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Cluster secondary ion mass spectrometry (cluster SIMS) has
played a critical role in the characterization of polymeric
materials over the last decade, allowing for the ability to obtain
spatially resolved surface and in-depth molecular information
from many polymer systems. With the advent of new molecular
sources such as Cly, Ausy, SF{, and Bij, there are considerable
increases in secondary ion signal as compared to more
conventional atomic beams (Art, Cs™, or Ga™). In addition,
compositional depth profiling in organic and polymeric systems
is now feasible, without the rapid signal decay that is typically
observed under atomic bombardment. The premise behind the
success of cluster SIMS is that compared to atomic beams,
polyatomic beams tend to cause surface-localized damage with
rapid sputter removal rates, resulting in a system at
equilibrium, where the damage created is rapidly removed
before it can accumulate. Though this may be partly true, there
are actually much more complex chemistries occurring under
polyatomic bombardment of organic and polymeric materials,
which need to be considered and discussed to better understand
and define the important parameters for successful depth
profiling. The following presents a review of the current
literature on polymer analysis using cluster beams. This review
will focus on the surface and in-depth characterization of
polymer samples with cluster sources, but will also discuss the
characterization of other relevant organic materials, and basic
polymer radiation chemistry. © 2009 Wiley Periodicals, Inc.,’
Mass Spec Rev
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1. INTRODUCTION

Secondary ion mass spectrometry (SIMS) is a mass spectro-
metric-based analytical technique, which is used to obtain
information about the molecular, elemental and isotopic
composition of a surface. In a conventional SIMS experiment,
an energetic primary ion beam, such as Ga™, Cs™, or Ar' is
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focused onto a solid sample surface under ultra-high vacuum
conditions. The interaction of the primary ion beam with the
sample results in the desorption of secondary ions from the
surface of the material, which are subsequently extracted into a
mass spectrometer. Though this technique has been widely
employed for the characterization of inorganic materials, wide-
spread use of SIMS for analysis of organic systems has been
historically limited by low secondary ion yields and beam-
induced damage effects that result from the use of atomic primary
ion beams. Organic materials typically require the use of ““static
SIMS” analysis conditions where the primary ion fluence is
maintained below a critical dose to retain the surface in an
undamaged state, resulting in decreased sensitivity and preclud-
ing compositional depth profiling. This critical dose is defined
as the “static limit,” and is often reported to be at or below
1 x 10" ions/cm?, depending on the sample and the ion beam
employed. One potential solution to this limitation is to use
cluster or polyatomic primary ion bombardment.

When a cluster ion impacts a surface, the cluster breaks apart
and each atom in the cluster retains only a fraction of the initial
energy of the ion, thus resulting in a significant reduction in
penetration depth of the ion (since penetration depth is propor-
tional to impact energy) (Gillen & Roberson, 1998). This causes
surface-localized damage and consequently, preserves the
chemical structure in the subsurface region (see Fig. 1). Atomic
beams however, will penetrate deeply, resulting in the breaking of
molecular bonds deep into the sample and thus precluding the
ability to depth profile in molecular samples. Furthermore,
because there are more atoms bombarding the sample simulta-
neously with cluster ions, the sputtering yield can be significantly
enhanced. This is in part because of the increased number of
atoms per ion, but is also a result of the formation of a high energy
density “collisional spike” regime which is formed with cluster
ion bombardment (Sigmund & Claussen, 1981), causing non-
linear sputtering yield enhancements (i.e., sputtering yield of
C/ > nCH).

The benefits of utilizing cluster sources was shown as early
as 1960, with the observation of non-linear enhancements
in sputtering yields when using cluster beams (Gronlund &
Moore, 1960; Andersen & Bay, 1974, 1975; Thompson & Johar,
1979). However, cluster sources were not employed for SIMS
applications until the mid to late 1980s. One of the earliest works
was published in 1982, in which the authors compared
the performance of siloxane molecular ions to Hg" ions for
characterization of oligosaccharides in a glycerol matrix (Wong,
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SY = 297 moleculesfion
Range = 4.4 nm
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FIGURE 1. Graphic illustration suggesting how high sputter yields and
low penetration depths observed with polyatomic bombardment reduces
the accumulation of beam-induced damage in an organic thin film.
(SY, sputter yield; and Range, penetration depth of ion(s).) Figure from
Gillen and Roberson (1998) reprinted with permission from John Wiley
& Sons, Ltd, copyright 1998.

