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A B S T R A C T

Significant events driving the development of SIMS over the last 50 years are reviewed. The discussion
includes recollections of dynamic and static SIMS from the 1970s, of the emergence of TOF–SIMS during
the 1980s and of the incorporation of cluster ion bombardment during most recent times. Advances in
theoretical understanding of the sputtering phenomenon and of the ionization process that accompanied
these advances are also included. Many early discoveries were focused upon the stimulated desorption of
organic and bioorganic molecules, first via static SIMS and next via fast atom bombardment, that were
important precursor experiments to modern day mass spectrometry. Today, submicron molecule-
specific imaging and molecular depth profiling represent unique aspects of SIMS experiments.
Developments that led to the optimization of these modalities are also emphasized in the review. In
general, the characteristics of SIMS that make it a contemporary partner to modern day mass
spectrometry are highlighted.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Here, we seek to chart the significant milestones in the
development of secondary ion mass spectrometry over the last 50
years particularly as they pertain to discoveries in other desorption
mass spectrometric methods, and how SIMS acts as a powerful
complement to other emerging approaches. Fifty years seems like
a very long time, yet one could posit that the early beginnings of
mass spectrometry were bornwith the study of positive secondary
“canalstrahlen” produced byprimary “canalstrahlen” as noted in the
classic J.J. Thompson paper from 1910, nearly 105 years ago [1]. We
suppose that the etymology of SIMS – secondary ions produced by
primary ions – has its roots with this experiment.

Reflecting on the developments over time, SIMS is somewhat
unique inmass spectrometry sincemany of themore sophisticated
mass spectrometric methods and instruments have only emerged
in the last 30 years or so, the field was very active even in 1960.
SIMS was already an important materials characterization tool for
semiconductors and for bioimaging through the efforts of pioneers
such as Herzog [2], Viehbock [3], Liebl [4], Honig [5], Castaing and
Slodzian [6]. The emerging semiconducting industry in particular
provided considerable impetus. The instrumentation was largely
homemade, and based upon expensive magnetic analysers. The
1960s saw the emergence of chemical imaging experiments with a

lateral resolution of just a few microns. With these highly
publicized developments came a stream of improved instrumental
designs.

Perhaps the most significant advance, at least as it relates to
modern day mass spectrometry, was the observation by Alfred
Benninghoven in Münster that with energetic ion beams, simple
organic molecules could be desorbed intact as ions from surfaces
[7]. Since the beam created damage through bond-breaking and
molecular fragmentation of surface molecules, however, he
espoused the use of “static SIMS” whereby the number of primary
ions was kept small enough so as to keep below a damage
threshold. He designed the first quadrupole mass analyser for
efficient detection of these secondary ions. In contrast, dynamic
SIMS concentrated on elemental analysis and disregarded the
influence of chemical damage.

The biggest shakeup to themolecular SIMS field over the last 50
years came, in our view, with the emergence of the time-of-flight
analyser �1985, and the introduction of MALDI shortly thereafter
[8]. The TOF analyser seemed a perfect match for SIMS with its
parallel mass detection and high transmission needed for static
SIMS. With this advance, however, came the knowledge that
energetic ion beams simply could not desorb fragile organic
molecules without significant fragmentation. The MALDI tech-
nique rapidly overtook FAB and SIMS as the method of choice for
organic and bioorganic compound analysis, especially for those of
higher molecular weight compounds

However, the SIMS technique did not die with the emergence of
MALDI and electrospray MS. The incorporation of the liquid metal
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ion source, utilizing a Ga+ ion bullet, created a unique molecule-
specific imaging platform for organic molecules with sub-micron
spatial resolving power. Both the dynamic and the static SIMS
communities put a lot of effort into instrumentation and
applications during the last part of the 20th century that kept
the field vibrant. Sensitivity was (is) the major hold-up since
desorption with Ga is not very efficient, and there are only a few
molecules available for analysis in a sub-micron pixel. The
sensitivity problem has been aided by the emergence of cluster
ion beams, perhaps the most significant development in the 21st
century. During the last 15 years, probes such as Au3, Bi3, SF5, C60

and Arn (n =1000–10,000) have shown a remarkable ability for
molecular desorption without exhibiting as much fragmentation
and by leaving significantly less damage accumulation on the
surface of the sample. This advance is on-going and is amajor focus
of this review.

These developments have again provided SIMS with a signifi-
cant competitive edge with respect to other mass spectrometric
methods. C60 is already focusable into the submicron resolution
regime and it is likely that other larger cluster beams will follow
soon improving the prospects for bioimaging of single biological
cells and tissue. In addition, molecular depth profiling has been
shown to be an important new capability for characterizing these
materials. Hence, there is now a lot of talk about 3-dimensional
imaging, with depth resolution in the range 10–20nm. And finally,
we note the incredible instrumental developments associatedwith
the so-called nanoSIMSmodality. Here, a Cs+ ion beam is focused to
<50nm spot to allow the highest spatial resolution to date. The
approach is to detect only atomic ions with high mass resolution.
Specificity is chemically incorporated into the (bio) sample using
stable isotopes. Some of these images are truly astounding.

