beam viewer, g: pump,
h: collimating slits, i: beam scanner, k: quadrupole triplet, 1: target chamber.

of 8 mm and thus permits focusing of ions with a mass energy product of up to 120 MeV
amu /q2 .

The stainless steel target chamber has an octagonal design. Each face of the chamber
is fitted with two access ports to permit detectors for various applications to be mounted.
One of the 135° ports is fitted with a microscope, which will be used for precision placement
of the targets and to monitor the focusing of the beam. In the near future on the other 135°
port a X-ray detector will be mounted.

At the time of writing of this report the construction of the microprobe beamlime at
ANSTO as well as target chamber have been completed and we are awaiting the arrival of
the quadrupoles for installation. The microprobe quadrupole triplet has been completed
and is currently undergoing testing by the manufacturer, Oxford Microbeams. Tests by the
manufacturer so far have yielded a 0.9 x 1.2 /um spot size for 3 MeV protons.

It is planned to equip the microprobe with various detection systems, that will allow the
use of a variety of IBA techniques. One of the advantages of a heavy ion microprobe, is
the possibility to use heavy ion ERDA. For this purpose the microprobe will be equipped
with a position sensitive large solid angle gas detector.3 Since the target current decreases
with the beam spot size detectors with large solid angles are required. A gas detector is
currently under design and construction will commence in the near future. In addition it
is planned to equip the microprobe with a Scanning Transmission Ion Microscopy (STIM)
capability and a secondary electron detection system.
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ABSTRACT: Titanium diboride is an attractive material for protective coatings because of its
high hardness, high electrical and thermal conductivities. However, many of its high
temperature applications are limited because of its poor oxidation behaviour beyond 700 °C.
This paper presents a novel approach consisting of doping with implantation of higher valency
atoms, to improve its oxidation resistance up to 900 °C. TiB2 films (nominal thickness 0.5 um)
were deposited on polished substrates of Stainless Steel using a RF sputtering deposition
system. Ions of Ta (as a higher valence dopant species) were implanted using a M E W A ion
implanter at an extraction voltage of 65 kV corresponding to an average energy of 190 keV for
Ta and 140 keV for Ti ions. Ion doses of 1E15 to 1E17 ions/cm2 (corresponding to dopant
concentrations of about 0.1-10 at.%) were implanted at nominal RT. After implantation, some
samples were vacuum annealed (30 minutes at 900 °C, at 1E-5 Torr) to crystallise the films
and/or reduce the ion damage. Oxidation of the implanted samples was conducted at 800 and
900°C for 1 to 4 hours in air. Analysis was performed by using RBS, SIMS and XRD
techniques. The results show: 1)As-deposited films undergo rapid corrosion and spalling on
oxidation, 2)As-implanted films show little improvement and undergo rapid corrosion and
spalling on oxidation, 3)When implanted films are first vacuum annealed and then oxidised,
they show remarkable improvement in corrosion resistance and do not undergo any spalling. Ta
is thus an effective dopant for improving oxidation resistance of TiB2 films.

INTRODUCTION: There has been increasing interest in the use of titanium diboride as a
coating material because of its desirable properties like high hardness, high melting point,
moderate strength, resistance to wear and good thermal and electrical conductivities. Such
properties make TiB2 an attractive candidate for various applications such as coating for metal
cutting tools, as crucibles and electrodes in metal refining equipment such as aluminium
reduction cell. Because of its resistance against chemical attack, it can also be used in catalysis
systems, membranes, shut off valves and in medical technology as an implant material. It has a
good electrical conductivity at high temperatures - a property not shared by many alternative
coating materials ( such as gold coloured TiN ). Furthermore, TiB2 may be a good candidate
material for use as protective coating on the metallic interconnect employed in the solid oxide
fuel cells (SOFC) being developed as a future technology for clean and efficient power
generation. This technology requires a coating material which will be resistant to high
temperature oxidation and also be electrically conducting, to allow multiple stacking. This is a
stringent requirement for industries developing fuel cells for power generation
However, like other titanium based alloys titanium diboride is also not very stable at elevated
temperature under oxidising atmosphere. It is well established [1] that the main products of
titanium diboride oxidation in air are B2O3 and TiC>2. The protection of surface of TiB2 during
oxidation is in part dependent on boric oxide(B2Os) which has an appreciable vapour pressure at
750°C. This paper presents a novel approach consisting of doping with implantation of higher
valency atoms, to improve its oxidation resistance up to 900 °C.



CO

C
ou

n

8000

6000

4000

2000

o

0.5
JT 1

\

-
V

0

1.0

Energy

o
o

D
O

s
9-* (

r

(MeV)

- ^

1.5
l

-

A

A

F^ Ta

Fig. 1. RBS spectra
from an as-polished
SS430 sample (/*), as-
deposited TiB2 film
(oo) and after
oxidation ( ) of the
film at 900 °C for 1 h
in air.

100 200 300
Channel

400

< 38.888 x .' 2thetA y .* 756. Linear 88.888>

Fig.2. XRD results from the same oxidised sample as in Fig. 1. R = Rutile TiO2 , F = Fe2O3

[c/s]

1000 15O0

Time [s]

2000 300 1000 1500 2000 2500 0 10X 20OD 30O0 4000
Time [s]

Fig.3. SIMS data form a) an as-deposited film implanted with lE16Ta/ cm2, b) after oxidising a) at 900 °C, lh, and
c) a film implanted with lE17Ta/ cm2, vacuum annealed and then oxidised.



EXPERIMENTAL: A chromia forming stainless steel - SS430 [Cr 16%, Si 1%, Mn 1%, C
0.12% and Fe balance] was chosen as the substrate. Mirror polished 13 mm square samples were
prepared. TiE^ films (about 500nm thick) were deposited by RF sputtering in Ar at a pressure of
6.8 mTorr following a published [2] recipe. Tantalum ion implantation was performed with a
MEVVA ion implanter at an extraction voltage of 65 kV corresponding to an average energy of
190 keV for Ta and 140 keV for Ti ions. Ion doses of 1E15 to 1E17 ions/cm2 (corresponding to
dopant concentrations of about 0.1-10 at.%) were implanted at nominal RT. After implantation,
some samples were vacuum annealed (30 minutes at 900 °C, at 1E-5 Torr) to crystallise the films
and/or reduce the ion damage. Oxidation of the implanted samples was conducted at 800 and
900°C for 1 to 4 hours in air. Analysis was performed by using RBS, SIMS and glancing angle
XRD techniques.

RESULTS AND DISCUSSION: Fig.l shows RBS spectra from an as-deposited film on SS430.
The Fe edge (in as polished SS430) is shifted down to ch. 300 by an amount corresponding to
TiB2 film thickness of 500 nm, and the Ti edge can be seen at the top surface. XRD (results not
shown) on this sample revealed that the films are amorphous since no lines for the TiB2 phase
could be seen. This result is in contrast with earlier report [2] which showed crystalline films
under similar conditions of deposition. On oxidation at 900 °C, only Ti and no Cr or Fe are seen
at the surface. XRD results (Fig.2) from the same sample show the presence of Fe, Fe2O3 and
TiO2 phases. No Cr2O3 phase is seen. Thus the mode of oxidation of SS430 which forms &2O3
on oxidation undes similar conditions (data not presented) is altered by te presence of the TiB2
coating. B signal is too weak to be seen on the high background in RBS(Fig. 1). SIMS
measurements show B depth distributions very well, for as-implanted sample (Fig. 3a). On
oxidation at 900 °C for In, a dramatic change occurs (Fig.3b) in the depth profiles of B (showing
an almost complete loss of B), Ta (inwards migration of Ta), Fe and Cr (both are at the surface
now). Results in Figs. 1,2 and 3b are from the same sample. At higher dose of lE17Ta/cm2 , loss
of B is contained well and it segregates at the interface between TiB2 film and the substrate (Fig.
3 c). This sample was vacuum annealed before oxidation to crystallise the films or anneal
implantation damage. Without this pre-annealing, a severe loss of B, Cr, Ti and Ta was observed
by SIMS (data not shown) indicative of spalling of the oxide scales.

CONCLUSIONS: From a detailed analysis (not presented here due to shortage of space) of
several other samples prepared for a systematic study, we arrive at the following conclusions:
1. The as deposited films are "XRD amorphous" and undergo rapid oxidation and spalling at

900 °C
2. As implanted films show little or no improvement in oxidation of the steel
3. Vacuum annealed (900°C, 30 m) films are still "XRD amorphous" but show remarkable

improvement in oxidation resistance and do not spall off.
4. Ta is an effective dopant in T1B2 for improving its oxidation resistance
5. Bare SS430 develops a protective Cr2O3 layer
6. However, the presence of a coating of TiB2 appears to alter the oxidation mode of the

underlying SS430 and no detectable Cr2O3 is observed at the surface
7. A fully crystallised TiB2 film may be needed to achieve further improvement in oxidation

resistance.
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ABSTRACT

This work presents a systematic study of the deposition and characterization of NdFeB films
on substrates of Si(100) and of S1O2 layer thermally grown on Si(100) held at RT, 360 °C
or 440 °C. The post-deposition annealing is performed at 600 or 800 °C in vacuum. The films
are characterised using the analytical techniques of RBS, SIMS, XRD, OM and SEM.
Results indicate that SiC>2 is, in deed, an excellent diffusion barrier layer till 600 °C but
becomes relatively less effective at 800 °C. Without this barrier layer, interdiffusion at the Si-
NdFeB film interface leads to formation of iron silicides, oc-Fe and B exclusion from the
diffusion zone, in competition with the formation of the magnetic NdFeB phase.

