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INTRODUCTION
The extraction of elemental information from single cultured cells using nuclear

microscopy is an area of great potential, because it can provide both quantitative
information on the uptake of elements by the cell, and also its elemental response to a
wide variety of external stimuli. A recent technique based on nuclear physics
technology enables the analysis of single cells down to the parts per million level to be
achieved. Nuclear microscopy (or nuclear microprobe analysis (1)) is a technique based
around a small nuclear accelerator and a high energy ion focusing system (see figure
1). The many interactions between the high energy ion beam (typically a 100 pA beam
of 2 MeV protons) and the sample can be utilised in order to extract structural and
analytical information from the cell. We can employ the technique of Scanning
Transmission Ion Microscopy (STIM) (2) to image the cells, the technique of Particle
Induced X-ray Emission (PIXE) (3) to determine the elemental concentrations down to
the parts per million level, and Rutherford Backscattering Spectrometry (RBS) (4) to
determine the matrix elements C, N and O. In addition, if off-axis STIM is employed
(ie the transmitted protons are detected at an angle to the beam axis) then scattered
ions from sample hydrogen can be observed, and thus hydrogen levels can be
determined.

METHODS
The NUS nuclear microscope facility, which comprises an HVEC 2.5 MV

single ended Van der Graaff accelerator (AN2500), and an Oxford Microbeams
OM2000 nuclear microscope endstage (5) has been used to provide elemental
concentrations from a single Kb cancer cell. These cells are from a cell line which is
capable of being cultured in a suitable growth medium. A mono-layer of the cells were
grown in a Dulbecco's modified Eagle's medium (DMEM) on submicron thick freshly-
made pioloform film. The cells were rinsed in ice cold isotonic sucrose solution to
remove the excess growth medium, blotted with polysulfone membrane to remove the
excess sucrose, and freeze dried. This method was observed to be the best method of
preparation in order to preserve the ionic integrity of the cells, as determined by a high
potassium to sodium ratio, and a relaxed polygonal shape.

RESULTS
The results were obtained using a lOOpA 2 MeV proton beam focused to 1

micrometre from the NUS nuclear microscope, and the type of data which can be
extracted from a single cell is shown in figure 2. All elemental concentrations down to
the parts per million level can be imaged. In addition, using the Oxford DAQ data
aquisition system, quantitative analyses can be extracted from the cell. Of note is that
the important trace elements Ca, Fe, Cu and Zn can be measured in a single cell, down
to the 10~18gm level.

73



Further investigations on the damage to the cell from the proton bombardment
during the analysis revealed that some mass loss occurred. The levels of oxygen and
hydrogen (monitored through RBS and off-axis STIM) were observed to decrease by a
factor 2.5, thought perhaps to be due to release of trapped water molecules in the cell
matrix. All other elements, including carbon, were not significantly affected. However,
measurements of the shape of the cell showed that the cell shrunk 20% during the
analysis.

CONCLUSIONS AND DISCUSSION
The Nuclear Microscope (or scanning nuclear microprobe) has the capability of

extracting elemental information from single cultured cells down to the parts per
million level. This has important consequences in the measurement of the trace
elements calcium, iron, copper and zinc. Damage suffered by the cells during the
analysis is not a limiting factor for state-of-the-art focused proton beams; only a loss of
hydrogen and oxygen was observed, thought to be due to trapped water in the cell.
The cell however suffered structural changes during the proton bombardment, with a
20% reduction in area. The apparent shrinkage may place severe restrictions for the
future imaging and analysis of localised subcellular features in whole cells. The contrast
for both imaging and analysis of a subcellular organelle, which is necessarily reduced in
a whole intact cell because it is buried within cell membranes, is further reduced by the
tendency for the cell to shrink and distort during analysis. The measurement of
elemental concentrations in cultured cell organelles may require freeze substitution,
embedding and cell sectioning.
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FIGURE CAPTIONS