With this perspective, selected developments which had the
most scientific influence on us as participants during the last 50
years of SIMS will be discussed in more detail, often providing a
personal view of the developments. Our motif is embedded in the
title of this review. We believe that developments in SIMS have a
profound influence on the development of modern mass
spectrometric methods. The current unique aspects of the method
– molecular depth profiling and nanoscale 3-dimensional imaging
– should continue to challenge the field for the next 50 years.

2. Dynamic SIMS to static SIMS

The original focus of SIMS as an analytical technique was on
elemental analysis of inorganic materials. The technique was
developed to a highly sophisticated level for the analysis of
dopants in semiconductor materials and devices. In this format,
the ion beams and mass spectrometers were optimized for
sensitivity and quantification to the sub-ppm levels. Precise depth
profiling into the nm regime has been a crucial capability as device
sizes have become increasingly smaller [9]. These developments
mean that all electronic materials R&D laboratories and most
device manufacturers today use dynamic SIMS instruments
extensively.

The evolution of molecular SIMS started in the late 1960s with
thework of Alfred Benninghoven [7,10]. He showed thatwhereas at
that time dynamic SIMS was a violent and destructive technique
used to depth profile inorganic materials, it could be operated in a
great deal more delicate mode to be a surface analysis technique
able tomonitor the topmonolayer surface chemistry. He suggested
that using sensitive single ion counting techniques derived from
nuclear research, when an energetic argon ion beam hits the
surface it would be possible to disturb only a very small fraction of
the surface (�1%) and still get useful ion yields reflecting the
surface chemistry. Since the surface was essentially unchanged
by the analysis process, he called it static SIMS. In early work,

Benninghoven reported secondary ion spectra from the surface of a
molybdenum foil that seemed to have clear relevance to the
possible chemistry. This stimulated interest in a number of
laboratories in particular ours in Penn State and Manchester and
in the early 1970s we started to explore this new surface analysis
technique.

The evolution of static or molecular SIMS has centered upon
developments in ion beams and mass spectrometers. The early
equipment consisted of small quadrupole mass spectrometers and
2 or 3 keV argon ion beam systems mounted in conventional
stainless steel UHV systems. While Benninghoven’s early experi-
ments had suggested that surface chemistry could be accessed,
there was skepticism. Surely using a technique that involved
hitting the surface with a kiloelectron volt beam would smash
anything of interest to pieces. Thus, the first challenge was to
investigate whether true surface chemistry could be monitored
using static SIMS.

A first basic experiment involved the study of the classic
adsorbate system of CO on Ni single crystal. Depending upon
conditions, CO was known to bind either in on-top, bridged or
triply bridged geometries. With SIMS, the idea was that these
structures could be determined from the emitted cluster ions of
MCO+, M2CO+ andM3CO+, respectively [11,12]. From Fig.1, it is clear
that this hypothesis is born out. A number of careful SIMS studies
on other metals, Cu, Rh, Pt, Pd and Ru further supported the
hypothesis. The adsorbate state is very delicate and to show that
static SIMS was sensitive to the structures of adsorbed molecules
gave great encouragement as to the chemical sensitivity of SIMS.
This work was followed by other supporting studies of more
complex adsorbate states where the MS data was cross-checked
with IR spectroscopic data [13,14].

Static SIMS was of early interest to chemists concerned with
polymer structure and in the early 80s, Briggs got engaged in
extensive static SIMS studies of complex polymer structures. From
studies of a wide range of polymers with varying functionality,
correspondence between static SIMS spectra and complex surface
chemical structure was confirmed [15]. This work has been
foundational for the confident exploitation of static SIMS in
probing the surface chemistry of complex organic systems. As a
consequence in the mid-1980s libraries of spectra started to be
assembled to aid interpretation [16]. Out of this and subsequent
work, protocols for the interpretation of SIMS spectra from
molecular materials have developed, a detailed consideration of
which has been provided by Briggs and Fletcher [17].

Static SIMS is a different ion formation process frommost other
mass spectrometries. We knock bits out of the solid material.

[(Fig._1)TD$FIG]

Fig. 1. ‘Mass spectra’ of the three adsorbate states of CO on single crystal metals.
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Looking at polymer spectra, there were many fragments that were
chemically helpful, although many of low mass were not. The
question arose as to whether the fragments we see in SIMS that
are chemically helpful arose immediately from the surface or were
due to fragmentation of the molecular ion as in conventional mass
spectrometry. InManchester, the construction of the first, and for a
long time only tandem triple quadrupole SIMS system was
initiated to study this issue. The [M+H]+ monomer ions from a
variety of polymers were selected for study. The results showed
that CID spectra were exactly the same as those observed in the
static SIMS spectra [18]. Hence, the main fragment formation
mechanism for chemically significant fragments was from
dissociation of the excited [M+H]+ ion emitted from the surface.
This led to a model of ion formation for molecular SIMS that was
also emerging from simulation studies [19] and other experiments
[20] that postulatedfirst, a high-energy region close to the primary
ion impact that resulted in the destruction of the molecules being
studied and emission of damaged material. Further from the

impact zone is a second area of lower energy from which the
excitedmolecular ions are emitted. In and above the emission zone
chemically significant fragments are formed from the breakdown
of the molecular ions, consequently the resulting spectrum is
closely related to the chemical structure as shown in Fig. 2 [21].