INTRODUCTION

Deposition of permanent magnetic thin films on single crystal silicon substrates is an
essential requirement for the incorporation of permanent magnet features into some micro
electro mechanical systems (MEMS) fabricated by the planar process. However, deposition or
annealing at high temperatures is required to grow the magnetic phases; e.g. NdFeB films with
good magnetic properties have been deposited on several substrates (glass, sapphire, quartz,
Nb or Ta) by using sputter deposition at substrate temperatures of about 600 °C or post
deposition annealing [1-3]. Our recent work [4] on post deposition annealing of NdFeB films
on Si(100) has shown that a)massive interdiffusion at the interface is a major problem and
b)thin layers of SiC>2 can reduce this interdiffusion. Thermally grown SiC>2 which is an
integral part of MEMS processing could therefore make an excellent diffusion barrier. This
work presents a systematic study of this hypothesis.

EXPERIMENTAL

NdFeB films (0.1 and 2 |im thick) are sputter deposited using a dc magnetron operating in
pure Ar at a pressure of 1 Pa. The target composition was Nd2Fei4B. The substrates of Si(100)
and of SiC>2 layer (1.2|im thick) thermally grown on Si(100) are held at RT, 360°C or 440°C.
The post-deposition annealing is performed for 20 m at 600 or 800 °C in vacuum ~ 10'5 Pa.
The films are characterised using the analytical techniques of RBS, SIMS, XRD and SEM.

RESULTS AND DISCUSSION

Films deposited on Si(100): The nominal composition of the films deposited on Si(100)
substrates at RT or 36O°C is estimated from RBS to be Ndi.9Fei3B4. However, RBS analysis
of films deposited at 440 °C indicated atomic diffusion at the Si substrate-NdFeB film
interface. The SIMS depth profiles for a film deposited at RT (Fig.la) show B quite well; and
those for a film deposited at 440 °C (Fig. lb) indicate a clear outward migration of B or Nd
and inwards migration of Fe. The effect of annealing the NdFeB films deposited on Si (100)



can be seen in Fig. 2 for different deposition temperatures. The films deposited at RT (Fig.2a)
undergo considerable interfacial diffusion of Fe and Si, which increases with the annealing
temperature. The XRD shows formation of silicides of Fe. The Nd shows strong surface
segregation but much weaker inwards diffusion after 800 °C anneal. The anneal behaviour of
films deposited at 360 °C (not shown) is similar. The anneal behaviour of films deposited at
440 °C (Fig.2b) shows considerable difference for Nd migration particularly after the 800 °C
anneal when it show a double peak formation. It may be noted that there is no evidence of any
oxidation of the film during vacuum annealing. The detailed examination of RBS, SIMS and
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Fig.l. SIMS spectra of films deposited at (a) R.T (b) 440°C

XRD data obtained from the same films indicates- a) the as deposited films at RT and 360 °C
are amorphous, b) but those deposited at a temperature of 440 °C and all films after annealing
exhibit a massive interdiffusion at the Si-NdFeB film interface leading to formation of iron
silicides,a-Fe and B exclusion from the diffusion zone, in competition with the formation of
the magnetic NdFeB phase (no lines for NdFeB are seen in XRD). A diffusion barrier layer is
therefore required for crystallising the magnetic phase of NdFeB on Silicon.
Films deposited on barrier layer of Si<>2: RBS analysis of films deposited on silicon
substrate with an SiO2 barrier layer didn't show any interdiffusion between the film and
substrate. The SIMS data (not shown) obtained from the same films confirms the suppression
of B diffusion observed earlier in Fig.lb. The stability of this diffusion barrier action has been
studied for the annealing temperature of 600 °C (Fig. 3 a) and 800 °C (Fig. 3b). The post
deposition annealing at 600 °C results (Fig.3a) when compared with those in Fig.2 clearly
demonstrate the excellent stability of the SiC>2 as a diffusion barrier. A small amount of Si can
be seen to be present at the surface near the Si edge. This could be due to a small number of
pin holes in SiO2- However, after annealing at 800 °C (Fig.3b), significant changes in the Fe,
Nd and Si depth profiles near the film surface can be noticed. Emergence of the new oxygen
peak near the surface edge may arise from formation of surface oxides of Fe or Nd or Si.
Silicide formation appears to be absent as deduced from the absence of Fe diffusion into Si.
Problems: Thicker films (2 urn) delaminate after undergoing thermal treatment beyond
36O°C. This may be due to several reasons - stress relief, mismatch of the thermal expansion
coefficient between SiC>2 or Si and FeNdB phases, formation of silicides or a-Fe at the
interface etc.
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Fig.2. RBS spectra of films (a)Asdeposited at R.T(—) Fig.3.RBS spectra of films deposited
annealed at 600°C (•) and 800°C (--) on silicon with SiO2 barrier layer
(b) Asdeposited at 440°C(—), annealed at 600°C (•) at R.T(—), 360°C(-),440°C(~)and
and (b) 800°C annealed at (a) 600°C and (b) 800°C

Further work is in progress to optimise conditions to overcome this undesirable delamination
effect for thicker films. Magnetic properties are also under investigation.

CONCLUSIONS

1. Thermally grown S1O2 makes a good diffusion barrier layer up to 600 °C. 2. However some
slight surface degradation of the NdFeB films sets in after annealing at 800 °C. Interfacial
diffusion is still minimal. 3. Without the diffusion barrier layer, interdiffusion at the Si-NdFeB
interface leads to the formation of FeSix, oc-Fe phases and exclusion of B from the intermixing
zone.
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Hyperfine Magnetic Fields for 5d Impurities in Iron: Pre-equilibrium
effects, Texture and the Aharoni Effect
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Australian National University, Canberra, ACT 0200, Australia

1 Introduction
Static magnetic hyperfine fields acting on impurities recoil-implanted into ferromag-

netic hosts following heavy-ion induced reactions are being studied with a view to making
measurements of the magnetic moments of subnanosecond excited states in neutron-
deficient nuclei. These measurements present many experimental challenges, largely
because the states of interest have subnanosecond lifetimes, which means that a mea-
sureable precession can be obtained only by employing the integral perturbed angular
correlation technique in conjunction with intense hyperfine magnetic fields present at
impurity nuclei implanted into ferromagnetic hosts.

Along with several technical problems (see e.g. Stuchbery et al. 1996), there are
several problems of condensed matter physics interest inherent in the implantation per-
turbed angular correlation (IMPAC) technique. Matters that must be considered include:

(i) corrections for the transient field effect

(ii) whether the hyperfine field is parallel to the applied field

(iii) whether the implanted nuclei all experience the same magnetic interaction

(iv) the time the static field takes to reach equilibrium after implantation

These matters, which in time-integral measurements cannot always be treated in-
dependently, are being studied. The focus here is on (i) pre-equilibrium phenomena
associated with the implantation process and (ii) the direction of the internal magnetic
field at implanted impurities after equilibrium is reached.

2 Pre-equilibrium effects following implantation
An interesting outcome of our recent work (Anderssen and Stuchbery 1995, Stuch-

bery, Anderssen and Bezakova 1996) has been the observation that hyperfine fields for
the 5d systems Os, Ir and Pt in iron appear to take about 10 ps to reach equilibrium
following implantation.

The effective static field strength, I?IMPAC> c a n be extracted from measured perturbed
angular correlations. If we assume that the hyperfine field is zero for a time te after
implantation, the observed effective field can be parameterized as

BlMPAC = (1 - /o) X -Bmax X e"**^, (1)

where Smax is the field obtained in an NMR or radioactivity measurement with all of the
nuclei on full-field sites and r is the mean life of the nuclear probe state. The factor (1 —
/o) accounts for the fraction of nuclei that do not reside on full-field sites once equilibrium
is established. Alternatively, if the hyperfine field comes to its equilibration value (from
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Fig. 1 Ratio of the static hyperfine fields measured by the IMPAC technique to the 'maximum' fields
obtained from NMR measurements, plotted versus the inverse lifetime of the probe state used in the
IMPAC measurement. The solid line is a fit to eq. (1) while the dashed line is a fit to eq. (2).

zero immediately after implantation) by a relaxation process with characteristic t ime rP,
then the effective field is

= (1 - /o) x Bmax x ( \ ) . (2)

As a convenient means of exposing pre-equilibrium effects, we may plot
versus the inverse lifetime of the probe state (1/r). The results for 5d impurities near
iridium are displayed in Fig. 1. There is a correlation between the lifetime of the probe
state and the effective strength of the hyperfine field following implantation. Fits to
eq. (1) give te = 11.6 ± 1.4 ps while fits to eq. (2) yield rT = 14.1 ± 1.9 ps. In either case
the hyperfine field takes of the order of 10 ps to reach equilibrium. As the earliest data
gave te < 10 ps, it was suggested initially (Anderssen and Stuchbery 1995, Stuchbery,
Anderssen and Bezakova 1996) that the static field is quenched altogether for that time,
perhaps due to the thermal spike; however the equilibration time of the hyperfine field
after implantation will be affected both by the timescale of the atomic rearrangements
(thermal spike) and by the equilibration time of the impurity-host spin system.

