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Abstract: Secondary lon Mass Spectrometry (SIMS) extracts chemical, elemental, or isotopic information about
a localized area of a solid target by performing mass spectrometry on secondary ions sputtered from its surface
by the impact of a beam of charged particles. This primary beam sputters ionized atoms and small molecules
(as well as many neutral particles) from the upper few nanometers of the sample surface. The physical basis of
SIMS has been applied to a large range of applications utilizing instruments optimized with different types of
mass analyzer, either dynamic SIMS with a double focusing mass spectrometer or static SIMS with a Time of
Flight (TOF) analyzer. Here, we present a short review of the principles and major applications of three different

SIMS instruments located in Switzerland.
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1. Principles of Secondary lon Mass Spectrometry

The basic principle of Secondary Ion Mass Spectrometry,
hereafter called SIMS, is that a finely focused primary ion beam
sputters a solid sample surface.l'l A mass spectrum of ionized
particles ejected from the pit due to collision cascade reactions
is measured to determine either molecular, elemental, or isotopic
properties of the sample. SIMS instruments can be operated in ei-
ther ‘static’ or ‘dynamic’ modes which are optimized in different
instruments equipped with different types of mass analyzer. In the
so-called static SIMS regime, the primary ion dose is kept below
~1x10" ions/cm?. In this regime, less than 1% of the measured
sample surface area is sputtered, resulting in minimal mixing and
fragmentation of molecules on the sample surface. In contrast,
dynamic SIMS uses high primary ion beam doses to continually
erode a sputter pit. Such analyses are optimized for high precision
and high sensitivity isotopic and trace element information as al-
most all molecular information is destroyed by ion beam mixing
during the sputtering process.

The mass analyzer used in static SIMS measures the Time-of-
Flight (TOF) of secondary ions as heavier ions lag behind lighter
ions. A TOF-SIMS can detect all the generated secondary ions
regardless of mass in a single measurement allowing the analysis
of both intact small organic compounds and elements at the same
time. TOF-SIMS instruments generally have to use pulsed primary
ion sources for sample analysis, as the TOF-SIMS analyzer re-
quires a well-defined starting point for the flight time measure-
ment. Nowadays the most common ion sources for TOF-SIMS are
the liquid metal ion guns (LMIG), operating with Ga, Au or Bi.
Additionally, the use of the Au and Bi cluster sources result in a
100-1000-fold increase in ion yield compared to the Ga source.[23
A recent addition is the ion source using C, 45! and with the in-
troduction of the J105 mass spectrometer,®! where the primary ion
source is operated in continuous mode and the secondary ions are
pulsed, the use of large cluster ion beams (with Ar,l”! CO,8! or
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H,0P)) also became possible. These last two ion sources sacrifice
some of the spatial resolution of the LMIGs for a further increase
in the molecular ion yield, thus also increasing the accessible mass
range of the technique. TOF-SIMS instruments are also capable of
performing depth-profiling experiments, but since most of the sur-
face is not sputtered in static SIMS mode, it is necessary to alter-
nate separate analysis and sputtering cycles to remove the already
analyzed surface layer. The separate measurement and sputtering
cycles mean that the analytical beam and the sputter beam do not
have to be the same and can be optimized separately. This results
in different optimal sputter ion sources for the depth profiling of
inorganic material and elemental studies such as monoatomic Ar*,
O,* and Cs* ion sources or C,* and large gas cluster ion sources
for the depth profiling of organic samples. Compared to other sur-
face analytical methods, TOF-SIMS is extremely surface sensitive,
with a lateral resolution that can go below 100 nm. According to
some publications even reaching sub-20 nm spatial resolution!?!
is possible. The fact that it only samples the top few nm of the
sample and its high sensitivity makes it an ideal method to study
surface contaminations and material defects while the high spatial
resolution and the capability to generate intact molecular ions can
provide chemical imaging on the single cell level.