Thus, by the end of the Century Fundamental and applied
studies combined to give considerable confidence that static SIMS
was an excellent technique for analyzing the molecular surface
chemistry of materials.

3. Sputtering and ionization theory

When a solid interacts with an energetic particle of �keV
energy, lots of things tend to happen, many of which are
extraordinarily difficult to understand quantitatively. For the
purposes of mass spectrometry, both sputtering of neutral
particles and ionization of those particles by some mechanism
are important to have models for. Sputtering is complex since

[(Fig._2)TD$FIG]

Fig. 2. Model of sputtering of a polymer: (a) violent fragmentation in primary impact region; (b) unzipping to give large fragments in fingerprint region; and (c) simple low-
energy fragmentation in monomer region [21].
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thousands of atoms can be in motion during the first few
femtosecond after the impact of the primary particle. Ionization
is complex since there is enough available energy to allow just
about any imaginable ionization path to be possible, from collision
induced processes to chemically induced events involving charge
exchange and recombination kinetics.

Our first view of sputtering dynamics came from a theory
developed by Sigmund in the 1960s [22]. His theory, which formed
the basis for most thinking for several decades, assumed that the
collision cascade of moving atoms arose from a sequence of binary
collisions. The model, based upon classical transport equations,
allowed estimation of the sputtering yield of atoms from an atomic
solid by knowing something about how much energy is deposited
into the surface region. During 1960s, computers became powerful
enough to allow molecular dynamics simulations to be developed
[23,24]. These calculations started small, but revealed important
sputtering mechanisms that provided great semi-quantitative
insight [25]. As computers have gotten faster in recent decades, the
calculations now involve more than a million particles and, using
complex many-body interaction potential functions, can help to
explain the desorption of molecules from molecular solids [26].
Since the emergence of cluster projectiles, the MD approach has
provided a molecular level view of the impact crater, molecular
liftoff mechanisms and even molecular depth profiling [27]. The
calculations continue to be an important partner to experimental
SIMS efforts, even though ionization is generally not considered
when employing strictly classical models. A schematic graphic
from the 1980s compared to what is achievable now is shown in
Fig. 3 [28].

Our understanding of ionization began with empirical
observation of elemental atomic ion yields across the periodic
table resulting in a model based upon the Saha–Eggert ionization
equation [29]. Themain assumption is that the sputtered plume is
in a local thermal equilibrium and can be described as a plasma,
and that ion yields are largely controlled by ionization potentials
and/or electron affinities. Although this approach was successful
in organizing ion yields from different species, which showed
variations across the periodic table of several orders of magni-
tude, the fundamental physics behind the model came into
question as more was learned about the sputtering process itself.
During 1980s, there were a series of elegant experiments
pioneered by Ming Yu that illustrated the importance of electron
tunneling [30]. A schematic energy diagram of an atom leaving a
metal surface is shown in Fig. 4. The Fermi level Ef, lies below the

vacuum level by the work functionF. Initially, the atomic level Ea
is broad and may lie above Ef before the atom is sputtered off. The
variation of the image potential pushes Ea to lower energies until it
crosses the Fermi level. Electrons in the metal can tunnel out to fill
the atomic level once Ea< Ef beyond the crossing point. This work
was accompanied by the development of a bond-breaking model
based upon a curve-crossing of the Landau–Zener–Stuckelberg
type which helped to explain ionization in simple inorganic
molecules [31].

With respect to ionization of organic molecules, the picture
changes considerably. There was early realization that molecules
could be ionized by cationization [M+ cation]+ involving a
recombination of emitted M and the cation species, with Ag+

being the favoured agent [32]. In the early years, the cleanest
spectrawere obtained by preparing samples as thin films on Ag foil
[33]. The quasi-molecular ions [M+H]+ or [M�H]� were not
routinely used for analysis until the emergence of the cluster ion
sources, which obviated the need for the cationization modality. A
related approach that has been popular for many years involves
bombardment via Cs+ as the primary ion, followed by detection of
[M+Cs]+ ions [34]. This method is a way of getting a direct handle
on the behaviour of the neutral molecule, hence, minimizing the
influence of matrix effects.

[(Fig._4)TD$FIG]

Fig. 4. Schematic diagram of the electron tunneling model for ionization.

[(Fig._3)TD$FIG]

Fig. 3. The left hand side shows a graphic used in the calculation of a Cu5 cluster after Ar bombardment. The right hand side is a modern day calculation for 10 keV Ar2953
sputtering of molecular benzene utilizing over 1 million particles.
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4. Emergence of FAB–liquid SIMS

Although static SIMS could provide molecular information
about the surface of quite complexmaterials, because the primary
beam is charged and charged particles, electrons as well as ions
are being removed from the surface, the surface of insulating
materials tend to charge during analysis. Under positive atomic
ion bombardment, the surface could charge very quickly because
the input of positive primary ions was very much higher than the
output of positive secondary ions. A high surface potential then
gives the outgoing positive ions extra energy. The quadrupole
analysers used at the time could only accept a limited energy
range and consequently the ion energies rapidly exceeded the
acceptance window and the secondary ion signal was no longer
detectable. Two solutions were proposed. The first entailed
irradiating the surface with low energy electrons (�10–20 eV) at
the same time as the positive ion beam. It was important to tune
the electron flux so as to just compensate for charging otherwise
the surface potential would go negative. This could be quite a
tricky operation, especially with heterogeneous samples. It also
became clear that electron bombardment itself could be
destructive of the surface chemistry. Subsequently Gilmore and
Seah showed that it is important to keep the electron flux below a
certain level (humorously referred to as 1 Gilmore) to preserve
the surface chemistry under study [35].