Alfter et al. (1997) have recently reported much longer equilibration times for Er
and Dy (4f) ions recoil-implanted into iron. They suggest that there is a relaxation
of the hyperfine field following the thermal spike due to hindered antiferromagnetic
coupling between 4f (and also 5d) impurity atoms and the iron host. In principle, this
can be tested, and the different contributions to the equilibration process investigated,
by making precise IMPAC measurements on several ion-host combinations.

3 Misaligned hyperfine fields
The first evidence that the internal hyperfine field may not be parallel to the ex-

ternal applied field for impurities implanted into ferromagnetic hosts, even in the case
where the macroscopic sample is apparently saturated, was presented by Ben-Zvi et al.
(1967). To explain the locally misaligned hyperfine fields, Aharoni (1969, 1970) proposed
a microscopic mechanism associated with magnetostriction forces on oversize impurities
in the host matrix. Unfortunately the theory contains many approximations and lacks
predictive power.



£7 120 -

Jr
4J

9

80

60 Os, Ir and Pt in Fe

0.0 0.1 0.2 0.3 0.4 0.5
applied field [T]

Fig. 2 Apparent static hyperfine field as a function of external field for isotopes of Os, Ir and Pt recoil-
implanted into iron. The apparent hyperfine field strengths at low external fields are reduced because
the internal field is no longer parallel to the external field. The behaviour of Pt appears different only
because the nuclear lifetimes, and hence the observed precessions, are smaller in that case.

While the data of Ben-Zvi et al. could have a microscopic explanation in the Aharoni
effect, similar effects in the perturbed angular correlations could also be produced by
macroscopic domain rotation if the host were not fully saturated. Despite the passing of
30 years, this has not been adequately investigated.

We have measured the dependence of the hyperfine fields (static and transient) on
the external, polarizing field for isotopes of Os, Ir and Pt recoil-implanted into polycrys-
talline Fe foils, following Coulomb excitation with beams from the ANU 14UD Pelletron
accelerator. Some results are shown in Fig. 2. A detailed account of the measurements
and results will be published in the Proceedings of the Nuclear Methods in Magnetism
Workshop (Stuchbery and Bezakova 1997).

We find that the internal field does become increasingly misaligned with respect to
the external field direction at fields below 0.08 T, but this is associated with incomplete
saturation of the foil (domain rotation), not with a microscopic effect like that proposed
by Aharoni. Such low field.data are also probably affected by the texture of the iron foils.
This is being followed up. In our studies, the implanted osmium nuclei all experience
the same magnetic interaction (within uncertainties of the order of a few percent).
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1. Introduction

A low energy (170 KkV) ion implanter has been designed and built by staff from the
Department of Electronic Materials Engineering, Research School of Physical Sciences and
Engineering, at the Australian National University. The instrument compliments the existing
National Electrostatics Corporation (NEC) 1.7 \ W tandem accelerator currently used for
higher energy implants.

The implanter was constructed using components purchased from NEC, components made in
the RSPhySE workshop and existing redundant components from other equipment. The final
design is shown in figure 1.
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Figure 1. EME Low Energy Implanter



2. Design and Construction

A SNICS II ion source is employed to produce negative ions which are extracted from the
source and injected directly into the accelerator tube. The ions are extracted using an ANU
built extractor and einzel lens [1]. The lens electrode is split to provide electrostatic steering
into the accelerator tube. There is a magnification of around 6 times out of the source
producing a beam diameter of 3 mm at the magnet entrance slit.

A double focusing magnet is used for mass analysis of the beam. The magnet has a mass
energy product of 22 MeV.amu, enabling implantation of most species up to the maximum
energy, and species like Pt, Au and Pb at energies a little over 100 keV.
The bending radius of the magnet is 381 mm giving a resolution of 1 amu at 190 amu
(assuming an entrance beam diameter of 3 mm).

The analysed beam is focused onto the target using an einzel lens and is able to be scanned
across a maximum 40 mm x 40 mm area. The einzel lens is positioned to provide unity
magnification of the beam from the magnet exit slits onto the target, giving a final spot size of
3 mm.

A combination of basic 1st order ion-optics calculations and computer modelling techniques
were used to plan the layout of the instrument and to match the available components to the
specifications. A ray tracing diagram of the beam in both the x and y planes is shown in figure
2. Ray traces were produced using MULE [2] a computer program that uses transfer matrices
to determine ray paths.
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Figure 2. Beam Envelope for Low Energy Implanter



A SIMION [3] plot for the ANU built extractor/einzel lens arrangement is shown in figure 3.
SIMION uses successive approximation methods to determine the electric field around user
defined electrostatic surfaces. Figure 3 shows electric field lines and ray traces for ions
produced and extracted from the cathode, and focused directly into the entrance of the
accelerator tube.

Figure 3. SIMION Plot of Ion Source to Bias Tube

3. Ion Implanter and Source Testing

The implanter is routinely used for implants at energies between 15 and 150 keV and has
contributed significantly to the research program of the EME department. Absolute dose
accuracy and uniformity have been determined by RBS analysis to be better than 5%.

The instrument is available for ion source testing. An ion source with thermocouple and extra
heater power feed throughs is to be built to try to gain more control over cesium flow into the
source.

4. References

[1] Weisser, D. C , Simple Solution to Ion Source Matching (SNEAP 1990)
[2] MULE, Beam Optics Modelling Program
[3] Dahl, D. A., SIMION, Component Design Program v4, Idaho National

Engineering Lab (1988)
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Sputtering of Copper {110} by 3 keV Argon — A Computer Simulation

A. Weygandt, B. V. King, Dept. of Physics, The University of Newcastle, NSW 2308

The aims of this study are (i) to investigate the angular distribution of atoms sputtered from
{110} surface of a copper monocrystal due to normal incidence 3 keV Argon impact as well
as (ii) to examine the change of sputtering behaviour with temperature from 0 K to 670 K. We
have used the Molecular Dynamics (MD) code SPUT93M to study sputtering. In MD codes
Newton's equations of motion are solved simultanously for all atoms of a crystal. The forces
acting on a particle are found from derivatives of a model potential function^. For the present
study an embedded atom method (EAM) potential was used. This potential has previously been
used for MD simulations in copper®.

The crystals contain 1680 atoms ordered in 12 layers. A
plan view of the fcc{110} surface is shown in the diagram.
Three major directions with azimuthal angle <f> (0°, 55°, 90°)
in the crystal face are marked. The polar angle 9 is defined as
the angle between the surface normal and the direction of the
sputtered atoms. One cold crystal (at 0 K) and five different
hot crystals (at 670 K) are used. The rectangle represents the
impact area, which covers four irreduceable symmetry areas,
to correctly model the warm crystal. We simulated 1000 ar-
gon impacts for each crystal. For the analysis of the results
we imposed C2v symmetry.

We found a sputter yield of 3.16±0.06. Although this is 33% higher than the experimental
yield of 2.27W, there is considerable uncertainty in the experimental measurements. How-
ever, we do reproduce well the ratio of experimental sputtering yields from (110) and (100)
surfaces®. We also find that the total yield for the warm crystal (670 K) of 3.13±0.03 is only
slightly lower, in agreement with experimental results which indicate that the temperature of
the target has generally very little direct influence on the sputtering yield®.

Since Wehners discovery of predominant sputtering along low index crystal directions, it
is known that the angular resolved sputtering yield depends strongly on the structure of the
crystal. These phenomena were first explained with the transport of energy due to correlated
focused collision cascades of atoms along closed packed directions. For the fee crystal this
means that preferential emission is predicted in the (110) direction caused by direct focusing
collisions and in the (100) direction caused by assisted focusing collision sequences.

However, preferential ejection is also seen as a result of low energy impact where energy de-
position is close to the surface, so that focussed collisions sequences are not formed^7'. Indeed,
for sputtering from a Cu{l 10} crystal by 100 eV Ar Johannessent8' correlated such collisional
mechanisms with features in the spot pattern. The mechanisms involve two or three major col-
lisions in the first and second layers of the surface appropriate for 100 eV Ar impact. His spots
and mechanisms are shown in the accompanying table. For 500 eV Ar impact he was how-
ever not able to correlate the acting mechanisms with the spot pattern because more collisional
mechanisms are possible and the spot pattern features he observed were not detailed enough.
In contrast we are able to see distinct spots for sputtering with 3 keV argon, (table and figl).

The mechanisms in the table are parameterised by a combination of the origin of the sput-
tered atom, the origin of atoms which strikes the sputtered atom and the crystal direction. The
An notation denotes that sputtered atom is hit by an atom from n layers below. The crystal
direction identifies which atom in the deeper layer causes the ejection. This notation is only
relevant in cases with a well defined final collision leading to ejection. We try to identify these



processes by looking at the direction of the sputtered atom and and compare these with crystal
directions.

Some results of our simulation with a cold target are shown in figure 1 and the peaks in
the angular distribution identified in the accompanying table. It should be noted that figure 1
shows the angular distribution of all sputtered atoms whereas some of the peaks in the table are
best identified using layer resolved angular distributions. Three of the peaks may result from
mechanisms identified by Johannessen but we find for 3 keV that there are more spots than
found by Johannessen at 100 eV. We also find that ejection due to collisions between atoms in
the top layers along closed-packed directions become important. From figure 1 we see a large
intensity for normal incidence corresponding to ejection along the (110) direction (0 = 0°).
About three quarters of the particles sputtered at normal incidence come from the second layer.
This is presumably because second layer atoms are focussed into normal ejection by the top
layer atoms. A possible mechanism for the normal ejection is the A2 processes in the (110)
direction.