Figure 1: A schematic diagram of a nuclear microprobe (or nuclear microscope). High
energy ion beams (typically several MeV) from a small particle accelerator illuminate
an object aperture. The beam defined by the object aperture dimensions is focused into
a demagnified spot on the sample by means of a system of strong focusing lenses
(usually quadrupoles).
Figure 2: Off axis STIM, RBS and PIXE maps of a single kb cancer cell.
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FIG. 1. ANALYSIS OF SINGLE BIOLOGICAL CELLS
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FIG. 2 ANALYSIS OF SINGLE BIOLOGICAL CELLS
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5. SUMMARY OF DISCUSSIONS

5.1. INTRODUCTION

The detailed and comprehensive analysis of small samples is of increasing importance.
There is an increasing awareness that in order to understand the workings of a macrosystem, we
require information of microscopical details since most natural and technological systems are
intrinsically heterogeneous.

One example of this is in the workings of the body, where in order to understand diseases,
aging, growth etc, we require information at the cell and molecular level. This information takes
the form of elemental, chemical and structural characterisation. As another example, it has been
generally accepted that airborne paniculate matter (aerosol) which is transported over long
distances may impose a health hazard, especially if it is from an industrial source.

From the analytical point of view, the analysis of small samples represents a challenging
problem. In virtually all cases, probes of various kinds (e.g. photon, ion, electron) are used to
interact with the sample and to generate useful analytical information. The full understanding of
these interactions is necessary in order to extract meaningful data. This document is concerned with
a brief description of the instrumentation which is both currently available and useful in the analysis
of small samples.

5.1.1. Definition of small samples

In the realm of this document, small is considered as to be the dimensions of a sample, or
a relevant region within a larger sample, which are smaller than 10 micrometers.

As examples, aerosol particles of sizes significantly larger than 10 micrometres do not stay
in the atmosphere for long time periods, and also tend not to be a significant health risk because
they are deposited in the nasal regions of the head and do not find their way into the more sensitive
regions of the body such as the lungs.

In medicine, the increasing interest is now focused on the workings of cells, which average
about 10 micrometers in size (although some cells such as nerve cells can be extremely long). In
addition, the cell is made up of a complex array of substructures ranging from the nucleus
(approximately 5 microns) down to nanometre sized organelles.

In microelectronics, the dimensions of structures in many integrated circuits are currently
smaller than 10 microns, with advanced high density ICs now being produced with submicron
features.

Catalytic materials are now being produced with dimensions of 10 microns and below, in
order to increase the effective surface area.

The analytical techniques considered in this document are therefore limited to those which
have the capability of extracting analytical information from such samples. This information will
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therefore provide vital insights into the processes of dynamics and formation.

5.1.2. Sample collection and handling

Sampling small samples in a proper way is not a trivial task. During sampling procedures,
contamination should be kept to a minimum. It is necessary that prior to sampling, a good
definition of the scientific problem one wants to address is required for developing a proper
sampling strategy. It should be realised at any time that no matter how accurate or precise the
analysis might have been, the final result always is limited by the integrity of the sample under
consideration.

In all analytical work, contamination risks should be minimised; in case of small samples this
risk is even more serious as very small amounts of foreign material can represent relatively high
concentrations of impurities. All handling, mounting etc. should therefore be performed in a clean
environment, such as a clean room, clean bench etc.

5.2. ANALYTICAL TECHNIQUES AND INSTRUMENTATION

This section is concerned with the techniques that are suited to the analysis of small samples
by means of characteristic physical interactions between electrons, ions or photons and the
specimen.

Table 1 gives an overview of the main analytical features of the methods considered.

Following is a brief overview of these techniques.

5.2.1. Electron beam methods

The more conventional analytical electron microscope (AEM) evolved into specialised
instruments such as the scanning electron microscope with x-ray analysis (SEM), the scanning
transmission electron microscope (STEM) and the electron microprobe analyser incorporating
wavelength dispersive (WD) and/or energy dispersive (ED) X-ray analysis. In addition there exist
the possibilities of measuring transmitted electrons in the transmission electron microscope (TEM),
now with a lateral resolution at the atomic level. Selected area electron diffraction (SAED)
provides structural information on the microscopical level. In electron energy loss spectrometers
(EELS) possibilities exist for obtaining chemical information through the measurement of the
electron energy spectrum as well as its imaging in electron energy loss imaging (ESI). Auger and
photoelectrons provide surface sensitive information in scanning Auger microscopes (SAM) and
X ray photon spectrometers (XPS, or ESCA, electron spectroscopy for chemical analysis). The
phenomena which arise on electron bombardment are shown in Figure 8, page 52.
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Table 1 : Methods for analysis