An alternative approach to surface charging was suggested by
the Manchester group, namely the use of neutral primary beams.
The stimulus for this idea arose during SIMS studies of glass
surfaces. The ideawas that bombardingwith a neutral beamwould
greatly reduce the positive ion input and the positive secondary
ions leaving would be balanced by electrons leaving [36]. Since
secondary electrons have a maximum energy of about 20 eV, the
maximum positive surface charge should be about 20 eV. The
neutral beamwas formed by charge exchange of an argon ion beam
as it passed through argon gas contained in the Wien filter region
of the 2–4 keV ion column. A 2keV Ar+ picks up an electron from a
gas phase argon atom to form a 2keV Ar0 (Fig. 5).

Beams formed in thiswaywere very successful in enabling good
positive ion analysis of insulators, glasses and polymers and indeed
there was evidence that neutral beams generated less chemical
damage [18,37,38]. Negative ion analysis still required some small
electron compensation, but it was generally much easier to control
than under positive primary ion irradiation.

This primary beam system had an unforeseen but dramatic spin
off that profoundly changed the whole direction of organic mass
spectrometry. Up to this time, the mass spectral analysis of
involatile organic compounds had been extremely challenging. It
was a ‘green finger’ art using field desorption techniques. Mike

Barber suggested that the neutral beammight be useful to analyse
involatile organic compounds. Initial studies showed that this was
possible, but as with ion bombardment the maximum size of
molecules detected ions was around m/z 300–400 and the signal
decayed as the sample was consumed by the beam. The possibility
was suggested that dispersing involatile compounds in a low
volatility liquidmatrix such as glycerolmightmake the emission of
the molecules easier, and molecular movement in the matrix
might renew the surface layer, hence, reducing signal decay.
Glycerol did have these beneficial effects and fast atom mass
spectrometry (FABMS) was born. In fact, the process was a type of
liquid SIMS, but, FABMS remained as the name of the new mass
spectrometry.

The first papers appeared in 1981. Using the quadrupole system,
it was possible to obtain good spectra from simple amino acids
[39]. However, to fully exploit themass range capability of this new
mass spectrometry required the neutral beam to be interfaced to a
magnetic sector instrument. The Barber and Vickerman groups
installed the neutral beam on a double focusing MS9. The first
spectrum was of the undecapeptide, methionyl-lysyl-bradykinin
having anM+H ion atm/z 1319 (Fig. 6) [40]. In subsequent studies,
the ability to obtain spectra easily for a wide range of organic and
bioorganic compounds was demonstrated in positive and negative
ion modes [41,42]. In subsequent years, many leading mass
spectrometry groups exploited FABMS. It is probably fair to suggest
that FABMS helped to initiate the field of proteomics and
accelerated the introduction of othermethods to analyse involatile
organic and bioorganicmolecules bymass spectrometry and hence
the development of ESI andMALDI, the leadingMSmethods today.

5. TOF

Static SIMS requires that the measurements be made with high
efficiency since there is so little material available for analysis
before the damage regime sets in. Enter the time-of-flight analyser
to alleviate the inefficiency of the scanning mass analysers where
most of the mass information is lost. The idea for TOF is very old, of
course, dating back to the Bendix instrumentation from the 1950s.
And it was being employed with laser desorption experiments in
the 1970s [43]. The analyser was particularly well-suited to laser-
based experiments due to the short-pulse nature of the laser beam
and the need to detect a large number of masses in parallel. Both
the Benninghoven lab [44] and the Standing lab in Winnipeg [45]
realized that an ion beam could be easily pulsed and incorporated
into a TOF detector. Their initial experiments were quite
provocative due to the several orders of magnitude improvement
over the quadrupole analyser.

The rapid deployment and success of TOF–SIMS gave rise to
the implementation of molecular imaging using a focused ion
beam. This mode of operation was made possible by the high
sensitivity of the TOF analyser since there are so few molecules in
a sub-micron pixel, especially for static SIMS. Several laboratories
had the vision to see that the TOF analyser could be combined
with a Ga-based liquid metal ion gun (LMIG) for high spatial
resolution molecular imaging. We will have more on the LMIG
story in Section 6. Vacuum Generators first marketed their Ionex
brand in the late 1980s [46] using a TOF analyser designed by
Poschenrieder in 1972 [47]. This analyser was designed to
compensate for the large energy spread of sputtered ions, which
can reduce the mass resolution. A group at Cambridge Mass
Spectrometry in the UK modified their laser ablation TOF system
to incorporate and LMIG for imaging [48]. During this period, the
Benninghoven laboratory introduced the reflectron geometry
which was much simpler to implement than the Poschenrieder
approach [33]. The instrument formed the basis for the
instrumentation marketed by ION-TOF GmbH, the largest

[(Fig._5)TD$FIG]