Stoll, & Rollgen, 1982). The results showed a large increase in
the ionization of the organic molecules when employing the
siloxane cluster source as compared to the atomic Hg' ion
source.

Later, Appelhans and Delmore (1987) used SF¢ neutral
beams to characterize electrically insulating polymer samples
such as poly(tetrafluoroethylene) (PTFE), poly(ethylenetereph-
thalate) (PET), poly(methylmethacrylate) (PMMA) and poly-
phosphazene, where the authors found that the SFg cluster beam
yielded three to four orders of magnitude more intense secondary
ion yields from these polymer samples than equivalent energy
atomic beams. Similar findings were found in the mass spectra of
pharmaceutical compounds (Appelhans & Delmore, 1989).

Cornett and co-workers (Cornett, Lee, & Mahoney, 1994)
demonstrated that continued bombardment of protein samples
with massive glycerol cluster ions yielded constant molecular
secondary ion signals with increasing fluence, while the same
samples irradiated with Xe™ ions yielded the characteristic rapid
signal decay that is commonly associated with atomic beams.
This indicated that depth profiling (analysis of composition with
increasing depth into the sample, via sputter removal) in organic
materials was feasible.

The first demonstration of a polymer depth profile was
published a few years later by Gillen and co-workers (Gillen &
Roberson, 1998), who used a polyatomic SFS+ source to profile
through a thin layer of PMMA on Si. Since then, there has been an
abundance of work on depth profiling and surface character-
ization in polymeric materials with cluster beams. Cluster
primary ion sources such as C¢;, Cg, Au7, SF{, and Bi7, have
already generated considerable interest for organic and poly-
meric SIMS applications, where they have resulted in significant
improvements (typically >1,000-fold) in characteristic molec-
ular secondary ion yields and decreased beam-induced, sub-
surface damage. The surface-localized damage characteristic
of cluster sources, coupled with increased sputter removal rates,
has led to the ability to depth profile through many organic and
polymeric materials without the rapid signal decay typically
observed with atomic primary ion sources. With the increased

sensitivity, nanoscale depth resolution (~10 nm) and sub-
micrometer lateral resolution, cluster SIMS is a promising new
characterization tool enabling high-resolution three-dimensional
imaging capabilities for organic and polymeric-based materials.

This review will focus on the characterization of polymeric
samples with cluster sources, but will discuss characterization of
other relevant organic materials as well as the basic chemistry of
polymer irradiation. For more information regarding cluster
SIMS fundamentals, molecular dynamics simulations and
molecular and biological materials characterization with cluster
beams, see the following review articles (Le Beyec, 1998;
Brunelle, Touboul, & Laprevote, 2005; Winograd, 2005;
Waucher, 2006; Garrison & Postawa, 2008).

Il. THEORY

A. Molecular Dynamics Simulations

Comprehensive studies of molecular dynamics (MD) simulations
have been performed to better understand the bombardment of
surfaces by atomic versus polyatomic primary ion bombardment.
Figure 2 compares molecular dynamics simulations of both
15 keV Cgo and 15 keV Ga projectiles impinging onto a Ag
surface (Postawa et al., 2003, 2004). Note the large amount of
interlayer mixing that occurs with the Ga™* probe. Also note that
there is very little material removed from the surface resulting
from the Ga™ impact. The MD simulations of the Cg, impact
however, show a much greater amount of material being removed
from the surface, with very little damage to the underlying layers.
In other words, the damaged area created by the C{, is almost
completely removed and does not accumulate.