Probe

Electrons

X-ray photons

keV ions

IR photons

UV photons
(laser)

X-rays
(laboratory)

X-rays
(synchrotron)

Protons

Analytical
signal

Electrons

Electrons

X-rays

Electrons

Electrons

Ions

Ions

Photons

Ions

X-rays

X-rays
X-rays

X-rays

Technique

Auger electron
spectroscopy
Electron energy loss
spectroscopy
Energy dispersive
x-ray spectrometry

X-ray photoelectron
spectroscopy
X-ray absorption near
edge spectroscopy

Secondary ion mass
spectroscopy
(dynamic)
Secondary ion mass
spectroscopy (static)

Fourier transform
infrared spectroscopy

Laser microprobe mass
analysis / Fourier
transform laser
microprobe mass
spectrometry

Micro X-ray
fluorescence

Micro SR X-ray
fluorescence

Micro-particle induced
X-ray micro-analysis.
Rutherford backscatter-
ing spectrometry**

Acronym

AES

EELS

EDXRS

XPS

XANES

SIMS*

SSIMS

FTIR

LAMMA
/FT-
LMMS

u-XRF

SRXRF

micro-
PIXE

micro-

Lateral
resolution

50 nm

10 nm

0.2 urn

10 um(tube)

1 urn
(synchrotron)

0.1 urn

70 nm

20 urn

1-5 um

10 um

lum

lum

lum

Interaction
depth

1-2 nm

<100nm

2 um

nm

nm

3 nm

nm

um

500 nm

l-100um

l-100um

l-30um

l-20um
RBS

* Dynamic SIMS is capable of depth profiling up to several micrometres
** RBS is capable of non-destructive depth profiling with a nm depth resolution.
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Four techniques are particularly important as far as their potential is concerned for the
characterization of microscopical objects: electron probe X-ray microanalysis (EPXMA), scanning
Auger microscopy (SAM), X-ray photoelectron spectroscopy (XPS) and electron energy loss
spectrometry (EELS). EELS studies the primary electrons which have impinged and interacted
with the sample through the excitation between a core level and an unoccupied state. EPXMA,
SAM and XPS involve deexcitation processes in which a higher lying electron fills the hole
produced by primary electron interactions giving rise to the ejection of characteristic X-rays
(EPXMA), Auger electrons (SAM) or secondary electrons (XPS). The methods with electron
excitation give rise to high spatial resolution as the exciting electron beam can be focused to a 10
nm diameter probe and then be scanned over the specimen.

EPXMA has been used for many years now for the analysis of micrometer sized particles.
Due to the development of computer controlled analysis, a large population of individual
environmental particles can be analysed chemically and morphologically in a fast and efficient way.
Lateral resolution is limited to about 1 um determined by the X-ray emission volume. AES
combines a higher spatial resolution (the analytical volume is several orders of magnitude less than
in EPXMA as only surface generated electrons escape the sample) with a favourable surface
sensitivity of 50 to 200 nm. The strong surface predominance of carbon and sulfur on fly ash
particles was first demonstrated with this method.

XPS is a powerful tool for the investigation of the chemical state at the particle surface
exploiting the photoelectron binding energy shifts, while in-depth information can be obtained by
ion beam sputtering. The spatial resolution of XPS has increased (through the progress in X-ray
optics) to lateral resolutions nowadays of 5-20

EELS and ESI allow the identification of extremely small specific particles e.g. individual
asbestos fibers. Electron microscopes require reasonably high vacuum conditions. It is not at all
guaranteed that composition and shape is retained in vacuum and under intense irradiation. In
order to be able to observe objects in a wet state or in a controlled gaseous environment the
environmental electron microscope (ESEM) was developed.

Characteristics of the electron microprobe analyser:

Analytical features: simultaneous measurement of characteristic X-rays with energy dispersive
detector or sequential measurement with wavelength dispersion. Well established method for
quantitation (ZAF correction procedures).