Fig. 5. Picture of the first fast atom beam column. Charge exchange 2 keV Ar
+ +Ar0 V 2keV Ar0 +Ar+ occurs in the Wien filter region.
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manufacturer of TOF–SIMS equipment to this day. And finally,
coincident with the Benninghoven group, Evans and Associates in
San Bruno, California, were constructing an imaging TOF–SIMS
based upon a TRIFT analyser [49]. This device utilizes a triple
electrostatic sector to improve energy spread compensation and
was widely marketed starting �1990. The configuration is still
popular today, with the TRIFT 5 nanoTOF nowmarketed by Ulvac-
Phi. It is interesting that this design can be operated in the
stigmatic imaging mode using a time-resolved anode encoder to
allow mass-resolved images to be acquired in microscope mode.
Although Ulvac-Phi no longer markets this type of detector, there
is a determined effort to resurrect this technology for use with
cluster ion beams that cannot be focused to a submicron spot and
for improving the spatial resolution of MALDI imaging experi-
ments where the laser beam is not easily focused [50].

However, the TOF configuration presented some confounding
difficulties. First, since the TOF is operated in pulsedmode, there is
an extraordinarily large dead time between pulses. This dead time
leads to extremely low average beam currents. This issue is not so
critical for static SIMS, but now that cluster beams have broken the
static limit and molecular depth profiling is important, the dead-
time aspect of conventional TOF machines is problematic. In
addition, it has proven difficult to achieve highmass resolution and
high lateral resolution at the same time using pulsed beams due to
technical reasons associated with beam handling. Hence, there is
interest in implementing hybrid TOF arrangements where DC
primary beams can be applied without loss of sensitivity [51,52].

6. LMIGs

Although the imaging modality of SIMS was certainly an
enticing draw in the early years, focusing of gas ion sources with
enough beam current for acquiring mass spectra in a reasonable
period of time was proving technically frustrating. During 1970 's,
however, the LMIG emerged as a viable option for overcoming this
difficulty. In the first designs, Ga metal was field-ionized from an
atomically sharpenedW tip. This configuration allowed focusing to
a spot size of 50nm or less with a brilliance (A st�1 cm�2) of 106

times that of existing sources [53]. The Levi-Setti group at the
University of Chicago, utilizing a magnetic sector mass analyser,
was able to demonstrate a lateral resolution of �20nm for

inorganic ions emitted from a variety of materials, including
labelled DNA [54]. The TOF–SIMS manufacturers mentioned in
Section 5 quickly figured out how to pulse these sources and add
them to existing instrumentation. High resolution molecular
imaging was off to a fast start.

Initial euphoria proved short-lived. The Ga+ ion bullet turned
out not to be very effective at molecular desorption, and the
ultimate quality of images produced during 1990s was often
disappointing. All that changed circa 2000with the introduction of
the Au-cluster ion LMIG that exhibited the properties of enhanced
molecular desorption along with excellent focusing properties
[55,56]. Just a few years later, the ION-TOF company introduced the
Bi-cluster LMIG,which had even better focusing properties than Au
[57].

7. Polyatomic and cluster primary beams

Although atomic liquid metal ion beams offered the possibility
of high spatial resolution imaging there are challenges resulting
from the fact that the static limit places a restriction on the total
amount of sample available for analysis, and that limits sensitivity.
If an ion beam delivers a 250nm beam spot at the sample, within a
pixel of about 250nm, the static limit means that there are only
about 2500 molecules/pixel available to sample. Furthermore, the
yield of molecules above �300Da using atomic ion bombardment
is very small and many significant bio-molecules are much larger.
This point was poignantly brought home in a classic paper by
Briggs and Hearn in 1988, who suggested that submicron
molecular imaging would not be feasible [58]. They were, in fact,
largely correct in this prognostication, although developments
during the last decade may well eventually prove them wrong.

During the late 1990s, the challenge was to find a way to
increase the secondary ion yield, particularly of higher mass
molecules. MD simulations of the sputtering of large organic
molecular systems frommetal substrates had shown that emission
of such molecules required a cooperative upward movement of
several substrate atoms [59]. Such concerted movements were
relatively rare with atomic bombardment, but might be more
frequent if the primary species was composed of several atoms.
Fundamental studies dating from the early 1990s by groups in
Orsay and Texas had shown that gold cluster ions, Aux

+ (x =1–7)

[(Fig._6)TD$FIG]

Fig. 6. Positive ion fast atom mass spectrum of the undecapeptide, methionyl-lysyl-bradykinin.
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could be generated from a liquid gold source and their use resulted
in a non-linear increase in secondary ion yield from the surface of
an organic material [60,61]. In 2000, a small UK company,
Ionoptika Ltd. in collaboration with the Vickerman group,
developed a practical 20 keV SIMS primary ion beam system
delivering gold cluster ions [62]. Au3

+ was found to be the most
practical cluster, although subsequent work by the ION-TOF
company showed that bismuth provides an even more effective
source of Bi3 and Bi5 ions [57]. As a consequence atomic ion beams
are little used today in molecular SIMS. Metal cluster beams Aux

+

and Bix+ are used when good yield and high spatial resolution are
required. These beams are operated at energies between 10 and
40 keV. They deliver ion yields that are 102–104 times higher than
the Ga+ ion beams used previously, and can deliver useable ion
yields up to �1500Da.

