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lstANSTO/AINSE SIMS Workshop

The 1st ANSTO/AINSE SIMS Workshop was held on 14th and 15th of April at
AINSE, Lucas Heights. The workshop drew together a mixture of Surface Analysis
experts and Surface Analysis users, with the concept that SIMS analysis has to be
enfolded within the spectrum of surface analysis techniques and that the user should
select the technique most applicable to the problem. With this concept in mind the
program was structured as sessions on SIMS Facilities; Applications to Mineral
Surfaces; Applications to Biological Systems, Applications to Surfaces as Semi-
conductors, Catalysts and Surface Coatings; and Applications to Ceramics.

SIMS FACILITIES

Five papers were presented on SIMS Facilities in Australia/New Zealand. The
Session and Conference was started with a paper by Dr Kathryn Prince of ANSTO
who summarised the ANSTO Cameca SIMS 5f Facility. This was followed with a
paper by Dr Robert Lamb of the University of New South Wales who discussed
where SIMS fits inside the range of surface analysis techniques. Dr Jim Metson of
University of Auckland discussed the differences between static SIMS and dynamic
SIMS. Dr Nick Ware of the Australian National University discussed the
development and capability of the ANU SHRIMP (Sensitive High Resolution Ion
Micro Probe) and Dr Bruce King of the University of Newcastle completed the
session with a paper on the use of Laser Ionisation Sputter Neutral Mass Spectrometry
for decoupling the sputtering from the analysis process.

Dr Kathryn Prince of ANSTO summarised the ANSTO Cameca SIMS 5f Facility.
It is equipped with dual sources a Duoplasmatron (Oi+, Ar+ or O~) gas source and a
Cesium (Cs+) source. The primary beam may be focussed and rastered over an area
up to 500 x 500 jim. The secondary column is a double focussing mass spectrometer,
comprising of energy and mass filtering sections, with detection by CCD camera for
imaging, an electron multiplier or a Faraday cup. Atomic mass detection is 1 to 500
amu, and some elements may be detected down to ppb. Depth profiling may be
performed to 5 |im. Vacuum in the sample chamber is generally in the range of 10"9

Torr during sample analysis. The instrument is fitted with an electron gun for
neutralising the +ve charge which builds up on an insulating surface. The instrument
has been used to investigate the unconventional surfaces of biological and ceramic
samples. The operational details and results from these investigations were reported
by subsequent speakers at the workshop.

# Dr Robert Lamb of the University of New South Wales discussed where SIMS
fits inside the range of surface analysis techniques. Surveys of 'where SIMS is going'
were reported by several of the speakers and there was general consensus that indicate
that surface analysis is dominated by XPS (50%) and will continue to remain so for
the next few years. XPS has neat chemistry in that it provides information on
chemical bonds, except for carbon-carbon bonds; provides an average spatial
distribution; and is non-destructive. Auger (AES) has a significant section of the
market (22%) and is good for spatial work. The remaining 28% is effectively SIMS
type analysis split 50:50 between dynamic and Time of Flight instrumentation. The
trends suggest that XPS will hold the market share and there will be an expansion in
the use of Time of Flight SIMS into the traditional areas of Auger. A diagram from
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the Charles Evans WEB page is attached which illustrates the location of dynamic
SIMS within the spectrum of surface analysis techniques.

# Dr Jim Metson of University of Auckland discussed the differences between
static SIMS and dynamic SIMS and was careful to distinguish Static SIMS from Time
of Flight SIMS. He drew the audience's attention to the fact that SIMS
instrumentation is sitting on the physical limit of detection. The limit has been
defined by the Cochran calculation. For example, a typical analysis problem is
profiling the implant concentration in the source/drain extensions of semiconductor
diode assemblies. The volume of the extension is 1 x 10~15 cm3. If the dopant is
present at 1 x 1018 atoms cm"3 then 1000 atoms are available for analysis. If the total
volume of the extension is sputtered during an analysis, then in a typical spectrometer
transmission efficiency of 103, only one ion of dopant reaches the detector. With
industry aiming for yet smaller gates, the future is towards instruments with high
transmission. It is for this reason that Time of Flight instrumentation with high
transmission and reduced costs looks attractive. The down side of TOF being that it
does not provide the depth profiling capability of dynamic SIMS.

Dr Nick Ware of the Australian National University discussed the development
and capability of the ANU SHRIMP (Sensitive High Resolution Ion Micro Probe). It
was designed with the purpose of analysing geological materials with sufficiently
high mass resolution to eliminate most major isobaric interferences while maintaining
the highest possible sensitivity. High mass dispersion is achieved by using a
physically large mass analyser having a magnet turning radius of one metre. This
allows for operation at high mass resolution with wide slits. In addition, the
secondary ion beam transmission is maximised by matching its phase space
characteristics with the acceptance of the magnetic analyser. This is done by using
three electrostatic einzel lenses to focus nearly all the secondary beam into the
magnetic analyser. In SHRIMP II, manufactured commercially, the slit einzels have
been replaced by three quadrupole lenses which have lower aberration characteristics.
This high sensitivity design is at the expense of being able to image the surface of the
sample using ion optics. A third design, the reverse geometry SHREVIP-RG, is being
tested. In this instrument the positions of the electrostatic and magnetic analysers are
reversed and it is hoped that a fourfold improvement in mass resolution will result.