Detection limits 0.1-1% with energy dispersive detectors, 0.1-0.01% with wavelength dispersion.
Wide coverage of the elements, down to C with windowless detectors.

Spatial resolution: dependent on electron energy and material, ca. 0.1 um.

Instrumentation: automated instrumentation available from several manufacturers.
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5.2.2. Low energy ions

In secondary ion mass spectrometry (SIMS) ion production results from the interaction of
an energetic and intense primary ion beam (Cs+, Ar+... at 5-20 keV energy) with the sample. This
bombardment causes sputtering i.e. the ejection of secondary particles such as positive or negative
elementary ions, neutral atoms, cluster fragments and electrons. The (secondary) ions are
separated in a mass spectrometer (double focusing or quadrupole) and detected with an electron
multiplier or a Faraday cup. The escape depth of the secondary fragments is only a few Angstrom,
which results in an excellent depth resolution, but depth profiles can be obtained as a function of
time because of the continuous erosion process of the surface. In its basic form the instrument is
a non-imaging ion probe which can be used for depth profiling of laterally homogenous samples.
If combined with ion optics in the mass spectrometer the instrument becomes an imaging ion
microscope which allows the determination of the three dimensional distribution through
sputtering away material depth. Alternatively a focused ion beam can be employed to obtain the
three dimensional information in an ion microprobe e.g. the range of Cameca ion microscope/ion
microprobes (Cameca 3F to 5F). Due to the continuous sputtering of the material as a function
of time during measurement when using a sufficiently intense primary beam the instrument is
called a dynamic SIMS instrument.

If, as an alternative design goal, the primary ion beam is used at very low intensity (and at
high vacuum conditions) the sputtering and dynamic character of the measurement disappears
which leads to a distinctly different range of instrumentation called static SIMS (S-SIMS). These
latter SIMS instruments when used in a pulsed primary ion beam mode uses a high resolution
TOF (ion TOF-SIMS, resolving power of 10,000) are now available commercially from two
distinct manufacturers. Applications for the analysis of particles are largely unexplored.

Characteristics of SIMS

Analytical features: sequential measurement of mass spectrum over entire periodic system.
Requires conducting samples but methods exist to circumvent charging problems (nconducting
layer on sample, electron flooding ...)

Detection limits: ppb-ppm with strong variation of sensitivity for the different element.

Quantification: difficult because of strong matrix dependent variations of the sensitivity.

Lateral and depth resolution: ca. 150 nm (dynamic microprobe), ca. 50 nm (static SIMS). Depth
resolution of 3-10 nm over a depth of several |im (dynamic SIMS). Surface analysis and shallow
depth profiling (0-100 nm) with SSIMS.

Instrumentation: Commercial and reliable instrumentation available from several manufacturers.
The measurements require an experienced operator.

5.2.3. High energy ions

The nuclear microscope (scanning nuclear microprobe) is a composite instrument which
utilises high energy ion beams (eg 2 MeV protons, alpha particles, deuterons etc) from a small
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nuclear accelerator. The ion beam illuminates an object aperture and a demagnified image of the
aperture is formed in an image plane (microbeam formation). Unfortunately, because of the high
momentum of the ion beam, electron microscope lens technology cannot be utilised, and therefore
strong focusing lenses are required. The lens systems most commonly used are combinations of
magnetic quadrupole lenses, which have inherently more complex and in general higher ion optical
aberrations than the corresponding electron lenses of cylindrical symmetry. This results in spatial
resolutions inferior to electron microscopes.