The enhanced sensitivity benefits of the application of metal
cluster beams have been well illustrated by some impressive
examples in the biology field. Brunelle and co-workers have been
at the forefront of exploiting the capability of Au3

+ and Bi3+ primary
ions in a range of studies of lipid related diseases, such as
Duchenne muscular dystrophy, Fabry disease, non-alcoholic fatty
liver disease, atherosclerosis and cystic fibrosis, as well as cancers
[63–66]. These diseases stem from dysfunctional metabolic
processes and result in abnormal concentrations of biomolecules.
Chemical images across diseased tissue reveal areas of abnormal
chemistry; such scarcity or over-abundance of a particular
biomarker can link cellular dysfunction with anatomical specifici-
ty. While these studies are very impressive they do emphasize that
even with the benefits of cluster primary beams, TOF–SIMS is
primarily sensitive to lipids and similar smallishmolecules that are
present in quite significant concentrations, can be lifted off the
surface efficiently and whose ion yield is relatively high. Even for
these favourable molecules, however, note that the signal level
decreasesmarkedly as the pixel size decreases.Moreover, since the
beam dose must be limited due to the static limit, the maximum
signal is even further reduced. An example is shown in Fig. 7 where
themaximumyield/pixel of vitamin E decreases to only 6 counts as
spatial resolution increases [67].

There had been interest in the use of heavier or larger primary
ions from about the mid-1980s on and it had been demonstrated
that larger polyatomics could increase molecular and large
fragment ion yields [61,68]. At the end of the 1990s, it had been
shown that SF5+ delivered higher yields particularly of higher mass

ions. The experience with SF5+ was mirrored and enhanced with
the introduction in 2003 of an ion beam system based on
Buckminster fullerene, C60

+ [69,70] that delivered around 1000
times higher yields, againwith a clear enhancement of highermass
molecular ions. However, not only did SF5+ and C60

+ increase ion
yield, it was also discovered that for many materials the degree of
observable bombardment induced damage was very significantly
reduced, such that analysis could be carried out well beyond the
static limit, indeed in some cases the whole sample could be
consumed during analysis and the chemical information was not
compromised [71,72]. This was a revolutionary development for
molecular SIMS because in principle it allowed for the first time
molecular depth profiling of organic and biological materials.

8. Depth profiling and 3D

The stability of the secondary ion signal under C60
+ is illustrated

in a study that compared the loss of a molecular ion signal from a
cholesterol film supported on silicon under prolonged ion
bombardment by Au+, Au3

+ and C60
+ (Fig. 8) [73]. There is rapid

and almost complete loss of ion signal under gold bombardment
whether from the monatomic ion or the cluster ion, whereas with
C60

+ after an initial change there is a signal plateau until all the
material is removed from the surface. This type of behaviour is
observed formanymolecular organic and bioorganicmaterials. For
some materials there is an initial rise, for others an initial fall, but
the plateau region is the common feature.

MD simulations have provided an explanation of these
observations [74,75]. C60 fragments and the energy partitioned
between the 60 carbon atoms is dissipated close to the surface. The
sputter yield is high, but the penetration is low. The result is that
chemical damage is removed faster than it accumulates, a
phenomenon now explained quantitatively [76]. Many molecular
materials seem to be robust under extended sputtering such that
analysis beyond the static limit is feasible and molecular depth
profiling has been demonstrated for a quite wide range of
materials. As a consequence sub-surface analysis, 3D imaging on
molecular materials became possible [77–79] by stacking 2D
images acquired during the depth profile. Although there are risks
associated with this protocol, with ancillary methods such as AFM,
corrections for differential sputtering are possible [80]. Now
reference standards are being made available by the National
Physical Lab in the UK, demonstrating that the depth resolution is

[(Fig._7)TD$FIG]

Fig. 7. 256�256 ion images of a sagittal rat brain section at three different levels of spatial resolution. From left to right the pixel size decreases from 87.5mm to 2mm to
390nm. The ion dose increases from 8.4�108 ions cm–2 to 2.5�1011 ions cm–2 to 2�1012 ions cm–2. The ion imaged originates fromvitamin E. The left and right images are
the negative ion atm/z 429.3, while themiddle image is of the positive ion atm/z 430.4. The ion yields counts/pixel are indicated by the color-coding, yellow representing the
maximum. The range is 0–51 for the 87.5mmpixels in the left-hand image; 0–21 for the 2mmpixels in themiddle image and 0–6 for the 390nmpixels in the right-hand image
[67]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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on the order of just 10nm [81]. These developments, during the
last decade, have represented a paradigm shift for molecular SIMS
[82]. No longer is analysis limited to a small fraction of the surface
since the ion signal can be accumulated from more of the sample.

Although C60 cemented the shift into beyond static analysis and
the potential of molecular depth profiling, some materials are still
damaged by this beam. One of the most difficult aspects is the
deposition of carbon. Since the mid-90s theMatsuo group in Kyoto
had been developing giant argon cluster beams for the surface
cleaning of semiconductor materials. They suggested that these
beams might find useful application in SIMS and in the last few
years the use of argon cluster ion beams (e.g. Ar2000) have been
explored both for depth profiling and for analysis [83,84]. The
studies so far suggest that very low chemical damage is generated,
so they make excellent beams for depth profiling in combination

with ametal cluster beam or C60. Although relatively low ion yields
are observed for many compounds there is evidence that the
decreased damage results in higher yields at higher dose levels
beyond what was the static limit.