SHRIMP and its counterparts CAMECA-ims-1270 and VG-Isolab-120 are all used
primarily in the earth sciences and much of the work involves dating minerals using
isotopes in the Pb-U-Th system. The mineral zircon is convenient to use and the sub-
discipline of zirconology has evolved over the past 20 years. SHRIMP is also useful
as a trace element analyser and detection limits are improved by factors of 10 to 100
over conventional dynamic SIMS techniques.

# Dr Bruce King of the University of Newcastle discussed the use of Laser
Ionisation Sputter Neutral Mass Spectrometry for decoupling the sputtering and
analytical processes. The advantage of using a laser beam for analysis of the
secondary beam is that it provides analytical information on the neutral species in the
secondary beam. The LISNMS system uses the majority of the neutral sputtered
species so sensitivity is relatively high. As a technique it is less well developed than
SIMS, it requires additional instrumentation in terms of lasers and pulsed primary
beams and there are experimental artefacts in the form of photo fragmentation. As a

# Not reviewed by author
97SIMSProceedings.doc 12:11 15/12/97



surface analysis technique LISNMS is capable of high sensitivity, is less sensitive to
matrix effects than SIMS and is a good partner for molecular dynamics simulations in
basic studies of sputtering. Examples were provided where LISNMS could be used in
conjunction with SIMS to provide a valid understanding of a surface. This included
information on diode gates, the structure of ordered alloys, trace element analysis of
collector plates recovered from deep space probes orbiting in the solar wind, and the
analysis of a meteorite.

APPLICATIONS TO MINERAL SURFACES
Three papers were presented on SIMS Applications to Mineral Surfaces. Dr Bill
Skinner of the University of South Australia presented a paper on the use of SIMS in
mineral processing. Dr Bill Gong of the University of New South Wales discussed
the use of SIMS in the characterisation of coal and Dr Peter Airey (ANSTO) reviewed
the surface analysis work on minerals from the Koongarra uranium orebody, NT.

Dr Bill Skinner of the University of South Australia discussed the surface analysis
requirements in the mineral processing industry and with special reference to
beneficiation by flotation. Currently surface analysis techniques allow the
determination of surface oxidation levels, reagent uptake, the oxidation state of
individual phases, the nature of deposited surface layers and the nature of surface
species adsorbed from solution. Remaining issues were identified as the nature of
monolayer species, poor definition of the sites of oxidative attack, surface species
responsible for collectorless flotation, chemical forms of non-colloidal oxidised
species on surfaces, particle size effects, collector species directly contributing to
flotation, collector association with oxidised or non-oxidised surface regions, the role
of colloidal metal-collector species, lateral distribution of collector and reagent
adsorption, high and low collector concentrations and aggregation/ dissaggregation
effects of collectors.

The largest problem in individual analysis is the unambiguous determination of the
bulk phase of the particle whose surface is being analysed. The ideal analytical
technique should provide information on the bulk at high surface resolution, typically
an SEM task; provide quantitative information on the chemical state of conducting
and insulating surfaces, typically an XPS task. The instrument should have the sub-
monolayer surface sensitivity, lateral chemical resolution and speed of TOFSIMS.

At the moment there is no perfect instrument. The SIMS offers information on
positive and negative ions from atomic, molecular and molecular fragments. In
reporting a SIMS analysis it should be recognised that the technique is ex-situ; it is
subject to sampling and preparation methods; assumptions are made in the
relationship of molecular ions to surface species, the ionisation mechanism and
recombination; topographic features can interfere with the surface mapping; and that
there is a general lack of internal and external standards.

# Dr Bill Gong of the Surface Analysis Centre, University of New South Wales
presented work on the application of TOF-SIMS with a gallium primary beam for
examining the surface of coal. TOF-SIMS has the advantage of collecting both
positive and negative ions so that it is relatively efficient in its sampling. It provides
good spatial information for very thin depth profiles. Coal is a complex hydrocarbon.
The molecular skeleton is aromatic but it has aliphatic linkages, a variety of functional
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groups on the surface and a range of organo oxygen, sulphur and nitrogen
compounds. The coal mass also contains inorganic materials of silicon, aluminium,
titanium, and iron as clays, quartz, carbonate, sulphide and sulphate, together with
trace amounts of almost any natural compound. Coal is very heterogeneous, at both
the microscopic and macroscopic levels.

Occupational health and hygiene is the driver for investigations into the roles of
silicon, nitrogen and surface functional groups in coals. The high occurrence of
pneumosilicosis in coal miners is attributed to silicates released as a fine dust in a coal
mine. The onset of pneumosilicosis is attributed to the nature of the functional groups
on the silicate. The TOF-SIMS results suggest these the silica particles have a
sandwich structure with a silica surface of around 10 to 20 nm attached to a clay
carbonate substrate.

Nitrogen species are the source of the Nox gases leading to photo chemical smog.
Inorganic nitrogen is found as ammonium illite. The presence of ammonium illite can
be used to date the processes of coalification Nitrogen studies tend to be restricted to
high rank coals but some workers have applied it to bituminous coals. The TOF-
SIMS studies have indicated the ammonium ions are contained in clusters which have
strong association with potassium and aluminium silicates and by implication illites.

Dr Gong also presented a limited number of results for studies investigating organic
functional groups such as propyl ether, on the surface. He was able to conclude that
TOF-SIMS can provide abundant information about the composition at the surface of
coal for both organic and inorganic matter; that great care is necessary in preparation
of the samples; and that other surface analysis should be used to confirm the results.