Molecular dynamics simulations of organic and polymeric
samples have yielded similar results. Delcorte and co-workers,
have been active in the modeling of both atomic and polyatomic
bombardment of polymer samples such as polystyrene (PS)
(Delcorte & Garrison, 2000, 2007; Delcorte, 2005; Delcorte,
Poleunis, & Bertrand, 2006a; Delcorte et al., 2007) and PET
(Delcorte et al., 1999). An interesting example is shown in
Figure 3, which shows the simulation of projectile damage
created in PS tetramer samples with 5 keV Cgq as compared to
5keV Ar. Similar to what was observed with ion bombardment on
Ag substrates, the Arion was found to penetrate much farther into
the PS matrix than the Cgy ion (Delcorte & Garrison, 2007;
Delcorte et al., 2007). The Ar ion therefore caused several bond-
scissions and a cascade of collisions extending into the depth of
the sample, causing extensive subsurface damage. Furthermore,
it was determined that very few branches of the cascade were
upward directed, resulting in very low molecular yields with Ar
projetiles. In comparison, the damage created by the Cg
projectile remained in the top 2 nm of the PS target. The damage
was therefore confined to a much smaller volume, closer to the
surface, and with a very high energy density. This ultimately
resulted in significant enhancements in the calculated molecular
yield with corresponding decreases in subsurface damage.

Czerwinski et al. (2006) and Postawa et al. (2005) compared
Ga and Cg ion bombardment on thin organic overlayers of PS
tetramers (monolayer) and benzene (three layers) deposited onto
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FIGURE 2. Cross-sectional view of the temporal evolution of a typical collision event leading to ejection of
atoms due to 15 keV Ga and Cgy bombardment of a Ag{1 1 1} surface at normal incidence. The atoms are
colored by original layers in the substrate. The projectile atoms are black. Figure reprinted from Postawa
etal. (2004) with permission from American Chemical Society, copyright 2004. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

Ag substrates. The results outlined major differences in the
sputter mechanisms between the two ion beams. As opposed to
Ga, which induces the typical collision cascade regime when
bombarding the surface, eventually resulting in the ejection of
organic molecules uplifted by departing substrate atoms, the Cgg
invoked a more collective large-scale process where the
individual atoms in the Cgy work cooperatively to move the Ag
atoms rather than behaving as individual atoms initiating their
own collision cascades. The result is a shockwave in the Ag,
whereby intact molecules are ejected by a concerted action of
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substrate atoms involved in the unfolding of the crater (described
as a ‘“‘catapulting mechanism’’). The conclusion from this work
was that for thin organic overlayers, approaching monolayer
coverage, there is very little gain in the application of the
polyatomic projectiles because although emission of the
substrate particles is significantly enhanced with the Cg, there
was little or no enhancement of the ejection of intact molecules.
Furthermore, there was significant fragmentation of the ejected
species when employing Cgo. This is consistent with exper-
imental evidence indicating that there is a greater benefit when
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FIGURE 3. Tracks of the atoms forming the collision cascade in a polystyrene tetramer. The successive
positions of the projectile and recoil atoms with more than 10 eV of kinetic energy are represented as a
function of time up to 200 fsec. Each square of the gridis 5 x 5 A2 The sample-vacuum interface is indicated
by the gray area. (a) Ar bombardment at 5 keV, and (b) C¢y bombardment at 5 keV. Figure from Delcorte and
Garrison (2007a) and Delcorte et al. (2007), reprinted with permission from Elsevier, copyright 2007.

using cluster primary ions for the analysis of thick films as
compared to thin molecular overlayers (Gillen & Roberson,
1998; Harris et al., 1999; Stapel, Brox, & Benninghoven, 1999;
Stapel, Thiemann, & Benninghoven, 2000; Diehnelt, Van
Stipdonk, & Schweikert, 2001; Stapel & Benninghoven, 2001).