In dynamic SIMS, the charged particles called secondary ions
are accelerated by an electrostatic field and injected into a double
focusing mass spectrometer where the ions are separated accord-
ing to their energy and mass/charge ratio and finally counted by
either faraday cups or electron multipliers.l':12I The primary ion
beam either uses positive ions or negative ions according to the
polarity of the measured secondary ions. The two sources clas-
sically used are a Cs source producing Cs*, which enhances the
yield of negatively charged secondary ions, or a plasma source
producing an O~ beam, for analysis of positive secondary ions,
especially from electrically insulating samples. Two state-of-the-
art dynamic SIMS instruments are the large radius SIMS and the
NanoSIMS. All elements from the periodic table from H to U
(except noble gases) can be quantitatively analyzed (not simulta-
neously) under different modes: single spot analysis, depth profil-
ing and secondary ion imaging, surface sputtering. In single spot
analysis, the primary ion beam is finely focused on a static spot
with size ranging from less than 100 nm up to 40-50 wm. This
mode allows the measurement of elemental concentrations and/or
isotope compositions of single mineral grains.[!3-17] In secondary
ion imaging mode, the SIMS produces the distribution of elements
and/or isotopes on a spatially resolved imagel!8-20] of an area up to
500 wm?. The NanoSIMS has been designed to achieve a high lat-
eral resolution (less than 100 nm) with the drawback of extracting
lower intensity secondary ion beams than the other SIMS using
a bigger beam size, and thus having a lower precision on isotope
ratios in the imaging mode. The high energy of the NanoSIMS
primary beam (typically several kilo-electron volts) yields to the
extraction of atoms and small molecules from the first 10-20 nnm
of the sample, preventing the NanoSIMS from having as high a
depth-resolution as some other SIMS instruments.

Depth profiling can however be performed on the other dy-
namic SIMS instruments by allowing the collection of secondary
ions as the primary ion beam continuously erodes the surface of
a slowly sputtered pit, ‘peeling’ off layer by layer of atoms. It is
used to determine concentration and isotope composition varia-
tions with depth.l'8:21-231 For more details, the reader can refer to
the existing reviews and books on dynamic SIMS principles and
applications.[24:25]

The SIMS technique is considered quasi non-destructive as
only a small volume of the sample is consumed during analysis,
between 10 to 1000 wm? depending on the intensity and the focus
of the primary ion beam and the specific applications (Fig. 1). As
a surface analysis technique, SIMS requires careful sample prep-
aration including several steps of polishing down to a surface

roughness less than 0.5 um. Surface topography >5 1m can create
differential sputtering and analytical bias in the measurements.[20]
Several factors need to be properly corrected for quantitative anal-
ysis by SIMS, as ion yields and instrumental mass fractionation
must be calibrated by use of standard materials. Matrix effects,
crystal orientation, drift in backgrounds and yields of the detectors
and Quasi Simultaneous Arrival (QSA) can affect the results when
analyzing ions with high ionization yields[?7-30] and needs to be
corrected for accuracy and high precision of the measurements.
Sputtering generally produces large isotope mass dependent frac-
tionation of secondary ions, up to several permille, the magnitude
of which can also depend on the chemical and structural environ-
ment of the analyzed area of the sample.[31-36] An example of such
a ‘matrix effect’ is how the oxygen isotope instrumental mass
fractionation in carbonate is different between aragonite and cal-
cite due to the different crystallographic structurel37! but also in
calcite with various Mg, Fe and Mn content.[35-381 Ag theoretical
models of ion sputtering cannot predict quantitatively the matrix
effect,[?1 corrections of isotope measurements are empirical, us-
ing matrix matching reference materials (‘standards’). The matrix
effects have been extensively studied for glass, silicates and car-
bonates but also for sulfides and oxides.[?]
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Fig. 1. Sensitivity and spatial resolution of the SIMS techniques com-
pared to other analytical methods (adapted from Evans Analytical
Group®?).

Below we present the basic principles and main applications of
TOF-SIMS, dynamic SIMS, and NanoSIMS from three different
laboratories in Switzerland. Itis worth noting that there are two other
TOF-SIMS instruments in the academic landscape of Switzerland;
a TOE.SIMS 5 (ION-TOF GmbH) and a TOF-SIMS instrument
integrated in a FIB-SEM system (both at EMPA, in Diibendorf and
Thun, respectively) but are not described in detail here.