Dr Peter Airey, ANSTO , reviewed the surface analysis work on minerals from the
Koongarra uranium orebody, NT and its application to natural analogue studies. The
principal aim of the studies is to contribute to the performance assessment of
proposed radioactive waste repository sites. The dispersion fan of uranium ore bodies
may be used as natural analogues of these repositories and provide data for long term
predictive models. SIMS and related techniques are used to investigate the
retardation mechanisms which underpin these models.

Particular attention has been paid to the mechanism of the retardation of uranium in
the iron minerals that occur in the weathered zone at Koongarra. Optical microscopy
observations confirmed that iron minerals occur either as coatings on clays, fissures
and remnant schistosity planes, or as nodules which are found only at the centre and
down gradient of the dispersion fan. The crystallinity of iron minerals in the nodules
is higher than in the coatings.

Collaborative studies at JAERI, the University of Tokyo and ANSTO indicate that
there is considerable variation in the uranium concentrations associated with the iron
minerals. There is about 7 per cent of uranium as UO3 in the nodules and less than 1
per cent in the coatings. Ion mapping by SIMS has shown that the concentrations of
uranium in the nodules are associated with copper and phosphorus. These correlations
suggest that the uranium is probably fixed in the iron nodules as microcrystalline
torbernite (Cu(UO2)2(PO4)2.H2O). On the other hand, no such correlation has been
established in the surface coating minerals. It would therefore appear that the different
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forms of iron oxide probably play different roles in the capture and storage of
uranium. The torbernite structure was later confirmed with transmission electron
microscopy.

ANU's Sensitive High Resolution Ion Microprobe (SHRIMP) is being used to extend
the studies by direct measurement of uranium series disequilibria at specific points on
the iron nodule. Particular attention is being paid to intergranular boundaries. The
ultimate aim of the project is to rationalise the data in terms of an open system
uranium model. To calibrate the analysis samples of standard uraninite from
Tanzania and the USA were analysed. The Tanzania sample was found to be in
isotopic equilibrium and could be used as a standard. The US uraninite was not in
equilibrium. Measurements have now been completed on uranium, thorium and lead
isotope ratios in the iron and kaolinite phases. Generally speaking the kaolinite has
higher 234U/238U ratios than the iron phases consistent with that found with selective
phase extraction procedures. It is confidently expected that new insights into the
mechanisms of radionuclide retardation will arise from the capability of measuring
low abundance radionuclides with good resolution.

APPLICATIONS TO BIOLOGICAL SYSTEMS

Four papers were presented on SIMS applications to biological systems. Prof. Ripoll
of the University of Rouen, France, presented a review of the use of SIMS in
biological systems; Peter Vesk, University of Sydney reported on his work with
Kathryn Prince on the use of SIMS for imaging mussel tissue; Scott Markich,
ANSTO, reported on his work with Kathryn Prince on the use of biota as bio-
indicators and Gerry Hawkes of the University of Melbourne reported on his work
with Kathryn Prince on studies on abalone.

Prof. Ripoll of the University of Rouen, France, presented a review of the use of
SIMS in biological systems based on the extensive developments in this area at the
University of Rouen. He noted that SIMS has been used for biological systems since
1969. The principal use has been in elemental mapping. It is not generally used for
imaging the structure of cells or tissues, this is the domain of the conventional and
electron microscope.

For biological investigations the instrument should be optimised for high sensitivity,
high resolution, high specificity, and high mass resolving power. There is always a
trade off between resolution and mass resolving power. Reducing the apertures in
order to gain high mass resolution progressively reduces the transmission to the point
where the instrument has excellent mass resolution but no transmission. A reasonable
expectation from modern instrumentation is the separation of the fragments 12C1SN
from I3CI4N. This pair requires a mass resolving power of 5000, without excessive
loss of spectrum transmission.

Biological materials are usually poor conductors. This leads to surface charging which
degrades the secondary beam to the point of no collection, and it can also damage the
sample. Solutions to overcoming this problem include the use of thin sections; or
using a neutral primary beam, known as Fast Atom Bombardment; or applying a gold
coating, or charge neutralisation using a normal incidence electron gun.
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Preparation of biological samples is a difficult task. There is no universal method. If
it is assumed that there are no diffusible species on the surface of the specimen, then
the 'standard' techniques used in electron microscopy are adequate. Unfortunately the
assumption is often made on fairly subjective grounds and it is advisable to use a
second method. Where diffusible ions are known to exist then a cryogenic stage
should be used. As a general rule the specimen should be examined using at least two
different methods of preparation which differ significantly in physical and/or
chemical approaches.

A literature survey published in 1992 indicated minimal use of isotopically labelled
systems, with the majority of the biological work being on conventional depth
profiling and molecular imaging. In Prof Ripoll's view, isotopic labelling provides a
powerful technique for studying the location, behaviour and environment of specific
compounds in biological structures. Unfortunately the heterogeneous nature of
biological structures does degrade the surface flatness of the pit as it is developed
during analysis. Such degradation can lead to spurious results or interpretation. A
solution is to normalise the secondary beam with reference to an internal standard
such as 12C in soft tissue or 40Ca in hard tissue. The cost of labelled compounds also
contributes to the lack of development in this area.

Two ways to perform SIMS molecular imaging
1 Locate a molecular fragment in the secondary beam, containing the label which

had been attached to the candidate compound. This requires high mass resolution
instrumentation such as the magnetic sector SIMS. Experimental artefacts can
arise due to metabolism transferring the labelled section of the compound to
another compound. This can be resolved by double labelling.