The nuclear utilises the many interactions between the high energy ion beam and the sample
under investigation. For elemental analysis of small samples the most commonly used nuclear
microscope techniques used are

a) Particle Induced X-ray Emission (PIXE): Measurement of characteristic X-rays following
inner shell electron ejection allow sample elements to be identified and quantified down to
the parts per million level. This is particularly effective for elements from sodium and above
in the periodic table.

b) Rutherford (or Nuclear) Backscattering Spectrometry (KBS): There is a small but significant
probability that the incoming ion suffers an elastic collision with a sample atomic nucleus. In
a fraction of these collisions, the ion will be scattered back out of the sample and the
measurement of the energy of the backscattered ion allows not only the atomic nucleus to
be identified but in many cases its depth in the sample. RBS is a standardless technique, and
is very effective for measuring the concentrations of elements below sodium in the periodic
table, thereby providing a complementary technique to PIXE.

c) Scanning Transmission Ion Microscopy (STIM). For small (thin) samples the high energy
ion beam will pass through the sample, and in doing so lose energy mainly through electron
collisions. Measurement of the energy loss of transmitted ions gives information on electron
density and therefore provides structural information. By monitoring the energy loss of
transmitted ions which have also suffered small angle nuclear (Rutherford) scattering (Off-
axis STIM) we can obtain similar structural information but at lower count rates. This makes
Off-axis STIM compatible in count rate to PIXE and RBS.

With suitable detectors and a flexible data acquisition system, signals from PIXE, RBS and
Off-Axis STEM can be handled together, giving a powerful combination of techniques which can
be applied simultaneously. In practice off-axis STIM is used to identify and position the sample
or a specific region of the sample for analysis, PIXE is used to measure the elemental composition
down the parts per million level, and RBS is used to determine the sample matrix composition
which is useful for calculating quantitative trace element data.

Characteristics of nuclear microscopy for small samples:

Analytical features:

Multi-elemental (simultaneous measurement of elemental composition from H and upwards in the
periodic table).

82



Measures only elemental composition: No direct chemical information is obtained.

In most cases the sample is mounted into a vacuum chamber. It is possible however to bring an
MeV proton beam out into the air, although the spatial resolution is significantly reduced due to
proton/air molecule collisions.

Detection limits: Na-K: 1-10 parts per million.
K-Zn: 1 part per million,
above Zn: 1-10 parts per million.

C, N, O using RBS (sensitivity is sample dependent, but
typically parts per thousand)

H using Off-axis STIM (down to ppm)

[the analytical sensitivity may be reduced when analysing particles with a high atomic mass matrix]

Minimum Detectable Amount:

Down to 10-18g

Elemental Quantification: 5% accuracy with care

10% accuracy routinely

Spatial resolution: [State-of-the-art performance:]

Elemental analysis 400nm for PIXE, RBS using 3 MeV protons
Imaging lOOnm for STIM and off-axis STIM using 2 MeV protons
Complexity of instrumentation:
The nuclear microscope is not commercially available as a complete package, and is a composite
of various technologies. This makes the instrument relatively complex and is the primary reason
why most instruments are sited in a laboratory with nuclear expertise coupled with a high degree
of infrastructural technical support.

Operating skills:

Although ion accelerators, focusing systems, supporting detection systems and data acquisition
systems are becoming more user friendly, the operation of the nuclear microscope requires
adequate experience or training.

5.2.4. Low energy photons

Laser microprobe mass analysis (LAMMS) is based on the mass spectrometric analysis of
ions formed by the interaction of a high power density pulsed laser beam with the sample.
LAMMS has several interesting features as it allows the detection of all elements and in addition
organic material with quite good detection limits in samples as small as a few urn. Raman
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scattering is applied in the micro Raman spectrometer and the potential for single microparticle
analysis was demonstrated for fingerprint identification of species and the determination of crystal
structure. Fourier transform infrared spectroscopy (FTIR) can be exploited as a microscope.
FTIR microscopy can be used for the rapid analysis of particles especially asbestos fibers.

Laser microprobe mass spectrometry was developed and commercialised from the late
1970s onwards. In this method focused UV laser pulses are used for the desorption and the
ionisation of solids in one single step. Although a lateral resolution near the diffraction limit could
be obtained, in practice 1-3 (im was a practical limit of lateral resolution. In a first commercial
instrumentation a time-of-flight mass analyser provided the high transmission necessary for high
sensitivity and a panoramic registration of the spectrum obtained from one single laser pulse. Two
different commercial instruments became available around 1980, the laser microprobe mass
analyser (LAMMA) with instruments to be used in transmission (LAMMA 500) and reflection
(LAMMA 1000) and the laser ionisation mass analyser (LIMA). The method has been intensively
applied in single particle analysis. Drawbacks are that the technique is rather irreproducible and
difficult to apply in more or less routine way and that the mass resolution of these instruments,
based on TOF mass analysis is limited, giving rise to interferences and erroneous attributions of
mass peaks. With detection limits in the ppm range for the detection of all elements and in
addition organic information on ^m size objects, the method was used extensively for
environmental analysis.