2. TOF-SIMS
2.1 Presentation

In2019, the Laboratory of Advanced Technology (LTA) obtained
a Physical Electronics nanoTOF II TOF-SIMS instrument (Fig. 2)
as part of its high-performance chemical analysis and imaging plat-
form located at the University of Geneva. The platform is open to
researchers at universities and research institutes in- and outside of
Switzerland and to companies in need of high-performance chemi-
cal analysis services.

The mass spectrometer is equipped with a Bi LMIG as the pri-
mary ion beam, capable of generating a beam of different Bi ions
(Bi*, Bi,*, Bi,**). The minimum spot size of the analytical beam
is around 70 nm. The instrument has a wide selection of sputter
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Fig. 2. The TOF-SIMS laboratory of LTA showing the TRIFT mass analyzer of the MSMS capable nanoTOF |l mass spectrometer. Adapted with per-

mission from Fisher et al. 20165%)

beams for depth profiling. Besides the Bi LMIG, it has a dual gas
beam that can either operate with Ar or O, and is mainly useful for
the depth profiling of inorganic materials, and a gas cluster beam
that can generate large Ar cluster ions and is suitable for the depth
profiling of organic compounds. Finally, it has tandem MS capa-
bilities to enable the identification of larger organic and inorganic
secondary ions.[*]

2.2 Applications

TOF-SIMS has a wide range of applications ranging from
materials science,[#0-451 art restoration and research,[40471 foren-
sics[48-301 or earth sciences and cosmochemistry.[31-56 TOF-SIMS
was originally primarily applied in the field of materials science
because the first primary ion sources were only capable of generat-
ing elemental ions and very small organic fragments. This remains
one of the main fields where TOF-SIMS is extensively used. The
possible application areas include the determination of the com-
position of glasses,*?! semiconductor samples,[*3] photovoltaic
systemsl40441 or the study of paints and other surface coatings.[4!]
The capability of TOF-SIMS to analyze mixed organic-inorganic
materials makes it a suitable tool for the study of photovoltaic ma-
terials and especially perovskite solar cells.[*4]

Depth profiling and 2D and 3D high spatial resolution imaging
highlighted the chemical changes during manufacture and opera-
tion in perovskite. Inhomogeneities detected in the distribution of
a passivating agent on grain boundaries was linked to the perfor-
mance of the solar cells. TOF-SIMS is one of the standard chemi-
cal analysis techniques used in battery research!45! mainly because
of its high sensitivity to elements, especially to light elements
such as lithium. It is mostly used for depth profiling to study the
diffusion of compounds between the different components of the
battery. A depth profile of a solid state battery revealed a distinct
interlayer in the cathode material on the electrolyte/cathode inter-
face.[*5] This interlayer was completely gone when the thickness of
the electrolyte layer was decreased.

TOF-SIMS is proving to be increasingly useful in the field of
biomedical research. The instrument at the LTA has been used, for
example, for investigating chemical changes in the dentin after dif-
ferent treatments of tooth samples (Fig. 3).57] In this example, the
capability of TOF-SIMS to detect inorganic and organic ions simul-
taneously proved to be advantageous as it allowed the high spatial
resolution imaging of apatite, collagen and riboflavin at the same
time. The results showed an almost complete lack of apatite-related
ions due to the complete demineralization of the dentin after phos-

phoric acid treatment and the remineralization of the samples after
calcium-phosphate and riboflavin treatment. The TOF-SIMS re-
sults were linked with how carious dentin behaves during restora-
tion after these different treatments. Probably the most successful
applications of TOF-SIMS in the field of biomedical studies involve
the imaging of lipid distributions in tissue sections. TOF-SIMS
measurements were applied among others for the study of various
diseases including several different tumor types,18-62 osteoarthri-
tis, 1931 Alzheimer’s disease,[® and Duchen’s muscular dystrophy.[63]
A study of osteoarthritic cartilage samples showed the formation of
lipid droplets in the superficial layer of osteoarthritic cartilages
whereas such droplets were absent in healthy samples.[63!
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Fig. 3. Examples for the application of TOF-SIMS. Imaging organic
and inorganic constituents of dentin samples after various treat-
ments (Reproduced from Betancourt et al. 202157) and imaging of the
distribution of low molecular weight metabolites in a glioma sample
(Reproduced with permission from Wehrl et al. 2013/¢2),