Beyond static limit analysis suggested the use of DC primary ion
beams and a move away from the pulsed TOF–SIMS instruments
used heretofore. In principle, DC based instruments should provide
higher yields of secondary ions and hence higher sensitivity, faster
analysis and the decoupling of ion formation from the mass
spectrometry. They should also provide the means to implement
tandemMS facilities for the first time on a high performance SIMS
instrument. In the period around 2007, our two groups explored
these possibilities successfully on hybrid ortho-TOF and buncher-
TOF instruments and other approaches are in the pipeline [85–87].
A schematic diagram of these instruments is shown in Fig. 9 [88].

[(Fig._9)TD$FIG]

Fig. 9. Two developing SIMS instruments utilizing a DC primary ion beam with MS/MS capability. (a) Hybrid triple quadruploe orthogonal TOF and (b) buncher TOF.

[(Fig._8)TD$FIG]

Fig. 8. Variation in relative intensity of them/z 369 (M�OH)+ andm/z 385 (M�H)+ ions froma thickfilm of cholesterol as a function of ion fluence under 20keV Au+, Au3
+ and

C60
+ bombardment.
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9. NanoSIMS

During 1990s, Slodzian optimized the geometry of a thermal
ionization Cs+ ion source and, with extensive use of apertures, was
able to obtain a spot size of 50nm on the target. The Cs bullet
causes considerable sample chemical damage, so this sort of source
is not appropriate for a TOF–SIMS environment. However,
sputtering by Cs, and concomitant implantation of Cs into
the near surface region, yield enhanced sensitivity to small
negative ion fragments such as O� and CN�. With this aspect in
mind, the source was fit to a CAMECA dynamic SIMS instrument
utilizing a magnetic sector analyser and optimized for the
semiconductor industry, and named the nanoSIMS 50. Due to
the enhanced sensitivity of these small negative ion fragments,
adequate signal is available for extremely high spatial resolution
imaging. The fact that molecular bonds are broken leaving only
small fragment species, of course, reduces the chemical specificity.
To circumvent this problem, there have been clever stable isotope
labelling protocols proposed that allow biomolecules to be
monitored by observing the presence of these isotopes [89]. For
CN�, for example, the magnetic sector analyser has sufficient mass
resolution to distinguish 12C14N�, 13C14N�, 12C15N� and 13C15N�.
Note that the Ga LMIG source would not work well for this
application since the secondary ion yield enhancement is basically
too low.Within the rubric described above, it is clear that this type
of SIMS system will play an increasingly important role in the
bioimaging arena.

10. Challenges and prospects

Molecular SIMS hasmade great progress. At themolecular level,
the technique now has most of the capability that dynamic SIMS
has at the elemental level. Molecular depth profiling is now almost
routine and SIMS imaging is showing great potential, although not
yet at 50nm level seen in nanoSIMS [88,90]. There are still many
challenges to be met if molecular SIMS is to become a truly routine
characterisation probe of the complex samples for which it seems
so suited. Sample preparation of complex biological samples can be
critical in determining the information that is accessible [88]. The
interpretation of the spectral data emerging from suchmaterials is
also extremely challenging requiring computer aided methods.
However, probably the most significant parameter that will
determine the future direction of molecular SIMS is secondary
ion yield – i.e. ionization.

The ionization of emitted secondary atoms, molecules and
molecular fragments determines the sensitivity of the technique,
which in turn limits the ultimate useful spatial resolution. This
factor also gives rise to the matrix effect that has been the bugbear
of SIMS, inorganic and organic, from the very beginning. The
matrix effect means that the yield of a given secondary ion can be
enhanced or suppressed dependent on the chemistry of the
surrounding material. Again, this influences sensitivity, and also
makes quantification problematical. With synthesised materials
calibration studies can be carried out, but with complex natural
materials it is very hard to investigate the influence of the matrix
effect with any certainty.

The sensitivity problem is major under static conditions. If we
assume that the ionization probability is 10�4 (this is quite good!)
and the average instrument transmission of modern molecular
SIMS instruments is around 10%, since the static limit restricts the
amount of surface sampled to about 1% only 0.4 of molecular ion
would be observable in a 1mm pixel. Potentially things can be
improved to 40 molecular ions if the whole of the pixel can be
consumed and all the ions collected. Thus, with the 3D analysis
capability that has been developed over the last few years, a partial
solution to the low ionization yield is to consume more of the

sample. Indeed if we can consume and collect all the ions from a
1mm3 voxel, we potentially have around 105 molecular ions. This
however requires an instrument able to collect all the ions emitted.
Under voxel analysis conditions potentially 100nm useful spatial
resolution would be possible if the polyatomic cluster ion beams
could be focussed to that level. Of course this is under ideal
conditions and considering only a single compound. All materials
of interest would consist of many compounds and a matrix effect
would still be operating.