A more recent alternative based on Fourier transform mass spectrometry (FTMS)
circumvents this limited resolving power and provides very high mass resolution (in excess of
100,000) and a very extended mass range. The method is able to provide elemental information
and molecular data including organic compounds.

Another interesting developments is the as yet not commercialised systems which attempt
the analysis of atmospheric particles in situ (the air environment). Here, a laser detects a particle
of suitable dimensions and fires the UV laser to vaporize it and analyse it in a mass spectrometric
system. The obvious advantage is that the particle is analysed undisturbed from possible
deleterious effects induced by sampling.

5.2.5. High energy photons (X-rays)

Microbeam X-ray spectroscopy has developed rapid during the recent years due to the
increase accessibility of high flux synchrotron sources but also by the development of X-ray
focusing optics. Today, capillary optics devices are the most frequent used optical technology for
generating high flux microbeams of X-rays.

There are basically two types of capillary optical devices used today; polycapillary devices
and monocapillary devices. Polycapillary devices consist of bundles of capillary and operates in
principle as an optical lens. The focal spot is normally in the range of 500 - 50 micrometers
(depending on the energy and the focal length).

Monocapillary operates as a beam concentrator and no focal lengths exist. Thus, the sample
has to be brought very close to the capillary outlet which sometimes can be difficult.
Monocapillaries are very efficient for generating beams in the range 50-0.1 micrometers. For
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tabletop applications the minimum beam size useful for spectroscopy is about 10 micrometer (due
to flux density limitations) but for synchrotron sources 0.1 micrometer beams has already been
achieved. However, such an extremely small beam can only be utilized for very thin samples and
normally the practical limit is about 1 micrometer.

X-ray fluorescence spectroscopy is a multi-element method however, no information on the
chemical state can be obtained. The main advantages of X-ray fluorescence spectroscopy is its
simplicity, the ability to operate at room temperature and pressure. The photon interaction doesn't
create any charging on the sample surface and the power impact is small in relation to the
spectroscopic information yield as the photoionization normally is the dominating process. All of
these characteristics means that the sensitivity is high and that the sample preparation can be kept
on a minimum level. However, light elements are normally not accessible for any quantitative
analysis due to the low fluorescence yields and air-attenuation. For thick samples the attenuation
of the fluorescent radiation in the sample itself has to be taken into account which will limit the
precision of the analysis.

Complexity and operator skill.

Microbeam x-ray spectroscopy can be performed on a X-ray tube instrument which makes it a
simple lowcost instrument that is easy to handle for any operator experienced in standard X-ray
spectroscopy. The synchrotron setup are normally more complex and takes trained experts to
operate. However, today there exist a lot of user-friendly software for spectra evaluation and
other types of system that will generate data presentation (like element maps etc.) which can easily
be implemented.

Sensitivity and accuracy

In general the sensitivity for X-ray fluorescence is high and trace element concentrations down
to 10 -1 ppm can be reached. For a tabletop setup this sensitivity would correspond to an MDA
(Minimum Detectable Amount) level of about 10'12 -10'13 g for polycapillary beams and about
10*14 g for the very smallest monocapillary beams.

For the synchrotron based X-ray microbeams a sensitivity of 1 - 0.1 ppm can easily be achieved
(due to the polarization of the beam) and a MDA level below 10~17 has already been reported.

For well prepared, homogeneous samples quantification can be obtained with an accuracy of
about ± 5% but relative concentrations can be established at a level well below 1%. However,
most microbeam applications deals with very small, irregular and inhomogeneous samples where
the fluorescence intensity is no longer a simple function of the concentration in the exposed
volume of the sample. Surface topology might give rise to substantial variation and the presence
of microcrystals will generate anomalous attenuation of the beam. Thus, precise quantification
(<±10%) cannot be done, however, gradients and other systematic variation of elements can
normally be established at an accurate level.