The applicability of TOF-SIMS for the measurement of pro-
teins is limited because most of the species detected are small
amino acid fragments. However, it is possible to use TOF-SIMS
in simple systems where only a single protein is present, such
as the study of protein adsorption on surfaces or where a single
protein species constitutes the bulk of the protein content of the
samples.[°0] For the latter, the study of teeth samples described
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above is a good example as collagen is the most abundant protein
present in these samples.[>7]

In recent years, there have been a few examples where a tech-
nique called matrix enhanced SIMS (ME-SIMS) was able to detect
neuropeptides directly from tissue sections!®’! or in combination
with liquid chromatography was capable of identifying proteins in
a conventional top-down proteomics workflow.[%8! However, due
to the difficulties with getting a suitably homogeneous matrix
layer and the loss of spatial resolution due to the matrix crystal
size this technique has not seen widespread application.

Finally, a method called Multiplexed Ion Beam Imaging
was developed by Angelo et al. for the TOF-SIMS analysis of
proteins.[581 In this method, selected proteins of interests are la-
belled with lanthanide isotope tagged antibodies. TOF-SIMS is
capable of imaging the different metal isotope tags with high sen-
sitivity and spatial resolution, thus enabling the parallel imaging
of more than 40 proteins. These capabilities were demonstrated in
the study of immune response in breast cancer samples.[%

TOF-SIMS is not as frequently used in the field of earth sci-
ences as the other SIMS methods. However, several examples
can be found in the literature where it was used for the high
spatial resolution imaging of light elements such as Li and B
in different mineralsi3!154351 or for the imaging of a wide range
of trace elements in melt inclusions.32] Another example is the
measurement of volatiles in apatite,[33! which detected the pres-
ence of OH™ in fluoroapatite from a lunar basalt sample. An in-
teresting example of the use of TOF-SIMS in earth sciences is
the work by Rinnen et al.[5%1 They measured the composition of
a series of different minerals by TOF-SIMS and used principal
component analysis to build a model that can be used to differ-
entiate and identify different minerals in rock samples based on
their TOF-SIMS signal.

3. Dynamic SIMS
3.1 Presentation

The SwissSIMS laboratory is equipped with a CAMECA IMS
1280HR ion microprobe (Fig. 4) that was installed at the University
of Lausanne in August 2012. The SwissSIMS instrument has been
acquired by aconsortium of different Swiss universities (University
of Geneva, Bern and Lausanne) and ETHZ, associated with the
Swiss National Science Foundation. This laboratory is a national
facility used for high spatial resolution in sifu elemental and iso-
topic analysis, open to all researchers based in or outside
Switzerland, after reviews of their analytic proposal. A large di-
versity of projects has been done, mostly in earth sciences.

Fig. 4. The CAMECA IMS 1280HR in the SwissSIMS laboratory.

The 1280HR ion microprobe has two primary ion sources:
a Cs* source and a high density, newly developed, Hyperion
RF plasma source (O7/O,"). The Hyperion RF Plasma source
was installed in 2019 and allows to reduce the size of the fo-
cused spot compared to an equivalent intensity beam from the
Duoplasmatron (O7/0,") source originally installed.l-7 The pri-
mary ions are accelerated with a 10 or 13 kV voltage through a
primary column equipped with lenses and apertures used to focus
and shape the beam. For many analyses, the beam size is typically
10-15 microns diameter, but down to 3 microns spots are also
possible in some cases, especially using the Hyperion source. The
SwissSIMS is equipped with a multicollection system, allowing
the simultaneous detection of 2 to 5 elements with mass ratio
up to 1.17. The mass spectrometer can be operated in monocol-
lection mode by peak jumping over a wide range of masses. A
new Faraday cup with a 10'? feedback resistor has been recently
acquired,/”" allowing more precise measurements of some minor
isotopes, such as '"O and 3¢S.115