<f>
n/a
0°
0°
0°
0°
55°
55°
55°
90°
90°
90°
90°
90°

6
0°
16°
38°
37°
63°
40°
60°
63°
23°
27°
38°
50°
60°

possible mechanism
A2(110>,(A1)
not identified

A2 (100)
Ao(HO)

A0(110),A2(114)
A3(112),A0(112)

Ax (110), direct
Aj <110), Ao <112)

not identified
not identified
not identified

A2(112),A0(100)
direct

layer origin
2nd, 1st

2nd
1st, 2nd '
1st, 2nd

1st
1st
1st
1st

2nd
3rd
2nd
1st
1st

for 3keV
yes
yes
yes

maybe
yes
yes

maybe
yes
yes
yes
yes
yes

maybe

forO.lkeV^
no
no
no
yes
no
no
yes
no
no
no
no
no
yes

Furthermore there is an intense spot in the (j> = 0°,6 =38 ° direction. Atoms sputtered in this
direction come from both the first and the second layer. These atoms could be hit by atoms from
2 layers below ( A2 (100)) but then the ejection would be about 45°. Johannessen has a different
mechanism. He identified the spot as due to a Ao (110), which could be likewise possible for
3 keV Ar impact. This process could also lead to both first and second layer ejection. So both
mechanisms are possible. We also see a small spot in the 0 = 63° direction due to the first layer.
We may classify it as the Ao (110) process. The A2 (114) process seems to be too improbable,
because the interaction distants rather long.

In the <f> =55° azimuth two spots are visible which are both caused by atoms from the first
layer. The more intense spot is the 9 = 40° direction. Atoms from the fourth layer may eject
first layer atoms (A3 (112)). This would be a rather unlikely process, because the direction
is not closed packed. Another possible explanation for the existence of this spot could be
the Ao (110) mechanism. If we accept this explanation, we should look again in the 0 = 0°
direction. These atoms should lead the sputtered atoms with 8 < 40°. However, this effect is
not observed. The second spot in <p = 55° is at 6 = 63°. This ejection may be produced by a
nearest neighbour Ai (110) mechanism. It could be also due to the Ao (112) mechanism. The
Ai (110) mechanism seems to be the most probable, because the ejection direction corresponds
with the closed packed direction. This identification would favour the Ao (112) mechanism for
the (f> = 55°, 6 = 40° spot.



In the <f> = 90° azimuth sputtered atoms from the first three layers contribute to the picture
and in particular to the spot at 8 = 25°. Processes which lead to this sputtering could not
however be identified. The other spot at 9 = 50° has it origin in the first layer. Possibly a A2

(112) mechanism leads to this spot.
Last the effect of temperature has been investigated. It is striking that the intensity of the

normal spot has decreased as the crystal temperature is increased (fig.l). An explanation for a
similar behaviour of a spot in the (110) closed packed direction for Au{ 111} has been given by
Rosencrance et alJ9l They observed that 90% of the decrease in the yield of this spot is due to
a decreases in the contribution of their so-called "direct ejection" (DE) process which is in our
notation a Ai (110) process. Emission from the second and third layer (not shown) becomes
much more uniform and causes spots like <f> = 90°, 9 = 25° to disappear. There is however still
a spot at <j) = 0° and 8 = 3%°. This spot has also lost intensity, but it is still observable. The
spots due to first layer atoms, have moved to lower 9 angles. For example <j> = 55°, 6 = 63°
has moved to 6 = 54°. We are currently investigating mechanisms responsible for the change
in angular ejection with temperature.

In conclusion we have identified mechanisms which determine the angular distributions
of atoms sputtered from a Cu{110} crystal by 3 keV Ar. The open nature of the Cu{110}
crystal and the relatively high Ar energy which lead to more processes than have previously
been identified. Heating the crystal causes more uniform emission.
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Fig.1: Angular distributions (left) from the cold crystal (0 K) and (right) from the warm crystal (670 K)
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METHODS OF OPTIMISING ION BEAM INDUCED CHARGE COLLECTION
OF POLYCRYSTALLINE SILICON PHOTOVOLTAIC CELLS
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School of Physics, Microanalytical Research Centre, University of Me lbourne, Parkville, 3052,
AUSTRALIA.

Introduction

Ion Beam Induced Charge (IBIC) is a valuable method for the mapping of charge carrier transport
and recombination in silicon solar cells[l]. However performing IBIC analysis of polycrystalline
silicon solar cells is problematic in a manner unlike previous uses of IBIC on silicon-based electronic
devices. Typical solar cells have a surface area of several square centimeters and a p-n junction
thickness of only few microns. This means the cell has a large junction capacitance in the many
nanoFarads range which leads to a large amount of noise on the preamplifier inputs which typically
swamps the transient IBIC signal. The normal method of improving the signal-to-noise (S/N) ratio
by biasing the junction is impractical for these cells as the low-quality silicon used leads to a large
leakage current across the device. We present several experimental techniques which improve the
S/N ratio which when used together should make IBIC analysis of many low crystalline quality
devices a viable and reliable procedure.

The Detector and Preamplifier

Solar Cell

Figure 1: Circuit schematic of a solar cell arranged as a charged particle detector in a charge sensitive
preamplifier circuit. Rs and C<j are the series resistance and junction capacitance of the solar cell and is
is the small signal current source provided by ionising radiation entering the cell. Cs is the sum of stray
capacitances between the detector and preamplifier and CjSS is the input capacitance of the FET. The
A250 is a hybrid charge sensitive preamplifier module made by Amptek Inc.

Data collection for IBIC requires a small transient signal to be collected from a solid-state semi-
conductor device and amplified. The circuit most often used for this purpose is the charge sensitive
preamplifier. This mode of preamplification typically gives the best signal to noise ratio for charged
particle detection with a solid state detector. A schematic for this circuit is shown in figure 1.
The solar cell is shown as an equivalent circuit containing a small signal current source is, a series
resistance Ks and a parallel capacitance C<j. Charge injected into the cell by incident MeV ions



is separated across the p-n junction creating a small transient current (lMeV of energy loss in Si
creates ~0.044pC of charge). The series resistance is largely determined by contributions from
the bulk resistance of the semiconductor material and contact resistance of the metallic fingers [2,
p43]. The space-charge region of the p-n junction has a capacitance Ca which is proportional to
the junction area and inversely proportional to the depletion region width [3,p78]. Other sources
of capacitance on the preamplifier input are the gate-channel capacitance of the JFET (Qss) and
other stray capacitance between the detector and amplifier due to such things as coaxial cabling
(Cs). The feedback capacitor C/ controls the voltage gain of the circuit and R/ slowly drains the
accumulated charge off C/ to prevent clipping.

Amplifier Gain and Noise Sources

The output voltage of the above circuit for an input IBIC transient is given by

Q
Vnut — — Cin + (A + \)Ct

where Qn = Cd + Cs + C{SS, Q is the integrated charge of the transient and A is the preamplifier
gain. When (Cin + Cf)/Cf « A the output voltage is approximately Vwt = —Q/Cf. However
as Cin becomes large the output voltage is significantly reduced and hence the S/N ratio worsens.
This effect can be partially offset by using an input FET with a Ciss approximately equal to
Cd, which will have a larger transconductance gain and hence increase A. Connecting two or
more FETs in parallel can achieve the same effect. In addition to this reduction in sensitivity a
large input capacitance also acts as a significant noise source. This noise is proportional to the
capacitance and must typically be kept below l-2nF to keep the transient signal above the noise.

Results and Discussion

Solar cells typically have junction areas of several cm2 and as such their capacitance is very high.
A simple way of reducing this capacitance is to fragment the cell into pieces small enough so that
the junction capacitance is low enough to see IBIC transients above the noise level. This has
been performed successfully as shown in [4]. The same effect may also be achieved by scribing
a rectangle on the surface of the cell to cut through the thin n+ layer, hence isolating thep-n
junction within the region defined.

A common way of reducing detector capacitance is to reverse bias the p-n junction which increases
the depletion region width. This is unfortunately impractical for polycrystalline solar cells due to
the large reverse bias leakage current of these devices. This has the effect of dropping much of the
supplied bias voltage across the bias resistor and producing significant Shot noise from the bias
resistor.

Figure 2 shows a comparison between a 12mm2 fragment of commercial grade polycrystalline
silicon solar and a 25mm2 p-n junction silicon charged particle detector made from single crystal
silicon. This exemplifies the large capacitance and leakage current even from a small section of
solar cell by comparing it to a detector for which IBIC S/N ratio is very good.

The purchase of an Amptek A250 hybrid charge sensitive preamplifier has allowed us to fabricate
an in-chamber preamplifier module which has significantly improved the S/N ratio by minimising
the detector to preamplifier distance and hence effectively eliminating the stray capacitance Cs.
Another benefit has been the elimination of troublesome ground loop noise sources between the
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Figure 2: Comparison of device capacitance and leakage current as a function of reverse junction bias
voltage for a commercial-grade polycrystalline silicon solar cell and a solid-state crystalline silicon charged
particle detector. Capacitance and current values for the solid-state detector have been multiplied by a
factor of 10 for clarity. Detector surface areas are 12mm2 and 25mm2 respectively.

solar cell detector and preamplifier input.