2 The second method is to detect the entire molecule rather than molecular
fragments. This technique calls for a low power primary beam and a secondary
circuit capable of handling high mass molecules. The technique is more
appropriate to Static SIMS and TOF-SIMS facilities. These experiments may
require unacceptably long analysis times to achieve acceptable resolution

Some recent developments in surface analysis include the development of the
scanning ion microscope with parallel mass detection by magnetic sector SIMS, and
the use of cold stages. The NANOSIMS 50 is the Cameca development of scanning
ion microscopy. This instrument allows imaging and elemental mapping of biological
structures at levels of 9 îm by 9 |im. This permits examination of subcellular
structures such as mitochondria and lysosomes.

The transfer of Cold Stage technology from electron microscopy to SIMS has been
successfully achieved at Rouen and a number of examples have been published

Examples from Rouen included
1 Uptake of I4N by plant and yeast cells;
2 Scanning SIMS image of Ca and Na in plant fibres;
3 Distribution of Na, K, Ca, & Mg in pollen grains as bio-indicators
4 Distribution of 15N in a human breast cancel cell (NANOSIMS 50 image)
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The examples provided a good demonstration that sub-cellular investigations are
possible with high resolution magnetic sector SIMS

Gerry Hawkes of the University of Melbourne presented his work with Kathryn
Prince on the use of SIMS in the study of abalone. Australia dominates the world
abalone market with an annual catch of 5000 t at an export value of $150 million.
Information for resource management is required on age distribution of the abalone
population. The animal also acts as an indicator and archival record of local
environments, and ancient shells provide information on palaeoclimate condition.
The aragonite shell is 3000 times tougher than normal calcium carbonate lattices. The
shell has nano scale laminations, which have application to ceramics and microchips.
The shells display growth bands, and the bands can be marked by exposing the animal
to enhanced levels of manganese in seawater. This effectively date stamps the
animal. The bands are subject to both abiotic and biotic artefacts such as: seasonal
variations; storms; borers and predators; relative age; physiological condition and
species. The bands can be examined visually and appear to be deposited annually.
SIMS provides a technique for measuring the distribution of isotopic (I8O/16O) and
elemental (Sr/Ca and Mg/Ca) ratios across these bands. Coupled with spectroscopic
methods such as cathodoluminescence and Raman spectroscopy that supplies
information on chemical structure and the relationship between the aragonite and
calcite mineralogy, validation of the frequency of these bands may be obtained, using
SIMS.

Peter Vesk of the University of Sydney presented his and Maria Byrne's work with
Kathryn Prince on use of SIMS in the imaging of fresh water mussel tissue. The fresh
water mussel Hyridella depressa has a number of attractive properties as a biomonitor
of ecosystem health. The species is sedentary, hardy, is tolerant of contaminants, but
also is responsive to contaminants. They are long lived, some species can live up to
200 years old. They are abundant and widespread. The species has granular
concretions of calcium phosphate in its tissue, which act as traps and archival records
for trace elements. Studies on the species also provide information on ion regulation,
biomineralisation into shells and metal sequestering. The information being sought is
on environmental (i.e. trace) levels of metals accumulated in granules The SIMS is a
potential method for extracting such information with its analytical sensitivity,
reasonable spatial resolution and isotopic/mass discrimination.

Specimens have been drawn from non-polluted and possibly polluted areas of the
upper Hawkesbury catchment as they impact on the Sydney water supply. The
concretions in these specimens tend to be enriched in iron. Elements of concern for
the water authority are Cu, Pb, Mn, Fe, Al and Mg but not Zn.

Preparation of biological specimens requires fixation of the proteins, lipids and
carbohydrates, at the same time retaining the elemental content and distribution.
Traditional methods use chemical fixation, dehydration and embedding with
glutaraldehyde for cross linking proteins and osmium tetroxide for cross linking
lipids. However there is always a concern over elemental loss and redistribution. The
alternative is rapid freezing in liquid propane or on a copper block cooled by liquid
nitrogen; a typical freezing rate is 10000 °C/s. Variations to the technique include
cryo-sectioning the frozen block; fracturing and freeze drying; and freeze substitution.
Each method has advantages and disadvantages for retaining the structure of the
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specimen and the preparation method should be tailored to the sample, the analytical
technique and the information sought. Freeze substitution is the preferred option for
the work reported here. At this stage work has reached the point where elemental
maps can be produced of aggregations to a resolution of 30 microns but cannot
resolve individual granules.

The work has shown there are still problems with specimen preparation. Wavy lines
and knife scratches from the sectioning process occur in the images. The issue of
elemental loss during freeze substitution has not been completely resolved, but is
'contained' provided the studies are restricted to comparative studies with a common
preparation technique. The embedding matrix can generate CN-O-H spectra which
are difficult to remove in the spectral deconvolution process. The SIMS provides
localised information which can be interleaved with X-ray micro analysis data, but it
should not be considered as a stand alone technique for these particular studies.

Scott Markich of ANSTO presented ANSTO work with Kathryn Prince on the
potential of SIMS when using biota as indicators of metal pollution, the biota being
represented by the shell of fresh water mussels, the squamules of lichen, the bone of
the salt water crocodile, and the otolith (ear bone) of freshwater fish.