3.2 Applications

Since its installation, the SwissSIMS ion microprobe has
been used primarily to determine stable isotope compositions
in a wide range of silicates, carbonates, phosphates, sulfides or
metals.313234.69.72-791 Begide the measurement of stable isotopes,
the SwissSIMS instrument has been used for U-Pb dating and
trace element determination in zircons and monazite.30-821 The
SwissSIMS has also proven to be a powerful tool for the deter-
mination of diffusion coefficients of trace elements thanks to its
capacity to perform analysis in depth profiling mode.[2!.83.84]
Finally, due to the ultra-high vacuum in the SIMS (10-'° Pa), the
instrument is particularly useful for the determination of low
concentration volatile elements.[34.85.86]

In order to allow a large variety of projects to be done, the
SwissSIMS has developed new reference materials and new
analytical protocols appropriate for applications such as Cl
isotopes in glasses,[731 S in apatite,[871 Li and O isotopes in gar-
net,[32881 O and B isotopes in tourmaline,[781 '30 and volatiles in
micas and biotite.[3485 The development of these methods has a
large impact on different fields of earth sciences. For example,
the development of B and O isotope reference materials in tour-
malines, or O in monazite and garnet, or S in apatite allows the
SwissSIMS to be applied to the field of ore deposit studies and
metamorphic petrology. For example, Harlaux et al. reported
4'30 and 0''B in different tourmalines from a San Rafael (Peru)
tin(-copper) ore deposit.!39 Their results show that syn-ore hy-
drothermal tourmaline has distinct $'*0 and 8''B compared to
late-magmatic and pre-ore hydrothermal tourmaline. The mod-
elling of 80 and 6''B compositions suggests that tourmaline
crystallized in a continuously evolving magmatic-hydrothermal
system. The isotopic composition of the syn-ore hydrothermal
tourmaline instead suggests variable degrees of mixing of hot,
Sn-rich magmatic brine with meteoric groundwater, revealing
the importance of fluid mixing to trigger cassiterite deposition.
Another example of the application of the developed tourma-
line reference material is from Marger et al., who combined
measurements of 80 in tourmaline and 80 in quartz from
the same samples in order to investigate the origin of the Monte
Rosa whiteschists (Western Alps).[°0 Associated with a careful
petrological study, the results enabled the conclusion that the
tourmaline-bearing white-schist of Monte Rosa Nappe origi-
nated from the related meta-leucogranites. Furthermore, late
magmatic hydrothermal fluids altered the meta-leucogranite
prior to Alpine high-pressure metamorphism.

While a single set of standards developed by the SwissSIMS
laboratory can be used for different purposes, several different
reference materials and analytical techniques have also been
developed for a single purpose, such as for the determination of
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the origin of fluids in subduction zones. For example, Manzini
et al. developed Cl isotopes measurements in glasses, which
could be used to track the deep Cl cycle.[°!l Also, protocols and
standards for the analysis of oxygen isotopes in garnet have
been optimized for the SwissSIMS. This included defining a
matrix correction curve for the grossular, spessartine and an-
dradite components based on sixteen reference garnet samples.
Additionally, in order to improve the precision of the matrix
correction, three new garnets with grossular content between
32 and 88% were characterized.[32! In a first application, oxy-
gen isotope data from garnet combined with isotopic modelling
resolved multistage fluid percolation in continental crust dur-
ing oceanic alteration and subsequent subduction (Sesia Zone,
Western Alps).l92 A study of garnet in subducted oceanic crust
revealed that pervasive fluid flow occurred at high pressure and
that the integrated fluid flux was comparable to the high values
documented in metasomatic rocks and veins.[®3

The recent acquisition of the Hyperion RF Plasma source
has enabled the development of Fe isotope composition
analyses in micrometric sulfides (Fig 5). This new proto-
col has allowed to target submicrometric sulfides associ-
ated with organic matter in ancient fossil rocks, stromatolites
from the Precambrian.[®®%4 The Fe isotope composition of
these sulfides have revealed a complex cycle of oxidation and
reduction processes mostly driven by microbial activities and
thus highlights the presence of a microbial ecosystem at 2.7
Ga.l

Fig. 5. Example of dynamic SIMS applications, development of analysis
of Fe isotope with a 3 um spot size showing the microphotograph of
pyrite with the SIMS crater, (Adapted from Decraene et al. 202114). Note
that the reproducibility obtained on standards is comparable to the re-
producibility obtained by bulk measurements by MC-ICPMS.