Possible solutions to these issues have been active areas of
research for some time. One that it was hoped would solve the
sensitivity issue and matrix effect problem in one fell-swoop was
post-ionization of the neutrals that form the vast majority of the
secondary molecular species emitted. Studies from the mid-1990s
onward showed that efficient laser post-ionization above the
sample surface did greatly increase ion yield, and ion yield was
independent of the matrix. However, resonant UV multi-photon
ionization (MPI), although very efficient and good for specific
molecules, was not general enough for ‘unknown’ analysis. Non-
resonant VUV ionization seemed to offer a way forward, but was
limited partly by its lower efficiency and by the upper ionization
energy of the chosen laser. But more seriously both resonant and
non-resonant processes could result in significant fragmentation
of some molecules [91]. More recently the Penn State group have
been exploring the possibility that high power IR wavelengths can
be used to ionize by a tunnelling mechanism that avoids
fragmentation [92,93]. Overall however these experimental
arrangements are complex and expensive and it is a moot point
whether they could ever become part of a routine analytical
system.

The more widely attempted route to increased ionization is by
incorporating additives into the sample that provide enhanced, or
new ionization pathways during sample sputtering. Two basic
approaches have been followed. One is to use the cationization
method that either entails supporting the analyte of interest on a
silver substrate [94] or adding cationization agents to the analyte,
sometimes termed MetaSIMS [95,96]. The second approach is to
incorporate the analyte in a matrix in a similar manner to MALDI,
matrix enhanced SIMS, ME-SIMS [97,98]. Manymatrices have been
tried, but the main focus has been on are those that have been
widely used in MALDI such as a-cyano-4-hydroxycinnamic acid
(a-CHCA) and 2,5-dihydroxybenzoic acid (DHB) [97]. There seem
to be at least three potential benefits: first dispersing the analyte in
anothermatrix reduces the cohesive forces between themolecules
[99]; second the analyte may be emitted in a cluster along with
matrix molecules and as the cluster dissociates the analyte
molecule may be cooled, thus reducing the likelihood of
fragmentation [100]; and third many of the matrices are efficient
sources of protons to particular compound types [101]. The latter
property is clearly of most importance for the generation of M�H
ions. However, these approaches obviously involve changing the
chemical state of the material in a way that may interfere with the
chemistry being investigated.

Ideally, it might be better to enhance ionization without
significantly changing the chemistry of the analyte. For many
organic analytes, protonation is a major ionization mechanism.
ME-SIMS highlights matrices with a high proton transfer
capability. Some studies have shown that ice and water may be
a good source of protons, particularly from H3O+ species
[102–104]. As a consequence methods have been explored of
increasing the hydrogen or proton density in the emission zone.
Directing a jet of water vapour at the sample has shown some
success [105], and some workers have suggested that using an
electrospray ion beam that is composed mainly of water vapor as
the primary beam, may have a similarly beneficial effect on ion
yields [106]. Very recently the Manchester group is exploring
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water cluster beams (H2O)1000–5000 generated from steam in a
similar manner to the argon cluster beams [107]. These appear to
offer some hope for significant yield increases for M+H ions. Also
recently, the Penn state Group have shown that doping argon
cluster beams with hydrogen containing molecules can provide
an increase of around ten-fold in some M+H ion yields [108]. It
can be seen that there are a variety of possible routes to increased
ionization. However, except in a few compound and system
specific cases, we do not yet see an enhancement method that is
generally applicable. Doping cluster beams and the water route
do seem to offer some hope for enhanced protonation without
significant contamination of the sample.

Compared to other mass spectrometries over the 50 years of
development characterisation by SIMS has attained the following
important capabilities:

Useful spatial resolution for nanoSIMS can be as good as 50nm
while molecular SIMS is capable of at least 500nm as long as
analysis is not limited by static analysis conditions, in which case
the useful resolution is nearer 2mm.

As a consequence of the emergence of polyatomic ion beams
high depth resolution during molecular depth profiling can be
better than 10–15nm dependent on the initial smoothness of the
sample. The ability to depth profile with high depth resolution
provides unique the 3D imaging capability. While 3D molecular
SIMS imaging is in its infancy, the promise is evident and nanoSIMS
has provided some spectacular images with nm resolution.

The great strength of SIMS is that analysis is possiblewithout the
addition of any foreign additives. However, static/molecular SIMS is
limited in the molecular types that are accessible. Even with large
polyatomic primary ions generally themass range ofmolecules that
can be lifted off intact seems to be limited to 1500–2000u. This is
generally sufficient for non-biological organic materials analysis
except for high molecular weight polymers. In the biochemistry,
small molecule metabolites and small peptides are accessible, but
large peptides, proteins, enzymes, etc. are still a challenge.

The physical shape or composition of the materials to be
analysed is not generally an issue using the modern TOF–SIMS
based instruments. Care has to be taken to factor in the
topographical effect on relative peak intensities, but samples that
can be analysed vary from stents, contact lenses, through parts of
insects to medical biopsies.

Ion yields are low, but there are some possible routes emerging
that could enhance yields. Matrix enhancement and metal addition
do deliver some benefits in specific cases where their incorporation
doesnot interferewith the chemistrybeingstudied.Waterdelivered
in some formor other to the samplemay offer significant benefits in
enhancing the ionization involving the transfer of protons.
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