Future Work and Conclusion

The most effective technique for further improvement of the IBIC S/N ratio is to cool the sample.
The leakage current of the cell will halve for approximately every 10°C reduction in temperature.
This would allow the junction to be reverse biased and Cd reduced without introducing significant
noise. Simultaneous cooling of the FET reduces its leakage current which will also reduce the
noise. Sample cooling has other beneficial effects such as increasing the diffusion length of the
silicon substrate which improves charge collection of generated charge carriers. Preparation of
an in-chamber liquid nitrogen sample cooling stage for the Melbourne microprobe is currently
underway and should allow IBIC on polycrystalline solar cells to be performed with much better
results.
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The process of solid phase epitaxy (SPE) in semiconductor materials is one which has
been intensively researched due to possible applications in the semiconductor industry. SPE
is a solid phase transformation, in which an amorphous layer can be recrystallized either
through heating or a combination of heating and ion bombardment. The transformation is
believed to occur exclusively at the interface between the amorphous and crystalline layers,
with individual atoms from the amorphous phase being incorporated into the crystalline
phase by some point defect mechanism. The process has been observed to follow an Arrhenius
temperature dependence,

P

v = voexp{-^}, (1)

where v is the velocity of the moving interface, Ea is a material specific activation energy,
often associated with the creation or migration of the defect responsible for the recrystal-
lization, and vo is a constant prefactor. Accepted values of these for silicon are found in
the comprehensive review of Olson and Roth, where Ea is empirically determined to be
2.7 ± 0.02ey and v0 is cited as 4.64 x 108cm.s"1 [1]. SPE has been observed to proceed lat-
erally, if constrained to the plane of the crystal template on which growth occurs. To date,
measurements of lateral SPE have involved crystallization radially, outward from a region of
seed crystal. Lateral confinement has been shown to effect the SPE rate in a manner which
is dependent on the direction of the growth. Yamamoto, Ishiwara and Furukawa observe
that lateral growth in the [Oil] direction proceeds at a constant rate, while growth in the
[010] direction proceeds initially at a faster rate, and then declines to the constant, direction
independent rate. [2].

The prescence of dopants and impurities has been found to influence the rate of SPE.
Specifically, amounts of both p and n-type dopants enhance the rate, while equal amounts
of both return the rate to the intrinsic rate. This suggests that a modification of the Fermi
level is, in this case important to the defect mechanism responsible for SPE. The prescence
of non-dopant impurities has been found in general to retard the SPE rate. Exceptions to
this are the metals which are fast diffusers in silicon. Gold for example has been found to
enhance the SPE rate by as much as 50 times. In an interesting experiment, Jacobson, Poate
and Olson monitored the effect of implanted gold in a recrystallizing silicon amorphous layer
[3]. They found that the gold is zone refined in the amorphous layer, providing greater
enhancement to the rate as its concentration in the layer increases. This process ceases
when the concentration of the gold surpasses the solubility level of gold in silicon, at which
stage the rate is severely retarded, and the gold is precipitated at the interface. Elliman,
Gibson, Jacobson, Poate and Williams [4] report similar findings with both gold and copper
implanted amorphous silicon layers, observing the precipitation of these elements with TEM.

The experiment being performed is designed to incorporate lateral SPE and zone refine-
ment of fast diffusing metals in the amorphous layer during annealing to create wire like
structures with lateral dimensions in the nanometre regime, and heights of some microns.
As shown in Fig. 1 a silicon wafer is subjected to a multi-energy silicon implant through
a fine nickel grid to amorphize regions to a depth of 5/Lim creating an array of amorphous
wells with diameters of around 1 — 2fxm. Metal impurity atoms are then implanted in the
amorphous regions at an energy of 500/ceV with a dose of 5 x 1014cra~2 calculated from
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Figure 1: The Process of Creating a Quantum Wire. The nickel grid used as a mask contains
an array of openings of about 1/ira in diameter.

the volume of the intended wire. Annealing then occurs at around 600°C, shrinking the
amorphous wells and pushing the metal atoms into the core.

The implantations were conducted using the ion implanter at the Electronic Materials
Engineering laboratory at ANU. All implants were performed at liquid nitrogen temperatures
to prevent thermal shifting of the nickel grids, and a subsequent widening of the wells.
Samples were examined in an optical microscope with a Nomarski attachment to check for
the amorphous regions. The amorphous silicon wells appear as little hillocks due to the fact
that amorphous silicon is less dense than crystalline silicon and hence some swelling occurs.
An example of this is shown in Fig. 2 which is a photograph of a x40 magnification of the
array of implanted regions. The period of the hillock structure is 12.5^m. It is clear from
this that due to the implantations there exists a regular array of swollen regions in the silicon
wafer, corresponding to expectations. Expectations were again confirmed through the use of
the Alphastep profiler at RMIT which uses a fine diamond stylus to map the surface features
of a sample. This provided the information that the burgeoning wells were about 2fxm wide
and rose about 0.01/̂ m above the silicon substrate as can be seen from Fig. 3.

Samples were preannealed at 480°C to relax the interface between amorphous and crys-
talline regions, and then annealed at around 600°C for about Ibmins. Anneals were mon-
itored using the time resolved reflectivity system at Melbourne University. Although the
laser spot size was much larger than individual wells and the interface was moving, unusu-
ally, perpendicular to the incoming beam, the averaged signal was able to be interpreted
to the degree that an asymptotic trend could be discerned. This trend existed at all the
anneal temperatures used, with higher temperatures resulting in a contracted time scale.
The asymptotic behaviour is interpreted as a completion of the recrystallization and precip-



itation process, or an attainment of equilibrium of the system some way from the ideal. At
this stage, the exact composition and structure of the wires has yet to be determined, and
it is possible that a gold and silicon compound is obtained, with the surrounding recrystal-
lized silicon containing many defect structures. However, recently acquired RBS data looks
promising and TEM is scheduled to be performed. Both these techniques seem capable of
augmenting our present knowledge of the process which occurs during the annealing and the
structures which are obtained.

Figure 2: Photograph of Amorphous Wells. The period for the swollen regions is 12.5/zm.
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Figure 3: Alphastep Profile of Amorphous Wells
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ABSTRACT
In-situ transmission electron microscopy (TEM) has been used to characterize the solid-
phase epitaxial growth of amorphized GaAs at a temperature of 260°C. To maximize heat
transfer from the heated holder to the sample and minimize electron-irradiation induced
artifacts, non-conventional methodologies were utilized for the preparation of cross-sectional
samples. GaAs 3x1 mm rectangular wafers were cleaved then glued face-to-face to form a
wafer stack size of 3x3 mm while maintaining the TEM region at the center. This stack was
subsequently polished on the cross-section to a thickness of ~ 200 Jim. A 3 mm disc was
then cut perpendicular to the cross-section using a Gatan ultrasonic cutter. The disc was
polished men dimpled on both sides to a thickness of ~ 15 |im. This was ion-beam milled at
liquid nitrogen temperature to an electron-transparent layer. From a comparison of in-situ and
ex-situ measurements of the recrystallization rate, the actual sample temperature during in-
situ characterization was estimated to deviate by < 20°C from that of the heated holder. The
influence of electron-irradiation was found to be negligible by comparing the recrystallization
rate and microstructure of irradiated and unirradiated regions of comparable thickness.
Similarly, the influence of the "thin-foil effect" was found to be negligible by comparing the
recrystallization rate and microstructure of thick and thin regions, the former determined after
the removal of the sample from the microscope and further ion-beam milling of tens of
microns of material. In conclusion, the potential influence of artifacts during in-situ TEM can
be minimized by the appropriate choice of sample preparation procedures.

INTRODUCTION
The solid-phase epitaxial growth (SPEG) of amorphous (a)- GaAs has direct application to
the fabrication of ion-implanted GaAs devices. As a consequence the recrystallization of (a)-
GaAs layers produced by ion-implantation has been intensively investigated (Sinclair, 1988).
Previously, we have utilized in-situ TEM to compliment conventional techniques to
understand the regrowth phenomenon of (a)- GaAs during SPEG (Belay, 1996). In this
report, artifacts associated with in-situ TEM including the electron-beam effect1, the thin-foil
effect2 and ion-beam induced heating, resulting from the sample thinning process, have been
studied.

THE EXPERIMENT
As described below, cross sectional TEM samples were prepared using a non-conventional
methodology to enhance heat transfer from the heated holder to the sample and to help
minimize electron-beam irradiation induced artifacts. GaAs 3x1 mm rectangular wafers were

1 electron-beam-induced changes in the recrystallization rate.
2 differential recrystallization rates as a function of sample thickness.



glued face-to-face to form a bulk sample of size 3x3 mm. This was subsequently polished to a
thickness of ~ 200 um from which a disc of 3 mm in diameter was cored using an ultrasonic
cutter. The disc was polished and dimpled on both sides to a thickness of ~ 15 um. This was
then ion-beam milled at liquid nitrogen temperature to produce an electron transparent layer.

Imaging was carried out using a JEOL 2000FX TEM fitted with LaB6 emitter and operating
at an accelerating voltage of 200 kV. Beam current was of the order of 18 nA and the
resolution of the microscope was better than 0.5 nm.

The potential influence of ion-beam induced heating was characterized by comparing
measurements of the thickness of an amorphous layer determined from XTEM micrograph
and Rutherford Backscattering Spectrometry and Channelling (RBS/C) spectrum.
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Figure 1: (a) XTEM Micrograph of Sample after removal from Ion-Beam Thinner, (b) Channeled RBS/C
Spectrum for an Amorphous GaAs Layer.