4. NanoSIMS
4.1 Presentation

The laboratory for Biological Geochemistry at EPFL hosts a
NanoSIMS 50L instrument, which is a dynamic, double-focus-
ing, magnetic-sector, multi-collecting ion probe (Fig. 6). The
distinguishing feature of the NanoSIMS ion microprobe is its
ability to focus the primary beam (either Cs* or O") onto an ex-
tremely small spot on the sample surface, smaller than 100 nm
in linear dimension. A controlled raster of this highly focused
primary beam across the sample surface therefore allows sec-
ondary ion images to be produced with a spatial resolution that
can resolve structures larger than a few hundred nanometers in
linear dimension. In recent studies it has been possible to resolve
substructures of the cell nucleus, such as nucleolus (polymerase
RNA), chromatin (DNA) packages, along with individual clus-
ters of glycogen in both liver and brain cells from mice.[9]
Mass-resolving power sufficient to unambiguously distinguish
the isotope of interest from nearby interferences is achieved

even at very high transmission for most isotopic systems of rel-
evance to biological samples. This allows relatively precise iso-
topic and elemental ratios to be quantitatively mapped in a wide
range of solids, including biological materials, on length scales
much smaller than one micrometer.

Fig. 6. The NanoSIMS 50L instrument in the Laboratory for Biological
Geochemistry (LGB) at the EPFL, Switzerland, which is part of the
Center for Advanced Surface Analysis established between EPFL and
University of Lausanne.

Technical notes of importance are that for insulating materials,
sample surface charging due to Cs* bombardment can be compen-
sated with an electron gun, and the NanoSIMS 50L instrument
is equipped with a multi-collector system permitting collection
of up to seven different ions simultaneously, i.e. seven different
isotopic images can be recorded at the same time from the same
area on the sample surface. This capability is used to create im-
ages or maps of elemental and isotopic variation within a sample
from the lightest elements, such as H (e.g. D/H ratios), C (*C/>C
ratios), N ("N/"N ratios), O ('’O/'°O and '*0/'°O ratios) and S
(e.g. **S/*S ratios), to the heaviest elements in the periodic table,
including uranium.

4.2 Applications

The NanoSIMS was primarily developed to produce images
of large chemical or isotopic variations in solid samples, when
high spatial resolution is needed to resolve sub-micrometer struc-
tures with relatively modest analytical precision. It is therefore
the perfect analytical instrument in conjunction with biological
labelling experiments, where high spatial resolution is required
and extremely high analytical precision is not a strict requirement.

The NanoSIMS has been used for cosmochemical applications
for a decade and has revolutionized studies of sub-micrometer,
pre-solar grains in meteorites, and boosted many other aspects
of in situ isotopic studies of extraterrestrial matter; reviewed in
ref. [12]. Over the last decade, a number of equally remarkable
scientific publications using NanoSIMS to study geological and
geo-biological materials have appeared, e.g. pertaining to the
emergence of life and trophic interactions in ancient microbial
ecosystems.[97-1001 Tn addition, NanoSIMS studies using *C and
N-labeled micronutrients, combined with e.g. fluorescence in
situ hybridization (FISH) and related techniques have yielded
unique insights into the eco-physiology of modern bacteria and
archaea within complex microbial communities.[101-108] The
NanoSIMS technology is still not widely used in the Life Sciences
or among biologists in general, in part because of the relatively
few instruments available. Despite this, the NanoSIMS is now
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increasingly playing a pivotal role in a number of fundamental and
applied biological studies on tissues as diverse as brain, heart, and
liver, over plants, to stem cells.[103.109-117]

5. Conclusions and Perspectives

Few studies have demonstrated the complementary nature of
these three different SIMS instruments. For example, a recent
study has shown that Ti diffusion in zircon is highly anistropic by
performing depth profiles using SIMS and NanoSIMS.[!18] The
combination of NanoSIMS and TOF-SIMS was used by Leitner
et al. to study the composition of a presolar stardust grain.!'19]