Chemical speciation and structural information

The possibility to combine fluorescence spectroscopy with other analytical techniques will
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improve the possibility for chemical speciation and structural information. Simple transmission
measurement by x-ray microbeam will give very precise information on density variations and the
combination of fluorescence and diffraction will enable a simultaneous determination of the
mineral content trace element distribution.

5.3. Reference materials and quality control

5.3.1 Introduction

As with any other analytical procedure the analysis of extremely small samples needs to be
verified for the reliability of its results. These results in whatever form given (elemental maps,
mass content at a certain position, of a given particle, etc.) encompass more than just the
elemental content. They contain also the specification of the analysed sample area or volume,
whether explicit or implied. Employing accepted principles of analytical chemistry calls for the
verification of

elemental mass or content found in known samples (reference materials) or in samples used
in the course of intercomparisons,
all basic instrumental parameters defining the analysed sample volume.

As far as beam spot size and scanning parameters are concerned, several calibration and
verification methods have been developed. Available test samples are listed and ways to meet
increased demands with higher lateral resolution of the probing techniques are indicated. The
verification of the elemental quantification, however, is hindered at this moment by the lack of
reference material, certified for elemental masses in micro structures. New materials for this task
are proposed.

5.3.2 Control of basic instrumental parameters

In the following we briefly describe some test structures and transfer standards, which are
useful for measuring the beam profile and the characteristics of a scanning system. Since the
underlying physical principles of the analytical techniques covered in this report are widely
different, the various techniques require different sample properties. Therefore not all of the
samples listed here may be applicable or even useful with all of the analytical techniques. It should
also be noted that existing materials should be complemented by new ones fulfilling specific
criteria.

Beam spot size and profile:

- Scan over metal support grids used in TEM, e.g. Cu grid of 2000 mesh (repeat period 12.7
urn).
Advantages: readily available; withstand dissipated beam power; transmission of 10 to 40%;
sufficient for beam spots > 2 urn.
Disadvantages: irregular and largely unknown profile of grid bar, convoluting the measured signal;
thickness of grid bars induces edge effects on signals.
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- Scan over metallisation strips on open, unpackaged microelectronics chips.
Advantages: negligible thickness and step height, no signal convoluting or distorting edge effects;
regular and straight; sufficient for beam spots down to 0.1 um.
Disadvantages: laid out on thick substrate, no transmission; not readily available.

- Proposed material: well-defined metal grid, to be produced by deep-etch X-ray lithography
coupled with electroforming and plastic molding (LIGA process).
Advantages: transmission of about 20%; sharp edge profile; regular and straight; sufficient for
beam spots down to 0.1 um.
Disadvantages: not available yet; 10 to 20 urn thick inducing edge effects.

- Proposed material: metal membrane with regular microstructure (series of holes), to be
produced with the LIGA process.
Advantages: determine halo of the beam spot in direct measurement.
Disadvantages: not available yet.

Scanning parameters:

- SEM magnification prototype standard of NIST.
Advantages: pitch structures down to 0.2 um; heavy metal on silicon substrate; very regular
structures.
Disadvantages: not available as SRM yet.

- Various materials offering topographic structure in a substrate, to measure scan width,
magnification, linearity.
Advantages: very regular, repetitive structures; commercially available.
Disadvantages: no elemental contrast.

- TEM metal support grids to measure scan width, magnification.
Advantages: commercially available; repetitive structures; topographic and elemental contrast.
Disadvantages: irregular; not certified.

- Proposed material: metal membrane with regular microstructure (series of holes), to be
produced with the LIGA process (see above), to measure scan width and magnification, scan
linearity, influence of beam deflection amplitude on beam spot size.
Advantages: regular, repetitive structures; topographic and elemental contrast.
Disadvantages: not available yet.

5.3.3. Control of quantitative microdistribution analysis

To our knowledge no reference material certified for elemental content at the level of
micrometer structures is presently available. We propose in the following several pathways to
obtain such materials.