The sample heating was ramped to a temperature of 200°C at the rate of ~ 0.7°C/sec. At this
temperature the regrowth rate is negligible. The temperature was then increased to 260°C at
the rate of l°C/sec. From a comparison of in-situ and ex-situ measurements of the
recrystallization rate it was determined that the actual sample temperature during in-situ
characterization was estimated to deviate by < 20°C from that of the heated holder.

Semi-insulating (100) GaAs, as implanted with 200 keV As ions and 190 keV Ga ions to a
total fluence of Iel4/cm2 to form an amorphous surface layer of ~ 160 nm, was partially
recrystallized in the TEM at« 260°C for « 10 min.



Electron-beam effect and thin-foil effect were characterized by comparing the recrystallization
rate and microstructure of the irradiated and unirradiated, thick and thin regions of the sample,
respectively.

RESULTS and DISCUSSION
From Figure 1 it is evident that no material has recrystallized during the sample thinning
process, due to ion-beam induced heating during sample milling.
Figure 2 shows a low magnification image of the sample which was prepared using the non-
conventional methodologies, where (A), (B) and (C) are the irradiated3, the unirradiated4 and
the bulk5 parts of the sample.

Figure 2: Disc Sample Showing Regions of Interest.
(A) Irradiated Region.
(B) Un-Irradiated Region.
(C) Bulk Part of Sample.

The extent of the regrown layer and the microstructure of the amorphous/crystalline-interface
of irradiated, unirradiated and bulk regions of the sample are shown in Figure 3 (I), (ii) and
(iii), respectively. The extent of twinning and the depth of the amorphous/crystalline interface
is the same in all regions of the sample.

3 area of sample irradiated by electron-beam during in-situ heating.
4 area of sample not irradiated by electron-beam during in-situ heating.
5 thick area of sample not yet thinned to form an electron-transparent region.



surface

Figure 3: Amorphous/Crystalline Interface of:- (i) Irradiated Region, (ii) Un-Irradiated Region.(iii) Bulk Part
of Sample

CONCLUSION
The influence of ion-beam induced heating during the thinning process is insignificant when
the sample is maintained at liquid nitrogen temperature during the milling process.

The influence of artifacts resulting from the electron-beam and thin-foil effects during in-situ
TEM can be eliminated by the appropriate choice of sample preparation procedures.
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1 Introduction

VERTICAL Cavity Surface Emitting
Lasers, (VCSELs) have attracted intense

research in the past few years. VCSELs are
promising over conventional edge emitting
lasers due to their superior beam shape, wafer
scale processing and the ability to make two
dimensional arrays. Hence VCSELs are now
finding use in short distance optical fiber links,
printing and optical signal processing.

The basic structure of an ion implanted VC-
SEL is depicted in Figure (1) [1]. The Quantum
Well gain medium is sandwiched between two
Distributed Bragg Mirrors (DBRs) forming a
cavity. In order for the lasing to occur, the op-
tical mode must be confined in the transverse
dimension. This is usually achieved by the im-
plantation of the top mirror to isolate the cur-
rent into the aperture. The current causes the
temperature to rise in the center of the aper-
ture leading to a refractive index change be-
tween the center of the aperture and the sides.
Thus a graded index lens is formed focusing the
optical mode, this phenomenon is referred to in
the literature as thermal lensing [2].

Hence in ion implanted VCSELs thermal
lensing is the only mechanism supplying the op-
tical confinement necessary. Since the mecha-
nism relies on temperature effects, the thermal
lens is usually destroyed or distorted as higher
order transverse modes appear. This leads to
highly non-linear Light-Current curves which
are non-desirable. Also for device applications
in Wavelength Division Multiplexing (WDM)
networks it is important to suppress transverse
modes. There have been numerous attempts
to suppress transverse modes by introducing
losses at the perimeter of the device [3, 4].

ue •
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Bragg Reflector
Alo.7Gao.3As/GaAs
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Figure 1: A Vertical Cavity Surface Emitting
Laser. Lasing action is possible due to the con-
finement of the optical mode to the device aper-
ture

Even though the study of isolation of GaAs
multilayers by O implantation is very thorough
in the literature [5, 6], it is rare to find work
concerning the effect of O implantation on the
optical characteristics of the material. Also the
effect on resonant structures, such as DBRs is
not well understood. The ion implantation and
subsequent annealing, not only causes a recov-
ery of the damage profile but may lead to in-
termixing [7] and other effects [8].

Usually the mirrors are implanted using pro-
tons, but in this paper we examine the use of
O ions for current confinement of the VCSEL.
We show that implantation with high energy
O ions leads to a significant amount of optical
degradation of the mirrors, thus drastically in-
creasing loss for higher order transverse modes.
This optical degradation is present even after
annealing which demonstrates the stability of
the O implantation over the proton implanta-
tion case.



N type mirror with H implant dose 2

100 •

- , 8 0 •

•> 60

I 40

20

A / M

• ',p V

As grown
As implanted
5OOdeg

650 900 950 1000

Wavelength (nm)

N type mirror with H implant dose 3

1050 B50

100

80

60

40

20

n

/
i
t

-: \U' A M1 / \f 1

P type mirror H implant dose 2

A/1 l \ 1

A • N

—
; \\r\

\ >! wv

As grown
As implanted
500 deg

900 950 1000
Wavelength (nm)

P type mirror H implant dose 3

1050

As grown
As implanted
400deg

100

40

20

'''I • \ \

VA

As grown

" - • • As implanted

500 dcg

J

800 850 900 950
Wavelength (nm)

1000 1050 850 900 950

Wavelength (nm)

1O00

Figure 2: Reflectivity Spectra for proton implanted DBR mirrors, (p type and n type).

2 Experiment

Two mirrors, p-type and n-type, were grown
using low pressure MOCVD. The p type mir-
ror was doped with Dimethyle Zinc (DMZn),
while the n type mirror was doped using Silane
(SiH4). The mirrors consisted of 43.2nm of
Alo.2Gao.8As and 51.3nm of Alo.9Gao.1As, these
were then separated by a 20nm graded compo-
sition layer, with linear grading.

The doping was 5 x 1018cm~3 in the graded
region with a 5 x 1017cm~3 background doping
measured using an ECV profiler.

Both mirrors were implanted with a flat pro-
file H implant and a flat profile O implant. The
implantation scheme is shown in Table (1). The
doses were chosen to be in close agreement to
previous studies which indicate the carrier re-
moval efficiency of 0 ions to be at least an order
of magnitude better than the proton case [5].

H implant
Energy

25
50

100
150
250
300
350
400

Dose
1.23
2.24
2.63
2.63
3.46
3.83
3.99
5.35

O implant
Energy

90
300
800

1500
2600
3800
5000

Dose
1.0
1.7
2.0
2.5
2.7
2.7
4.0

dose 1 = 1 x 1014

dose 2 = 5 x 1014

dose 3 = 1 x 1015

dose 1 = 1 x 1013

dose 2 = 5 X 1013

dose 3 = 1 X 1014

Table 1: Implantation scheme for O and H ions.
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Figure 3: Reflectivity Spectra for Oxygen implanted DBR mirrors, (p type and n type).

The reflectivity spectra of the proton im-
planted n doped mirror is presented in Figure
2. For the first dose chosen the reflectivity re-
mains virtually unchanged indicating negligible
damage. Dose 2 begins to show some absorp-
tion due to damage, particularly in the reduced
visibility of the mirror ripples about 975nm.
This damage is quickly annealed though, and
annealing at 500°C for 30 seconds is seen to
completely cure the mirror.

As the dose is increased to Dose 3, the dam-
age is much more pronounced. The ripples
about 975 nm are far less visible in the as im-
planted sample. However, the damage is an-
nealed efficiently at 400°C and is completely
gone at 600°C.

It is very interesting to compare these results
to the results obtained from the p type mirror.
The p-type mirror, shown in Figure 2, displays
a more exaggerated loss for the same doses. As
can be seen by a direct comparison of the as
implanted case. Again there is negligible dif-
ference between the optical reflectivity of dose
2 and dose 3 indicating a possible saturation
effect in the implantation induced damage.

Of interest is the significant red shift of the

mirror reflectivity which may be observed for
the as implanted spectra. This may be at-
tributed to the increase of the refractive index
of GaAs due to the local amorphization of the
material [9]. This amorphization may also lead
to optical scattering which could account for
the reduced total reflectivity.

When comparing the reflectivities from the
H implanted case to the O implanted case, it
is easy to see (Figure 3) that O implantation
causes far more pronounced optical loss. The
as implanted case for the lowest dose shows a
significant amount of loss, even more than the
highest dose of protons. However as can be
seen a lot of this damage may be annealed at
lower temperatures around 400°C-500°C.

When the dose is increased, however, the
damage is much more significant, and it can
be seen that annealing at lower temperatures
is insufficient to remove a significant amount of
the damage, resulting in highly lossy mirrors.

Contrary to the H implantation case, the p-
type material does not exhibit more loss, as can
be seen by Figure 3. The as implanted loss is
of the same order of magnitude as in the n type
mirror.



Conventionally VCSELs are isolated by pro-
ton implantation due to the fact that the stop-
ping range of protons in GaAs is much larger
than that of Oxygen. However the damage cre-
ated by protons is more susceptible to be an-
nealed out during the operation of the device
leading to device degradation, [10]. Here we see
that the O implanted material displays more
thermally stable optical damage than the pro-
ton implanted case.