Analytical developments in the field of SIMS are currently
focused on the performance of ion sources that can lead to an in-
creased spatial resolution and/or ionization efficiency. This will in
turn lead to improved limits of detection of secondary ions and, in
the case of TOF-SIMS, the identification of unknown ions. As al-
ready discussed, for dynamic SIMS and NanoSIMS, new plasma
sources have been recently developed that can increase both the
sensitivity and the spatial resolution.[69.70]

One of the most important innovations in the field of TOF-
SIMS instrumentation was the introduction of commercial instru-
ments with improved identification capabilities. The improve-
ments in detecting intact organic molecules in TOF-SIMS instru-
ments necessitated the inclusion of tandem mass spectrometer
capabilities to help with the identification of intact organic ions.
One of the main goals of the development of new TOF-SIMS
instruments is to decrease the fragmentation of organic molecules
and to improve the ionization efficiency thereby extending the ap-
plicability of the technique for imaging intact organic molecules.
The decrease in fragmentation can be achieved by developing
new ion sources, such as the recent introduction of ion sources
utilizing large water cluster ions as primary ions.[39 Increasing
the ionization efficiency of SIMS ion sources would increase the
sensitivity of the technique considerably, especially close to the
spatial resolution limit, where the sampled volume becomes very
small and generally only the most abundant species can be de-
tected. For example, the water cluster ion source has the advan-
tage over the argon cluster ion sources that the primary ions can
participate in proton transfer reactions, increasing the ion yield
of the technique.! Increasing the ionized fraction can also be
achieved by introducing laser post ionization!'20-122] in the mass
spectrometer to ionize the additional neutral species ejected from
the sample. Indeed, most of the sputtered species are neutral and
only a very small percentage of the ejected species are actually
ionized in SIMS. Besides the increased sensitivity, an additional
advantage of using laser post-ionization is that the signal becomes
independent of the quality of the surface. In other words, the post-
ionization can decrease the matrix effects and as a result, it could
aid the quantitation of compounds present on the surface.['20]
For example, new resonance ionization mass spectrometers can
achieve high spatial resolution and high sensitivity by combining
a TOF-SIMS with laser ionization instruments.[123]

Future developments are also focusing on increasing the spa-
tial resolution of the SIMS. Scanning mode imaging allows to
image an area pixel by pixel with a tightly focused beam. The ions
generated from the imaged area are sent through a TOF analyzer
with stigmatic imaging capabilities. This means that the ions re-
tain their spatial position while flying through the mass analyzer
and they are detected on a position sensitive detector that records
both their position and their flight time. The main advantage of
the method is that the spatial resolution is determined by the pixel
size of the detector or by aberration in the ion image (i.e. ion op-
tics) instead of the focusing of the primary ion beam. However,
the method has been limited by the lack of suitable position sen-
sitive detectors. There have been proof-of-concept experiments
with the combination of phosphor screens and CCD cameras,[124
delay line detectors!'?5] and active pixel detectors.!'20] With im-

provements in the field of position sensitive detectors, microscope
mode imaging can become a viable option in the future. A solid
state imaging detector called SCAPS has been installed on some
dynamic SIMS instruments that allow direct ion imaging of small
mineral samples and allow the detection of isotope or chemical
anomalies at a high spatial resolution, generally a few tenths of a
micron.!127-130]

Future improvements of the detection capabilities of SIMS
will consist of the introduction of new faraday cups with higher
sensitivity amplifiers or the development of new ion detectors that
will allow measurement of low intensity signals (i.e. minor iso-
topes) with a better precision and accuracy.[7!]

New sample preparation methods in the future can also in-
crease SIMS applications in biomedical studies. In the recent
years, measuring frozen tissue sections under cryo-conditions has
started to see a more widespread use and it is expected that this
trend will continue as it prevents the diffusion of mobile com-
pounds in tissue sections and arrests enzymatic processes to pre-
serve the chemical composition of biological samples. As a result,
it can enable the imaging of high turnover metabolites and mobile
lipid species.[131-133]

In conclusion, SIMS is a versatile technique that analyses sec-
ondary ions sputtered from the sample surface. Depending on the
instrument, the spatial resolution and the detection will be very
different, enabling a large diversity of scientific applications from
material and earth sciences to biological and biomedical studies.
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