The work with fresh water mussels Hyridella depressa, is focused on the hard tissue
(shell) and compliments the work of Peter Vesk who is looking at the soft tissue. The
rationale behind the work is to see if incremental shell laminations of fresh water
mussels can reflect metal levels present in their aquatic environment at the time of
shell construction, and if the animal will act as an archive of water quality and
environmental change.

The work on metal uptake by fresh water mussels has been carried out both as short
term exposure studies (2-6 days) in laboratory environments and long term exposure
studies ( 3 - 1 0 year) in the field. The mussel shell is composed of laminations of
aragonite. The laminations seen with the naked eye are annual growth.
Magnification using SEM reveals micro-laminations of 0.6 p,m breadth which are
attributed to a single day's growth.

Initial studies were aimed at establishing the capability of observing Mn uptake by the
animal from 20 mg/L solutions into the shell. The analysis was carried out at Rouen
using the Fast Atom Bombardment primary beam for sputtering the surface. This had
the advantage of minimising the electrical charging at the surface. The sputtering rate
as around 11 nm/min. The scans from these initial studies indicated considerable
heterogeneity with depth due natural variations in growth. These biological and
analytical variables are common for the polluting manganese and the matrix calcium,
and can be screened out by normalising the manganese concentration against the
calcium concentration. The work showed that a positive response in the calcium
normalised manganese signal can be seen in the shell of a mussel when the animal has
been exposed for 6 days to 20 mg/L manganese. It was concluded that mussel shells
have the potential to act as an archive of elements in the environment. Issues arising
for further studies include accounting for the signal falling to background before the
end of the exposure period. It was also observed that the shell had not equilibrated
with the water even after 6 days.
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The field studies referred to the sampling of mussels from the Finniss River 14 km
downstream of the abandoned and rehabilitated Rum Jungle Mine. In this
environment the mussel shells had the potential for recording the impact of the
remediation work at Rum Jungle which had reduced the annual load of copper from
80 tonnes to 5 tonnes. The SIMS analyses were performed by Kathryn Prince using
the ANSTO Cameca 5f with an O2"1" 1 nA primary beam on gold coated samples. The
Cu/Ca ratios demonstrated a metal pollution gradient along the river, and significant
pollution reduction following the remediation program. These retrospective changes
could not have been obtained by analysing whole shell digestions.

In arid areas, lichens have the potential for acting as contaminant traps by binding
dusts and airborne particulates into their filamentous structure. The aim of the work
was to determine whether or not this could be applied to plutonium particulates
generated during the atmospheric weapons test at Maralinga in the 1950's and early
1960's investigations. Lichen squamules were collected from contaminated and non-
contaminated sites. The prepared samples were analysed for 39Pu using the Cameca
IMS 5f and 30Si was selected as the matrix species against which the 239Pu could be
normalised to minimise natural and charge heterogeneities. Initial results indicate
large spatial variability of 239Pu within the squamules, and that the Pu levels were at
the limit of detection of the instrument. However, there was a statistical difference in
detectable 239Pu between the contaminated and uncontaminated sites.

There are still significant gaps in information on baseline metal concentrations. The
Australian Nature Conservation Agency wanted to establish the baseline metal
concentrations in crocodiles in the Kakadu National Park. These animals are at the
head of the food chain and information was required on the levels as a function of
catchment and known pollutants. For example elevated lead levels could arise
through the ingestion of lead shot as a outcome of the extensive shooting of wild
geese. Some preliminary results indicate that total metal concentrations in the bones
of crocodiles vary between catchments and this can be correlated to known pollutant
inputs. There is some evidence of a lead gradient in the laminated bone. There are a
number of experimental difficulties associated with the bone porosity which have to
be resolved

The ear bone, or otolith of fish have the potential for providing information on water
quality. Some experiments have commenced on exposing fish to 5 mg/L of zinc for 7
days. Zinc is a known analogue of calcium. The water is labelled with tetracycline to
mark the 1 |im laminations and to determine the deposition rate. The SIMS profiling
has not yet been done.

APPLICATIONS TO SURFACES AS SEMI-CONDUCTORS, CATALYSTS AND SURFACE

COATINGS

Four papers were presented on SIMS Applications to Surfaces as Semi-conductors,
Catalysts and Surface Coatings. Dr Alistair Sproul of the University of New South
Wales presented a paper on the use of SIMS analysis for examining silicon solar cells;
Dr Barry Wood of the University of Queensland presented work on the application of
quadruple SIMS to the study of oxide surfaces; Dr Antony Masters of the University
of Sydney discussed some aspects of surface catalysis and identified a number of
areas where SIMS might have an impact; and Dr Hugh Brown of the University of
Wollongong discussed the use of SIMS for the analysis of thin films.

# Not reviewed by author
97SIMS Proceedings.doc 12:11 15/12/97



10

Dr Alistair Sproul of the University of New South Wales presented a paper on the
use of SIMS analysis for examining semi-conductor grade silicon as used for solar
cells. Solar cells are typically p-n type diodes. They are usually made from p-type
silicon as the substrate onto which a 1 jLim layer of «-type silicon is formed, usually by
a diffusion process involving solid state diffusion of a dopant such as phosphorus. In
making these devices information is required on the level of dopants in the top n layer,
and impurities in the p-type substrate. The /?-type silicon substrates are typically
doped to a concentration of lxlO16 boron atoms cm"3. The theoretical SIMS detection
limit is lxlO12 atoms cm"3. The dopant in the n material can vary over 7 orders of
magnitude from 1015 to 1021 atoms cm"3 in thicknesses of up to 3 (xm. Pure silicon is
5xl022 atoms cm"3. The best efficiencies which can be achieved are with float zone
silicon with a conversion of 24% of the solar energy spectrum into useable electricity.
The major cost of solar cells is with the high purity silicon substrate. It is this cost
which prevents solar cells reaching into the mass market. Alternatives to the high cost
ultra pure substrate material are being sought. There are reports of attempts to upgrade
low cost metallurgical silicon to semi-conductor capability. The raw material is
poisoned by the presence of trace amounts of transition metals which kill off the
diffusion of the minority carriers in the device. Transition metal concentrations at 1014