3 Conclusions

In this paper we have compared Oxygen ion
implantation with proton implantation. It was
found that although proton implantation im-
parted significant optical losses to the mate-
rial causing a reduction of the reflectivity, the
damage tended to be annealed out at moder-
ate temperatures (400°C-600°C). It was found
that p type mirrors are much more susceptible
to proton implantation leading to severe degra-
dation of the reflectivity.

Oxygen implantation was found to be far
more effective in creating optical damage in the
mirror. The mirror resonance was observed to
be red shifted indicating1 some amorphization of
the material occurred. Optical damage caused
by ion implantation was found to be more ther-
mally stable and more significant than in the
proton implantation case. It is hence concluded
that O implants are promising for isolation of
VCSELs because the material increases the loss

-of .the transverse modes and the crystal damage
is more thermally stable.
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ABSTRACT
Preliminary data suggests that the combination of uranium doping and neutron irradiation
produces improved flux pinning in Bi-2223 tapes over neutron irradiation alone. Before
neutron irradiation, uranium doping has no effect on critical current. The uranium appears to
be homogeneously distributed throughout the oxide core of the tape. Finally, the presence of
2212 and other secondary phases in the doped tapes suggest further refinement of the sintering
procedure is necessary.

INTRODUCTION
Progress has been made in understanding the flux pinning behaviour of the Bi-Pb-Sr-Ca-Cu-O
system. Enhancement of magnetic flux pinning has been attained through neutron irradiation. A
noticeable enhancement in transport Jc in Ag/Bi-based 2223 tapes has been achieved using fast
neutron irradiation, which was attributed to an improvement in flux pinning capability [1].
Preliminary studies on uranium doping on Bi-2223 powders show a beneficial effect on flux
pinning [2]. Thus it is believed that a combination of neutron irradiation with uranium doping
would introduce fission tracks throughout a tape which will act as effective pinning centres,
leading to a substantial increase in critical current.

EXPERIMENTAL
Short Ag-clad Bi-2223 tapes, both doped and undoped, were prepared using a standard
powder-in-tube procedure [eg.3]. Commercial Merck powder was used, with doped samples
having 0.3%(by weight) uranium oxide added and then ball milled for an extended period of
time. Sintering was performed using a tube furnace with a temperature gradient from one end
to the other. A two stage sintering procedure was used. Temperatures were ramped at lC/min,
and each stage was held at 840*0.50 for 50 hours. Pressing at lGPa was carried out after the
first stage. During the final 30 hours of the second stage, temperature was reduced to 820C.
Samples were then irradiated with a fluence of 4x1016 n/cm2 using fast neutrons.

Before irradiation, SEM, DTA and XRD was performed on the tapes. Both before and after
irradiation the trapped maximum magnetic flux was measured at 77K.

RESULTS AND DISCUSSION
Early results using the standard two stage sintering procedure have generated critical currents
in 0.3% uranium doped Bi-2223 tapes similar to the best undoped tapes (Figure 1). Figure 1
shows that the optimum sintering termperature for the doped tapes is 1-2C lower than for
undoped tape. XRD shows that the uranium doped tapes contain approximately 20% Bi-2212



Figure 1: Critical Current of Uranium Doped and Undoped Bi-2223 Tapes (1 ji V criterion)
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phase and other secondary phases such as (Ca,Sr)CuO, (Ca,Sr)PbO4 and CuO. Undoped tapes
contain fewer secondary phases (Figure 2).

Figure 2: XRD of Uranium Doped and Undoped Bi-2223 Tapes after Final Sinter.

- (a) Uranium Doped Bi 2223 tape after 2 sinter
- <b) Bi 2223 tape after2 sinter

2-lhete 0

Preliminary SEM suggests that the uranium dispersed throughout the BiSCCO. Having the
uranium homogeneously dispersed will result in an isolated U235 fission when neutron
irradiated. When the U235 fission occurs there is a back to back emission of fragments which
is thought to produce damage in the form of an isolated column. It is expected then that the
total damage will appear like a collection of needles of random spacing and orientation. A
TEM study is underway to examine the damage due to the fission events.

Some preliminary magnetization results on the neutron irradiation of uranium doped tapes have
been obtained. Table 1 below compares the maximum trapped magnetic field before and after
neutron irradiation. Unfortunately these results are not reliable due to one of the tapes being
bent, and noise on the gaussmeter on which the measurements were made. The (now
radioaaive) tapes have been sent onto Atomic Institute in Vienna, Austria for analysis by
Professor Weber's group.



Table 1: Maximum Trapped Magnetic Field (BT) Before and After Neutron Irradiation.

with uranium
with uranium
no uranium
no uranium

Sample Number
U-4
U-6
Un-1
Un-3

BT before (gauss)
4.0
1.5
3.1
3.2

BT after (gauss)
(0.9)(1)

7.9
7.5
11.9

R(2)

—

5.3
2.4
3.7

(1) This tape was bent during the neutron irradiation process.
® ratio R=(trapped field after irradiation)/(trapped field before irradiation)

The results presented in Table 1, whilst not unreasonable, are to be treated with caution.

CONCLUSION
The addition of 0.3%(by weight) of uranium oxide into the commercial Merck powder lowers
the optimum sintering temperature by 1-2C. The relatively large amount of 2212 and other
secondary phases in the uranium doped tape suggests the sintering procedure requires further
refinement. SEM analysis suggests that the uranium dopant is homogeneously distributed
throughout the Bi2223 grains, possibly substituted into the lattice itself. Neutron irradiation of
uranium doped and undoped tapes has been carried out. Early evidence suggests that the
combined uranium doping/neutron irradiation process produces greater flux pinning than
irradiation alone, however this magnetization data was collected with a noisy gaussmeter and
will need to be verified. A TEM study is underway to examine the structure of the random
columnar defects generated by uranium fission events.

[1] Hu, Q.Y., Weber, H.W., Sauerzopf, F.M., Shulz, G.W., Schalk, R.M., Neumuller, H.W.
and Dou, S.X, App.Phys.Lett. 29 (1994) 3008
[2]Hart, H.R. et.al. IEEE Trans. Magnetics, 27 (1991) 1375
[3] S. X. Dou and H. K. Liu, Super. Sci. Tech., 6 (1993) 297
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Multi-wavelength lasers by ion implantation
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Ion implantation is well known technique to induce intermixing in multilayer semiconductors.
One major application of this technique is to selectively fine-tune the band structure of quantum
well devices. This effect is achieved by modifying the shape of the quantum well and hence the
ground state of excitons in the well. Although, ion implantation is not the only technique
available to create intermixing, it has the advantage of reproducibility and the ability to introduce
a controllable amount of defects to enhance the intermixing process. The introduction of defects
must be carefully controlled, as they must not degrade the device properties.

In this paper, we will demonstrate the use of proton bombardment to create intermixing in GaAs-
AlGaAs quantum well structures. Very large energy shifts (up to 200 meV) are observed from
these samples by low temperature photoluminescence spectroscopy. This process is then
extended to modify the emission wavelengths of Graded-Index Separate Confinement
Heterostructure (GRINSCH) GaAs quantum well lasers with minimal degradation in the device
characteristics. Up to 40 nm shift in wavelength is observed in devices implanted with protons to
a dose of 1.5x10 cm". These results demonstrate the viability and usefulness of ion
implantation to fabricate the next generation of wavelength-division-multiplexing (WDM)
devices.
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I. Introduction

AlGaAs/GaAs quantum well (QW) structures are one of the most widely used
materials for semiconductor lasers. The desired laser wavelength can be conveniently
achieved by adjusting the barrier height and well thickness during epitaxial growth;
the so-called "energy band engineering." However, it is also possible to fine-tune the
wavelength by post-growth modification of the QW confinement profile using
controlled intermixing across the well/barrier interfaces.1 Several methods have been
applied to create intermixing, such as anodic oxidation,2 rapid thermal annealing
(RTA) processes,3 etc. The introduction of either specific impurities or vacancies and
their thermal diffusion may also achieve intermixing across the QW interfaces. Ion
implantation has been shown to be a very effective method in this regard,4 with up to
about 200meV blue-shift in AlGaAs/GaAs QWs induced by proton irradiation and
also heavier ions such as As.5

The majority of ion implantation-induced intermixing studies of QWs have been
concerned with the variation of the ground state transition energy using optical
techniques such as low temperature photoluminescence (PL). However, since the
optical properties such as absorption coefficient and refractive index are determined
by all possible transitions, (i.e. the 11H, 11L, 22H etc. transitions) in the QWs, it is
necessary to study the effect of intermixing on these transitions. It would also be
important if one would like to know the potential well profile after intermixing. A
suitable technique to measure these transition energies at room temperature would
then be required so that these results may be related to actual devices, which normally
operate at around room temperature.

Photo-modulated reflectance (PR) has been a promising optical technique to
characterize semiconductor materials, particularly for QW structures because of its
high sensitivity and spectral resolution at room temperature. In this work, detailed
study of first and higher order transitions after intermixing induced by proton and
arsenic implantation for Alo.54Gao.46As/GaAs/ Alo.54Gao.46As QW was carried out at
room temperature by PR measurements.