MD simulations of organic samples with other ions such as
Au atoms and dimers (Harper & Krantzman, 2004) and SFs
(Townes et al., 1999) have also been reported. In the latter study,
the authors compared the molecular yields obtained with atomic
Xe and polyatomic SFs bombardment of a monolayer of biphenyl
molecules on two different substrates, Si (100)and Cu (00 1).In
both cases, the molecular yield was greater by a factor of 2 to 4 for
the SFs than for the Xe, despite the fact that the projectiles are of
comparable mass. Most importantly, Si (100) substrates had
much higher calculated molecular yields than Cu (00 1), when
comparing SFs with Xe. This was attributed to differences in the
interactions of the polyatomic projectile versus the atomic
projectile with the crystalline structures of the substrates. In the
close packed Cu lattice, the SFs was determined to break apart
and reflect toward the vacuum. However, with the Si substrate,
the SFs projectile was able to penetrate the surface and break
apart within the substrate, initiating multiple collision cascades
and hence increasing the overall molecular yield.

It should be noted that although these MD simulations are
extremely useful for visualization of damage processes in organic
materials, they typically only illustrate single impact events,
whereas most SIMS experiments involve multiple, simultaneous
impacts. For a more complete review of MD simulations, see
Garrison and Postawa (2008).

B. Erosion Model for Molecular Depth Profiling

The premise behind the success of cluster SIMS for molecular
depth profiling is that these beams tend to cause surface-localized
damage with rapid sputter removal rates, resulting in a system
at equilibrium, where any damage created is rapidly removed

before it can accumulate. A very important model describing this
equilibrium was originally presented in a publication by Gillen,
Simons, and Williams (1990), and later refined by Cheng,
Wucher, and Winograd (2006) and Wucher (2008). This model,
referred to as the erosion model, describes the process by which
the damage becomes saturated in an organic film with increasing
fluence.

To achieve favorable conditions for molecular depth
profiling, subsurface molecules must avoid being fragmented
by the previous ion collisions necessary to expose them. This
requirement will be favored when the sputtering yield is high and
the ion penetration depth is low, such that a fresh supply of
undamaged subsurface molecules are available every time an ion
strikes the surface. Figure 4 shows a schematic diagram of the
erosion model, where F represents the flux of intact molecules
into (Fgyppiy) and out of (Fpyer) an altered layer of thickness (d),
as well as damage formation in the form of bond breaking
and crosslinking (Fgamage)- For such systems, a steady state is
reached, where the disappearance rate (Fpyer) induced by the
removal of intact analyte molecules and the supply rate (Fgypply)

Primary ion beam _

b
. Ft;;urfer

Fﬂwa

FIGURE 4. Schematic diagram of the erosion model. The variable F
represents the indicated flux of intact molecules into and out of the
altered layer of thickness d. Figure reprinted from Cheng and Winograd
(2006) with permission from American Chemical Society, copyright
2006. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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or recovery of undamaged molecules through surface erosion,
reach an equilibrium, and no further damage is accumulated.

This damage saturation was predicted by Gillen, Simons,
and Williams (1990) to occur at a fluence inversely proportional
to the sputtering yield as follows in Equation (1): where d is the
depth into the sample that is altered by ion beam interactions, Ry
is the mean depth of the damage distribution curve, Q = fluence
required for removal of depth d, and n/Y is the density of
molecules divided by the molecular yield of the compound.

n n
Q=d3=2Riy (1)

This model was able to predict both the location and the
measured signal intensity drop in the surface transient region in a
sample of methylene chloride (within a factor of 2) (Gillen,
Simons, & Williams, 1990).

The model was further modified by Cheng and co-workers
(Cheng & Winograd, 2006) to describe the molecular signal
intensity as a function of C¢; fluence in trehalose systems, and it
was found that the model provided a good fit to the experimental
data (see Eq. 2):

S(f) = Sus + (So — i) exp K— (é) + cd) f} 2)

where S is the signal intensity at zero fluence, S is the signal
intensity at steady state (damage saturation region), fis the ion
fluence, and a4 is the damage cross section associated with the
organic material of interest.

The term [—(Y/nd) + o4] in Equation (2) is defined as the
disappearance cross section (see Appendix) where Y/nd is
termed, the “‘clean-up efficiency”. Hence if the sputter rate is
high, it is expected that the cleanup efficiency will contribute
most to the signal decay, while if sputter rate is low and damage is
high, the damage cross section will contribute most to the signal
decay.