atoms cm"3 can degrade the quality of a device and copper at 1017 atoms cm"3 poisons
completely the semi-conducting properties of the device. 'Getters' have been used to
try and upgrade these low cost materials. Another route is the use of passivators to
upgrade polycrystalline material. This material is degraded by the grain boundary
defects. These defects reduce the diffusion length of the semiconductor and so allow
recombination of the electron - hole pair before collection at the junction. Passivation
of the grain boundary defects in poly-crystalline material, can be achieved with
hydrogen, and amorphous silicon passivated with hydrogen becomes a good semi-
conductor. Grain boundaries, passivation and recombination across a device can be
studied using Electron Beam Induced Current (EBIC) mapping.

SIMS is a very valuable tool for trouble shooting problems associated with the growth
of the substrate, or the surface film or in device fabrication. The technique allows you
to sputter etch away and then determine the element concentration. It allows multiple
element analysis and so you can diagnose exactly what is going on in the sample. It
provides information on diffusion distance of dopants, lifetime killers, dopant
gradients at junctions, and surface penetration of elements from anti-reflection
coatings. With a resolution down to 0.2 |iim it will also allow studies of SiO, SiH and
SiOH species at grain boundary defects, the role of oxygen at these defect sites and
the role of hydrogen in passivating the defect sites.

# Dr Barry Wood of the University of Queensland presented work on the
application of quadrupole SIMS to the study of oxide surfaces. The performance of
the quadrupole - SIMS depends on the size of the quadrupole rods. A standard
instrument would have 8 mm diameter rods while newer instruments could be up to
double this size together with additional features for focussing and sampling the
secondary beam. The major draw back of the quadrupole is its inability to detect the
higher masses with reasonable sensitivity. This is because there is a logarithmic
decrease in response between transmission and increasing mass. Quadrupole SIMS
are low mass resolution devices, have poor discrimination in high mass range above
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mass 500, and limited acceptance of the secondary ion. It still has a major use in the
semi-conductor profiling industry

As a general rule the higher atomic number oxides such as Ta2Os, and MoO, tend to
give a fairly strong supply of molecular ion species compared to the metal or
elemental species whereas the lower atomic number oxide ions tend to give the
reverse. The molecular ion species allows interpretation of the structure and
formation of the oxide films.

Quadrupole SIMS has very strong M+ and O" secondary beam species, weaker
molecular species, the intensity of which is dependant on atomic number and on the
number of possible oxidation states. Its depth profiling capabilities are similar or
better than Auger and it allows monitoring of +ve & -ve species. The profiling is
rapid, and the secondary beam can be gated off to give a depth resolution of 1
nanometre. This is of particular use to the semi-conductor industry where good
dopant profiles of semiconductors can be obtained with suitable gating off of the
matrix interference.

The instrument has been used to study hydroxylation and dehydroxylation of the
oxide surfaces of silica and aluminium oxide. The work provides information on the
most reactive sites of the surface, monolayer adhesion, whether or not the sites exists
and the site population. The extent of hydroxylation could be modified by water
plasma treatment. The role of interferences due to trace elements rising to the surface
could be identified and the results could be correlated with XPS or with magnetic
sector SIMS.

# Dr Antony Masters of the University of Sydney discussed some aspects of
surface catalysis and identified a number of areas where SIMS might have an impact.
The predominant users of catalysts in industry use materials which are heterogeneous
and typically consist of one or more transition metals deposited onto a surface at low
concentrations. Apart from the fact that certain recipes produce a working catalyst,
frequently there is very little knowledge of the final structure or why it works. A
better understanding of the catalyst surface would allow the design of improved
catalytic performance. Three examples were given from work at the University of
Sydney, the Fischer Tropsch reaction, olefin catalysis and oxidation catalysis

Fischer Tropsch reaction for the formation of olefins
The Fischer Tropsch reaction is the catalytic conversion of carbon monoxide and
hydrogen into olefins. A catalyst for this reaction consists of transition metal clusters,
such as Fe/Co anchored onto a silica surface. The process of forming this catalyst, is
to prepare the silica surface as a surface with low concentrations of SiOH which can
accept organo metallic clusters, attach the cluster to the surface, and then thermally
activate the surface by driving off the organic and to leave an active catalytic site.
Infra-red spectroscopy allows the process may be followed as far as attaching the
organo metallic cluster. Information on the nature of the surface after activation, is
sparse. The surface is believed to contain mixed metal nitride phases, this has yet to
be confirmed

Olefin polymerisation
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Olefin polymerisation is catalysed by a chromium activated silica surface. The
chromium is attached to the silica surface by loading the prepared silica surface with
chromacine {2(C5H5)Cr}. However little is known about the final structure of the
surface. It is known that not all the Cr is catalytically active. Some EXAFS studies
indicated that the major surface species are dimeric species. Although it is not known
if these species are the catalytic sites. Static SIMS offers the opportunity to confirm
the presence of these species and other moieties on the surface.