- Proposed material: elemental content in microorganisms harvested in a given moment of the
life cycle.
Advantages: multielemental; large number of reproducible samples.
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Disadvantages: possible instability; possible problems in separation of individual algae and in
fixation on sample holder; no vmcrodistributional information.

- Proposed material: elemental content of synthetic individual aerosol particles.
Advantages: multielemental; large number of reproducible samples.
Disadvantages: possible instability; possible problems of fixation on sample holder; no
micTodistributional information.

- Proposed material: heavy metal structures of different height and area on silicon substrate.
Advantages: stability; regular, defined positions of structures; allowing for analytical information
given as areal density (mass/unit area) or as mass depending on beam spot size versus structure
size.
Disadvantages: monoelemental; thick substrate.

The feasibility of any of the proposed materials in this section needs to be investigated. For the
first two of these the reproducibility of multielemental content and its stability is of major concern.
For the last material the optimum fabrication process needs to be established yet.

5.4. Conclusions

Microscopical analysis and characterization is extremely important in many scientific areas
and technological problems: environmental studies and remediation, geochemistry and cosmo-
chemistry, biochemical and biomedical sciences, materials science A few general remarks can
be formulated for the analytical chemistry and the application of microscopical techniques :

1. There are at present a wide number of analytical techniques available for the analysis and
characterization of extremely small samples.

These methods can be divided according to the primary analytical characteristics such as
analytical sensitivity, surface discrimination capability, lateral resolution and the range of
information that is provided (e.g. elemental analysis and the range of coverage of the
elements, the ability to obtain both inorganic and organic, structural and speciation
information of chemical state of the elements). There has been a rapid evolution in their
analytical potential especially in their sensitivity and their lateral resolving power over the
last decade. Nevertheless, no single technique can provide a general solution to the many
problems in which the microscopical characterization is important.

2. There are needs for further analytical development in all of the different methodologies.
Some methods are far from quantitative with little hope that a really quantitiative analysis
will be possible in the near future. Their application will depend on the reliance on (i) the
availability of standard reference materials (ii) calibration with more quantitiative
methodologies. X-ray techniques (u PIXE and u XRF) have a large potential as reference
techniques for the calibration of other techniques such as SIMS.

3. Many methods are not able to obtain molecular information e.g. the chemical state of the
element at a particular location of microscopical sample (speciation analysis). Speciation,
in its generally accepted sense, may be defined as the qualitative (identification) and
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quantitative determination of the individual forms that together comprise the physico-
chemical forms (or species) of a given trace element. An increasing awareness of this
species-specific behaviour over the course of the past decade has triggered the development
of new analytical opportunities, commonly referred to as speciation analysis. This has
stimulated the creation of techniques combining separation and specific detection which are
now approaching maturity for bulk samples. These methods which combine a
chromatographic technique for separation with a spectrometric technique for detection are
termed hyphenated methods. Similar analytical methods for extremely small samples need
to be developed. Some existing laboratory based methods offer a potential for this (laser
mass spectrometry, static SIMS...) but synchrotron based analysis by absorption edge
spectrometry (EXAFS, XANES) with a microscopical X-ray beam offer the largest
potential for sensitive determinations on microscopical samples.

4. Many of the beam analytical methods require a sample to be introduced in a high vacuum
environment which might modify its surface condition and composition. Some methods also
subject the sample to an intense radiation which could modify its composition and structure
during the analytical process. Care must be taken in the interpretation of the data in such
circumstances. Methods which operate from a non-vacuum environment and lead to a mild
exposure of the sample to radiation have a definite advantage for the analysis of delicate
samples. Studies aimed at determining sample deterioration in vacuum or severe irradiation
conditions should be undertaken.

5. The analysis of extremely small samples is a complex process and therefore it requires a high
level of quality assurance procedures.

6. Sample contamination is not an unlikely occurrence. Care must be taken in sampling, sample
storage and during analysis to prevent contamination of the sample with e.g. atmospheric
particulates.

7. Many important scientific problem areas (environmental, biomedical...) require
multidisciplinary collaboration between specialists from different scientific disciplines.
Moreover, they can be best solved by a combination of several microanalytical techniques.
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