Equation (2) describes the initial exponential decay
observed SIMS depth profiles, later referred to as region I, but
does not describe any further decline in signal in the steady state
region (region II). This region is discussed in greater detail in
more recent work by Wucher (2008). Unlike the case described in
Equation (2), which assumes a constant erosion rate with
increasing fluence in the steady steady state region, this
modification describes the case where the erosion rate, or sputter
yield (Y), changes with fluence. For the case of a slowly varying
sputter yield, a quasi-steady state approximation can be used to
describe the signal variation after the initial exponential decay.
The fluence-dependent erosion rate model provided a good fit to
the experimental data as illustrated in Figure 5.

It should be noted, that the erosion dynamics model
described here was developed for molecular depth profiling in
organic films, and does not apply strictly to polymer depth
profiling. This is because in the case of polymeric depth profiling,
one measures the intensities of characteristic fragments of the
molecule, not the molecular ion itself, and therefore it is likely to
exhibit very different disappearance cross sections. However, this
model is still very relevant in terms of the general underlying
damage processes occurring during sputtering of polymers and
the resulting polymer depth profile shapes that are typically
observed.
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FIGURE 5. Measured (M—OH)" molecular ion signal as a function of
projectile fluence for a 350-nm cholesterol film on Si, analyzed by 40-
keV C{, projectile ions. The solid line denotes the signal variation as
predicted by the erosion model, assuming a linear erosion rate variation
in the steady state region. See reference for detailed fitting parameters.
Figure reprinted from Wucher (2008) with permission from Wiley-
Blackwell, copyright 2008. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

lll. AVAILABLE CLUSTER SOURCES'

A. SF

The SF. source is an electron impact design, where SFq gas is
leaked into an ionization chamber and bombarded with electrons
such that SF; ions are created, where n=1-5, and n =15 is the
most abundant. Prior to the development of SFJ, Appelhans and
Delmore developed a neutral SFg ion beam system, in one of
the earliest works of organic analysis with a cluster source
(Appelhans & Delmore, 1987; 1989), illustrating significant
signal enhancements and decreased charging when employing
these beams as opposed to atomic beams for organic character-
ization. Since neutral beams are extremely difficult to focus,
Hand et al. utilized charged SFS+ ions and compared the mass
spectra of several organic salts to those obtained with other
polyatomic ions including Nj COJ and CF; (Hand, Majumdar,
& Cooks, 1990). The authors noted that the highest efficiencies
were obtained for SF5+, though at the cost of increased
fragmentation as compared to the other beams.

These sources were developed commercially for time-of-
flight (TOF)-based static SIMS instruments (Kotter & Benning-
hoven, 1998; Stapel, Brox, & Benninghoven, 1999; Stapel,
Thiemann, & Benninghoven, 2000; Stapel & Benninghoven,

'Commercial equipment and materials are identified in order to
adequately specify certain procedures. In no case does such
identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
materials or equipment identified are necessarily the best available for
the purpose.
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2001). Gillen and co-workers also developed an SF; source for
magnetic sector SIMS instruments (Gillen & Roberson, 1998;
Gillen, King, & Chmara, 1999).

B. C;, and Other C-Based Sources

Since the introduction of cluster SIMS, there have been many
carbon-based sources, including massive glycerol clusters
(Mahoney et al., 1991), coronene and coronene dimers (Co4H>
and (Co4H;5),) (Blain et al., 1989; Boussofiane-Baudin et al.,
1994; Biddulph et al., 2007), phenylalanine (CoH;;NO,) probes
(Blain et al., 1989), C:[ (Salehpour, Fishel, & Hunt, 1988a), C,/
(Gillenetal.,2001), C,H", and C,CFy+ (Salehpour, Fishel, & Hunt,
1988a,b; Stapel, Brox, & Benninghoven, 1999). Cqn was
introduced as a source for SIMS applications in 1994
(Boussofiane-Baudin et al., 1994), where the authors compared
molecular projectiles of Auf;, coronene and coronene dimers,
C37, Cgp, and Cyg in the characterization of various Langmuir—
Blodgett (LB) films and phenylalanine films. For all cases studied
in this work, the organic cluster ions containing C as opposed to
gold had much larger molecular ion yields and increasing beam
energies resulted in linear increases in these ion yields. The first
commercially available Cgq source was introduced in 2003
(Wong et al., 2003; Weibel et al., 2003; Hill et al., 2006). It is
described as a thermal effusive source, where Cgo powder is
heated and evaporated at >400°C, and then is subsequently
ionized by electron bombardment. This source is currently one of
the most highly utilized cluster sources for organic depth
profiling applications.