II. Experimental details

The sample was grown by low pressure MOCVD on (100) GaAs semi-insulating
substrate. After GaAs buffer layer, a 7 nm GaAs quantum well layer sandwiched by
two 25 nm Alo.54Gao.46As barriers was grown followed by a final GaAs cap layer of 5
nm thick. All layers are undoped and grown at 750 °C. Ion implantation was carried
out at room temperature with 40 keV proton or 400 keV arsenic ions. Half of each
sample was masked during implantation for direct comparison with the implanted



16 cm"2 in the case ofhalf. The implantation dose was varied from 5xlO14 to 1x10
proton and from 5xl0 n to lxlO13 cm" in the case of arsenic ions. After implantation,
the samples (both implanted and masked regions) were annealed under Ar flow in a
rapid thermal annealer at 900 °C for 30 seconds. Room temperature PR measurements
were taken with 488 Ar+ laser as the modulating source and Xenon-lamp as probe
beam in a system consisted of a 1 m monochromator with 1200/mm grating, a Si
photo-detector and a lock-in amplifier.

Ill Results

Fig.l shows the PR results for arsenic and proton implanted samples at various
doses.

1

1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85

Energy(eV)

Arsenic-implanted PR Measurement 2 2 H

GaAs I

1.4 1.5 1.6 1.7

Energy(eV)

Fig.l PR measurement of arsenic and proton implanted SQW, M0 is unimplanted but annealed sample.
The doses are as follows : 5xlOUAs/cm2 (Ml), lxl012As/cm2 (M2), lxlO13As/cm2 (M4), 3xl014

H/cm2 (M5), 9xlO14 H/cm2 (M6), 2xl015 H/cm2 (M7) and 5xl015 H/cm2 (M8).

From this figure, the following points may be summarised :
1. clear blue shifts were observed for all the transitions of QW in both arsenic

and proton implanted samples
2. in both cases, the energy shifts of different transitions, i.e. 11H, 11L, 22H,

were different
3. in arsenic implanted samples, a saturation effect was observed with increasing

implantation dose but not in the cases of proton implantation
4. the signal ratio of 22H/11H for both proton and arsenic implanted samples

increased with increasing dose

IV. Discussion

Fig.2 shows the energy shift for different transitions and both for arsenic and
proton implantations. Arsenic implantation was more efficient for intermixing than
proton at all doses. Although the arsenic ion doses used in this work were much lower
than those of proton, the damage density per ion in the QW region was about a factor
of 2000 higher (as calculated by Trim906).



Maximum energy shifts due to arsenic implantations were 60, 38, 21 meV for
11H, 11L and 22H transitions, respectively. For protons, these values were 14, 13 and
15 meV. The smaller energy shift in proton implanted samples is in contradiction with
earlier photoluminescence (PL) studies4'5 which showed large and similar energy
shifts in both arsenic and proton implantations. Further experiments are underway to
investigate this anomaly. However, consistent with earlier studies,4'5 a saturation
affect was observed in the case of arsenic ions while no apparent saturation was
observed for protons. Also, in arsenic implanted samples, different transitions showed
different energy shift with increasing implantation dose. The 11H appeared to shift
faster than 11L and 22H before saturation occurred. On the other hand, in proton
implanted samples, very little difference was observed in all the three transitions.

With increasing ion dose, the intensity ratio of 22H/11H increased continuously
for the arsenic case as illustrated in Fig. 3. However, in the case of protons, the ratio
was fairly constant until a certain critical dose when it started to increase. These
results suggest that as the degree of intermixing increases, the initial square QW
profile becomes more diffuse and the overlap between the electron and hole
wavefunctions of the higher sublevel relative to those of the ground state increases.
The difference between arsenic and proton implantations also suggests that the shapes
of the QWs after intermixing are different. However, further calculations with proper
models will be required for determining the shape of the QW and understanding of the
dynamics of intermixing.

0 10 20 30 43 50

Implantation dose(X10e+11) 0 50 100

Implantation dose(x10e+14)

Fig.2 Energy shift for different transitions of Arsenic and proton implantation at different
implantation dose.

V. Summary

In this paper, the effects of intermixing for Alo.54Gao.46As/GaAs/ Alo.54Gao.46As
QW induced by arsenic and proton implantations and subsequent annealing had been
studied by photoreflectance. Comparing with unimplanted samples, obvious blue
shifts were observed in both cases. The energy shifts for 11H, 11L and 22H
transitions were quite different for arsenic implantations while for protons, they were



about the same. The results would be useful in determining the shape of the QW after
intermixing and also the mechanism of ion implantation-induced intermixing.

0 10 20 30 40 50

Implantation dose(x10e+11)
0 20 40 60 80 100

Implantation dose(x10e+14)

Fig.3 Intensity ratio of 22H by 11H transitions of both arsenic and proton implantation samples at
different implantation dose.
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Introduction

Ion beam implantation is an effective technique to induce a crystalline to amorphous
transformation in many materials1-11. In Si, in particular, amorphisation is typically
straightforward for implantation at liquid nitrogen temperature where implantation-induced
defects are essentially immobile C2]. Such amorphous Si layers(a-Si) can be recrystallized
epitaxially at temperature around 600°C and such experiments have enabled the kinetics of
epitaxial recrystallisation to be measured accurately[2]. Recently, void or nanocavities have been
introduced into Si by either H[3] or He [4] implantation followed by annealing at typically 850°C.
It is interesting to examine the influence of amrophisation and crystallisation on the stability of
cavities. The questions arising are:(l) how are the cavities modified by implantation; (2) what
material transport process occur, and do voids survive amortisation and recrystallisation?
Therefore, this kind of research is fundamental but also may find as well techlcal appications for
implantation-induced or porous materials^"61.

From the above considerations, in this paper, the influence of self-implant-induced
amorphorization and its subsequent solid phase epitaxial growth (SPEG) on the stability of
nanocavities in a silicon wafer was investigated. The resultant structures of the as-implanted and
the recrystallised layers were characterised by Rutherford backscattering (RBS) and channelling
combined with cross-sectional transmission electron microscopy (XTEM) observations. The
structural observations are also correlated with kinetic data from in-situ SPEG measurements to
be reported in another paper[7].

Experimental

N-type, 5-10 Ohm.cm Si(100) wafers were used. The buried nanocavity band located at about
5500 A (measured from XTEM observation and RBS measurement) from the wafer surface was
created by an implantation of 50keV H ions to a dose of 3xl016 cm"2 at room temperature
followed by an annealing at 850 °C for 1 hr. A uniform amorphous Si layer of about 10500A in
thickness (measured from XTEM observation and RBS measurement was introduced by Si ion
self-implantation at three energies at liquid Nitrogen temperature (70keV to a dose lxlO15 cm"2,
330 keV to a dose 3xl015cm"2, and 700keV to a dose 5xl015cm"2). To avoid ion channelling
effects, all the implanted samples were titled ~ 7° from the incident beam direction. The a-Si
layer was then recrystalized at different temperatures on an in-situ time resolved reflectivity set-
up. Au was also introduced into the near surface of both the c-Si sample containing cavities and
the sample that had been subsequently amorphized and then recrystallized. Au was introduced by
an 80keV implant to a dose of 4xlO14 cm"2 at room temperature. A furnace annealing at 850°C



for 1 hr in an Argon gas flow was then performed to determine the extent of Au getting to the
cavity band region in both cases.

The amorphous layer thickness, the H-implanted damage profile, the crystal quality, and any
movement of Au to cavities were determined with Rutherford backscattering spectrometry and
ion channeling (RBS-C) using 2.0MeV He ions. The channeling was along the <100> axis
(normal to the sample surface). The scattering angle is 168°. The movement of Au and the crystal
quality was also examined by XTEM using a Philips 430 microscope operating at 300keV.

Results and Discussion

Fig.l demonstrates the normal gettering of Au to a cavity band in c-Si. Fig. l(a) shows its XTEM
micrograph and Fig.l(b) shows the corresponding RBS random spectrum showing the Au
profile. It is obvious that all the Au implanted at the wafer surface is gettered to the nanocavity
band in the c-cav sample after furnace annealing at 850 °C for lhr. However, the same RBS
measurement in Fig2(b) illustrates that in the amorphized and recrytallized cavity sample, all the
Au implanted remains at the wafer surface during annealing. Also, from the XTEM micrograph
in Fig.2(a), no cavities are observed at the position originally containing a cavity band before
amorphisation. This is a surprising result since it clearly involves considerable mass transport to
fill up the cavities. When do these cavities disappear? Is it during amorphization, or during
SPEG ? It is clearly amazing, regardless of when the cavities are removed, that no trace of them
is found in XTEM micrgraphs. From the above analysis, there are two extreme possibilities
which can be suggested. That is, the nanocavities are already dissociated (i.e. apprecially filled
in) during implantation, leaving smaller vacancy clusters which slightly disturbs but survive
SPEG and are too small to be observed in XTEM. Alternatively the nanocavities remain in the
as-implanted amorphous matrix, but are fully filled in by major mass transport during annealing
and SPEG process. It is not possible at this stage to resolve this issue.

The detailed mechanisms of the cavity dissociation process are currently under investigation by
studying the effect of pre-amorphous doses on cavity stability both during implantation and
during annealing. It is possible that the nanometer-size of the cavities plays a critical role during
the implantation and SPEG process. If the size of a cavity exceeds a critical size, it is clear that it
may not disappear during implantation and annealing.
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Figure 1, gettering results of Sample c-cav: (a) [110]
bright-field XTEM image of cavity band at 5500 A
where all Au is gettered; (b) corresponding RBS
random spectrum of gettered Au peak at about 5500A
from wafer surface

Figure 2, gettering results of Sample annl a-cav:(a)
[110] bright field XTEM image of recrystallized a-
cavity band region where all cavities disappear (b)
corresponding RBS random spectrum of all
implanted Au remained at wafer surface;
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