Oxidation catalysts for the production of methanol
Oxidation catalysts are the largest industrial use of soluble catalysts apart from HF.
These are used for making polyesters, polyamides, cyclohexanes and ketones. There
is a Russian report for 90% activation of methane using a soluble cobalt catalyst at
180 °C. This has not been repeated elsewhere in the world but it is of direct relevance
to Australia since 80% of Australian natural gas is methane and conversion to
methanol would provide a value added product. These oxidation catalysts are cobalt
carboxylates. However, they are not very efficient. Cobalt acetate was first obtained
as green octahedral crystals in 1924 and nobody knows what it is. It is a composite of
molecular species including at least of oxo-centred triamers, some oxy-bridged
diamers and they inter-convert. A development has been the use of zeolites and other
large pore materials to act as cage compounds or substrates for the cobalt
carboxylates. These materials have significantly improved catalytic activity, but
surface information is still lacking and static SIMS could play a role in filling the
gaps.

# Dr Hugh Brown of the University of WoIIongong discussed the use of SIMS for
the studying the structure at polymer interfaces. Polymers such as polystyrene and
polymethyl methacrylate are amorphous, large random chain molecular weight
materials (typically 200 000 to 250 000 M.Wt.) which gain their strength from chain
entanglement. The interface between two polymers is narrow and normally weak
because there is little chain entanglement. A solution is to use 'Diblocks'. These are
polymer molecules where each chain is a run of one material and then a run of the
other material. Information is required on the strength of these junctions and where
the fracture occurs. The interface may be studied by labelling the molecules with a
tracer such as deuterium and analysing by SIMS depth profiling after fracturing.

Quad SIMS analysis of fractured specimens indicated that the chains are broken very
close to their junction. SIMS studies indicates that multi layers can also be formed up
to 0.5 jxm. There are some artefacts associated with SIMS analysis of these types of
materials., The polymers do not sputter necessarily at the same rate and sputtering of
methyl methacrylate causes depolymerisation.

APPLICATIONS TO CERAMICS

Two papers were presented by ANSTO staff on SIMS applications in the area of
ceramics. Dr Zhaoming Zhang, reported on work investigating charge compensation
in SIMS analysis for investigations of poorly conducting ceramic materials; and Dr
Kath Smith, reported on work comparing SIMS with other techniques for studying the
dissolution of SYNROC in deionised water.
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Dr Zhaoming Zhang, ANSTO, presented ANSTO work with Kathryn Prince on
charge compensation in SIMS analysis for investigations of poorly conducting
ceramic materials. Ion beam sputtering causes surface charging of the specimen.
Unless the surface charge is removed, the charge may degrade the secondary beam to
the point of no collection. The solution for conducting specimens such as metals, is to
connect the material to ground. For insulating materials, such as ceramics, alternative
solutions must be sought. These include using a Fast Atom Bombardment source
instead of an ion beam; coating the sample with gold, or covering the surface with a
grid, or both and grounding the gold coating/grid; shifting the sample holder
potential; and for +ve primary ion beams, charge neutralisation with an electron gun.
There is no general rule other than tailoring the technique to the task in hand within
the limitations of available equipment.

Information was required on the depth profile of heat treated, metal doped yttria
stabilised zirconia. XPS indicated that the surface concentration of molybdenum in
molybdenum doped yttria stabilised zirconia, was reduced significantly after heat
treating at 800 °C for 1 hr. The reduced concentration was either due to metal
diffusion into the bulk or evaporation into the gas phase. The material is an insulator
and was examined with SIMS using either a gold coating or a grid for charge
neutralisation. The grid was preferred if the sample was to be examined subsequently
by other methods The primary beam was rastered across a 250 |j,m square with
secondary beam sampling restricted to the centre 60 |im aperture to avoid crater edge
effects and to improve depth resolution. Comparison of the SIMS profiles for heat
treated and non-heat treated samples indicated that the molybdenum had transported
to the gas phase probably as MOO3. In contrast for niobium doped yttria stabilised
zirconia, heat treated at 1200°C, the niobium diffused into bulk material. It was
possible to separate the bulk diffusion process from the grain boundary diffusion
process and evaluate the respective diffusion coefficients of lxlO"17 m2 s"1 for the bulk
diffusion process and 2.6xlO"13 m2 s"1 for the grain boundary diffusion. SIMS was
also used to examine oxygen depth profiles and oxygen exchange in ceramic materials
using IKC>2 as a tracer. Depth profile results indicate that for yttria stabilised zirconia
heat treated at 850 °C for one hour in an I8C>2 atmosphere, there is rapid oxygen
exchange and oxygen diffusion.

The sputtering yield rates for light and heavy elements are not the same. However,
the elemental ratios in the secondary beam are constant once the steady state
conditions are reached (provided the matrix is homogenous with respect to depth).
This is not the case for near surface analysis before the onset of steady state
conditions, and failure to take into account the different sputtering yield rates can lead
to erroneous conclusions. An example was given for the surface analysis of a sample
of oxidised barium titanate. The Ba/Ti ratio with respect to sputtering time suggested
surface titanium enrichment with respect to barium. Similar results were obtained
with a sample heat treated in a reducing hydrogen/argon atmosphere. However, XPS
analysis showed that while the titanium barium ratio is slightly higher towards the
surface, there is a significant difference between the ratios for the oxidised and
reduced samples indicating that the magnitude of the ratio seen with the SIMS during
the initial sputtering period, is distorted by a difference in the sputtering yield rate of
Ba and Ti.