C. Au; Clusters

The Au cluster source is a liquid metal ion gun (LMIG) design,
similar to a Ga source, but is able to generate Au clusters (Au,f,
where n=1-3). Benguerba et al. (1991) were among the first
scientists to employ a liquid metal ion source for the production
of Au," clusters. The authors used this source for characterization
of phenylalanine samples and saw a significant increase in signal
intensity characteristic of the molecular ion yield, albeit with
corresponding increases in fragmentation. Later (1998), Ander-
sen studied non-linear effects with Auf to Au5+ clusters
(Andersen et al., 1998). The first commercially available Au
cluster source was finally introduced in 2003 (Davies et al.,
2003). Because of the LMIG design, Au (and Bi) sources have
extremely high spatial resolutions (<100 nm), with Au trimers
having much improved useful lateral resolutions (Al) as
compared to the atomic beams (Kollmer, 2004). The useful
lateral resolution is defined below as:

Al = (2’)1/2— (N%)l/2 (3)

where N is the number of secondary ions detected from the area
AP (Kollmer, 2004), ¢ is the disappearance cross section of the
material, Yis the secondary ion yield and E is the secondary ion
formation efficiency (see Appendix). Kollmer (2004) has
reported useful lateral resolutions of 1,300 nm for Ga™, 400 nm
for Au™ and Bi* and 150 nm for Auj and Bij for a sample of
organic pigments on a color filter array.

D. Bi} Clusters

Bi has been explored as a potential ion source for sputtering as
early as 1979, when Thompson and Johar worked with Bi
clusters and other sources to study non-linear effects (Thompson
& Johar, 1979). However, Bi was not used for SIMS applications
until after the development of the Au cluster source. The Bi
source, whose design is similar to that of the Au source, was
introduced as a commercially available source in 2004 (Kollmer,
2004). The Bi source was found to be beneficial because as
compared to Au, Bi emitted larger clusters (Bijl', where n=1-7)
and produced higher currents of those clusters. Moreover,
bismuth was found to emit a variety of doubly charged clusters.
As compared to Au imaging, Bi was found to result in more
intense molecular ion images with comparable lateral resolutions
(Kollmer, 2004).

E. Massive Au Clusters

Aujf{o cluster ions were first introduced by Tempez et al. (2004)
where the authors used both small and large gold clusters to
characterize peptide samples. It was demonstrated in this work
that there were significant signal enhancements as well as
decreased damage cross sections when using the Aui&) as
compared to Aug and Aug ions, making it potentially useful for
depth profiling applications. In addition, Auj&) ions are known to
further enhance the signal by creating Au-analyte adducts, which
are not observed with smaller gold clusters such as Au; (Hager
et al., 20006).

This source was further developed by Schweikert et al. for
single impact events, where instead of a focused beam of ions, a
single Aujj, primary ion projectile impacts the surface and the
resulting secondary ions are recognized as singular events
(Guillermier et al., 2006a; Verkjoturov et al., 2006). Though this
source is not yet designed for imaging experiments, (currently it
can not be determined where the beam is actually sampling) this
type of source may have major implications for imaging in the
future, as the spatial resolution will only be limited by the lateral
extent of the surface area influenced by the single impact event,
and not the focusing elements of the source.

It should be noted that the basic design of this source was
actually developed earlier (Van Stipdonk, Harris, & Schweikert,
1996) for Cfy, (CsI),Cs™, and Ga™ beams, in the event-by-event
bombardment and detection mode to investigate the secondary
ion yields of CsI and phenylalanine molecules. The single impact
C{, source was further used by Locklear et al. (2006) to
characterize matrices in cluster SIMS, and also by Verkhoturov,
who used both Cgo and Auiafo to characterize glycine samples
(Verkjoturov et al., 2006). It was found that the Auj, projectile
induced abundant multi-ion emission (e.g., the average number
of detected ions emitted per event from glycine was 12.5, much
larger than was observed with Cg’O) (Verkjoturov et al., 2006).

F. Gas Cluster Beams

Gas cluster ion beams consist of hundreds to thousands of atoms
or molecules of gaseous materials. The individual gas atoms are
first condensed into neutral clusters, generated through cooling in
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a supersonic expansion. These neutral clusters of varying size are
subsequently ionized by electron bombardment, and accelerated.
The chemistry of these beams is variable and can be comprised of
Ar, O,, CO,, or SF¢ gases, to name a few. These large gas clusters
are used mainly for modification of surfaces (growth of well-
controlled oxide layers, cluster ion implantation, smoothing of
surfaces, cleaning of surfaces, etc.). Not surprisingly, the
sputtering yields were found to be much higher for the gas
clusters as opposed to the corresponding monomers, and reactive
gas clusters, such as O, and SFg¢ clusters, result in the largest
sputtering yields. A very good review of the work done on gas
cluster beams was written by Yamada et al. (2001). More
recently, a SIMS system employing these gas cluster sources was
developed, employing an Ar,gog ion beam source (Matsuo et al.,
2004, 2008; Ninomiya et al., 2006; Ichiki et al., 2008; Nakata
et al., 2008). These sources have a lot of promise in the field of
polymer depth profiling in particular.

G. Other Beams

Tonic projectiles such as CsI™, Cs,I ", and Cs31; have been used
extensively in the past (Blain et al., 1989). Diehnelt also utilized
and compared the performance of several of these ionic cluster
sources including (CsI)Cs™, (CsI,)Cs™, (NaF)Na™t, (NaF),Na™,
(NaF),Na*, and SiFs (Harris et al., 1999; Diehnelt, Van
Stipdonk, & Schweikert, 2001) for characterization of organic
overlayers. Other examples of cluster sources that have been
discussed in the literature include CF3+ (Reuter, 1987; Reuter &
Clabes, 1988; Reuter & Scilla, 1988), O;r (Yamazaki & Mitani,
1997), ReO, (Delmore et al., 1995; Groenewold et al., 1997,
1999, 2000; Gresham et al., 2001), Ir4(CO)7+ (Mizota et al.,
2007; Fujiwara et al., 2006), and (Bi,03),BiO" (Harris et al.,
1999).

IV. POLYMER SURFACE ANALYSIS BY
CLUSTER BEAMS

A. Static SIMS of Polymers

Cluster ion sources have repeatedly been reported to be superior
to atomic sources for mass spectral analysis and imaging
of organic and polymeric materials. In most cases, significant
enhancements in molecular secondary ion yields, and reductions
in beam-induced damage accumulation are observed. This
decreased beam-induced damage accumulation allows for longer
signal averaging times ‘‘beyond the static limit” that is required
for atomic beams, thus enhancing the signal-to-noise ratio even
further.

In 1987, Appelhans and co-workers first demonstrated the
potential for using cluster ion beams for polymer character-
ization, when they used a neutral SF¢ beam to characterize PTFE,
PET, PMMA and polyphosphazene without charging, and with
three to four orders of magnitude more intense secondary ion
yields than equivalent-energy atomic beams (Appelhans &
Delmore, 1987). Later, Kotter and Benninghoven (1998) studied
characteristic molecular secondary ion emission from polymer
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surfaces under 10 keV Ar™, Xe™ and SF5+ bombardment (where
Xe" and SF; have similar masses: m/z 131 and m/z 127
respectively). In this study, secondary ion yields of PET,
polyisoprene (PI), polypropylene (PP), PTFE, PS, polycarbonate
(PC), PMMA, and PEG were determined under static SIMS
conditions. For all investigated bulk polymer surfaces there was
an increase in the secondary ion yields in the order of
Ar" < Xe" < SF! primary ion bombardment up to a factor of
1,000. The ion yield enhancement when using SFJ was more
prominent in the high mass region.