# Not reviewed by author
97S1MS Proceedings.doc 12:11 15/12/97



14

In conclusion the work has shown that SIMS is a very useful technique for
establishing depth profiles in insulating ceramic samples and that charging problems
can be overcome using either a gold coating or grid in combination with auto voltage
offsets. Near surface regions are subject to artefacts due to the difference in
sputtering yield rates and it is advisable to compare the results with those obtained by
other surface analysis techniques such as XPS.

Dr Kath Smith, ANSTO, presented some of ANSTO's work on Synroc dissolution
in hot water, conducted in collaboration with with Kathryn Prince, wherein SIMS data
was used to augment and/or confirm information collected using scanning electron
microscopy (SEM), cross-sectional transmission electron microscopy (XTEM),
inductively coupled plasma mass spectroscopy (ICP/MS), ICP optical emission
spectroscopy (ICP/OES) and elastic recoil detection analysis (ERDA).

SYNROC is a polyphase titanate ceramic designed to immobilise high level
radioactive waste (HLW). The four main constituent phases of Synroc are perovskite,
hollandite, zirconolite and rutile; nominally CaTiO3, (Bax,Csy)[(Ti3+,Al)2x+y,Ti4+8-2x-
y)]sOi6, CaZrTiaOy and TiO2 respectively. HLW contains -30 elements: residual
actinides from the reprocessing of spent nuclear fuel, fission products and processing
contaminants. These elements are crystallo-chemically incorporated in the following
lattice sites: the Ca and Ti sites in perovskite, the Ba, Cs, Ti3+ and Ti4+ sites in
hollandite and the Ca, Zr and Ti sites in zirconolite.

When Synroc is made on a commercial basis, it will be buried in deep geological
repositories. In such environments, Synroc would be exposed to ground water at
elevated temperatures and may undergo some alteration. Consequently, ANSTO
conducts dissolution testing of Synroc. In this investigation, Synroc samples were
leached in potassium-hydrogen-phthalate (KH-phthalate) buffered solution (pH 4.2) at
150°C and heavy water (deuterium dioxide, D2O) for 365 days (d).

Prior to leach testing, Synroc was subjected to SIMS examination using the ANSTO
Cameca IMS 5f magnetic sector SMS fitted with a Cs source and using a 12.5 kV
O2+ primary beam. Areas 250 x 250 ^m were rastered and chemical data was
collected from the centre of these areas using a 60 \im aperture. SEM and atomic force
microscopy (AFM) showed that the bottoms of the pits resulting from SIMS
examination were rough. For example, the bottom of a pit 600nm deep was decorated
with pillars ~60nm high that were topped by perovskite or rutile grains. This effect
may result from perovskite and rutile having a slower sputtering rate than zirconolite
and hollandite. The roughness at the bottom of SIMS pits was always found to be
approximately 10% of the pit depth. Scoping experiments also showed that: i) at
constant beam current, the average pit depth is a linear function of time and that ii)
average pit depth is not a linear function of beam current density.

After Synroc was leached for 365 d in KH-phthalate buffer, SEM and XTEM showed
that i) zirconolite, hollandite and rutile are largely unaffected; ii) perovskite was
preferentially leached to a depth of 250 nm; iii) plugs of secondary titanium-oxide
partially filled the holes left by the corrosion of perovskite grains; iv) these plugs
protruded -50 nm above the original surface of the Synroc sample; and v) some
surficial grains of the intermetallic phase (which constitutes - 5 % of Synroc) had been
entirely eroded away. Calculations based on ICP/MS and ICP/OES analyses showed
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that all the Ca in the leachate can be accounted for by the dissolution of perovskite
and that all the other major phases are essentially inert. SIMS data were consistent
with the calcium corrosion rate, the formation of the titanium oxide secondary phase
and the leaching of the ruthenium and molybdenum from the intermetallic phase
shown by SEM, XTEM, ICP/MS and ICP/OES. Furthermore SIMS showed no
change in zirconium content with depth, supporting the relative inertness of
zirconolite inferred from the SEM results. No unusual diffusion was observed.

The depth and rate of Synroc corrosion was also measured by leaching Synroc
samples in D2O at 190°C and measuring the depth of deuterium penetration as a
function of time using ERDA and SIMS. ERDA data were best fitted by a step
function and suggest that after 5 d, 0.6 at.% D was present to a depth 15±5 nm and
that after 1 month 0.8 at % D was present to a depth of 25±5 nm. The SIMS analysis
indicates a deuterium penetration profile which falls off smoothly with depth. Using
SIMS, the maximum detectable penetration of deuterium after 5 d was 150 nm, with a
half maximum concentration at 15 nm.

From this discussion of the application of SIMS to studies of the dissolution of
Synroc, the following conclusions can be drawn:
• SIMS can be used on polyphase materials to give results which are

complementary to or agree with other techniques.
• When dealing with polyphase materials, it can be important to

i) correlate pit depth with time, and
ii) check the roughness of pit bottoms.

• The SIMS results from leached Synroc complement the other techniques of
i) SEM and XTEM,
ii) leachate analyses,and
iii) ERDA results.

In the next 12 months, SIMS depth profiling will be used to assess whether or not
there is enrichment of rare earth elements and actinides at the surface of Synroc
samples during the leaching process.
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