Since then, countless examples of signal enhancements
found in polymers using cluster sources have been reported.
Some examples include work by Davies et al. (2003), who found
enhancement in signals characteristic of PET and polypeptides
when employing Auj clusters, Nagy and Walker who observed
similar enhancements using Au (Nagy, Gelb, & Walker, 2005)
and Bi (Nagy & Walker, 2007) clusters for bombardment of
polystyrene and other organic materials, and several others [Au
clusters (Bryan et al., 2004; Aimoto et al., 2006; Zhu & Kelley,
2006), Cso (Weibel et al., 2003; Hill & Blenkinsopp, 2004), SF+
(Gillen & Roberson, 1998; Stapel, Thiemann, & Benninghoven,
2000; Stapel & Benninghoven, 2001; Boschmans, Van Royan, &
Van Vaeck, 2005; Van Royen, Taranu, & Van Vaeck, 2005)].

A good example of the benefits of cluster beams in the
characterization of polymeric materials is illustrated in Figure 6
(Aimoto et al., 2006). This figure displays the mass spectra
obtained from thin films of poly(ethyleneglycol) (PEG) depos-
ited onto Si wafers, where Figure 6a—c depicts the mass spectra
acquired with Ga*, Au™ and Auj ions from a low molecular
weight PEG sample (m/z=400), and Figure 6d—f depicts the
same acquired from a higher molecular weight PEG sample
(m/z=1,000). There is a clear enhancement in molecular
secondary ion signals when using Au® as compared to Ga™,
and an even greater enhancement when utilizing Au? clusters.
Also, while the PEG molecular weight distribution is very well
defined in the mass spectra acquired with Auy, the corresponding
fragment ion distributions are much less intense, indicating
decreased fragmentation in polymers with the cluster source.
Auj was reported to have a signal enhancement of up to 100-
2,600 times as compared to Ga™'.

Similar examples of molecular weight distribution enhance-
ments can be found for PS, PET, and PTFE with Cgro (Weibel
et al., 2003). In the case of PS 2000 characterized with C;o, the
molecular weight distribution was not even detectable in the mass
spectra acquired with the Ga™ probe, and was only observed in
the mass spectra acquired with the C¢;, cluster source. Similar to
that observed in Aimoto’s work (Fig. 5), the signal enhancement
for C{, was much greater in the higher mass region, relative to the
low mass region indicating decreased fragmentation.

It should be noted that these results are contradictory to
other studies involving organic samples where it has been
observed that there are actually increases in fragmentation of
some organic compounds with cluster beams as compared to
atomic beams (Hand, Majumdar, & Cooks, 1990; Benguerba
et al., 1991). While for many organic materials there are
indeed increases in fragmentation with cluster beams, it appears
that this is not the case for most polymer films, and overall
the extent of fragmentation is dependent on the sample as well
as the beam.
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with permission from Elsevier, copyright 2006.

Diehnelt, Van Stipdonk, and Schweikert (2001), studied
this effect with several atomic and polyatomic sources,
including Cs*, (CsDCs™, (CsI),Cs™, (NaF)Na', (NaF),Na™,
(NaF),Na*, SiF5 and C6+0 for analysis of several organic surfaces.
These authors noted that even though Cf, had very high
molecular ion yields, this beam also produced much more
fragmentation than Cs* and more of the ions underwent
metastable fragmentation in the time scale of the experiment.
The authors point out that depending upon the chemical
composition of the analyzed sample, the most efficient projectile
changes. For example, for a multilayer sample of o-cyano-4-
hydroxycinnamic acid (ACHA), the most effective primary ion
was (CsI)Cs™, whereas for a multilayer sample of octylsulfate
(OS), which is roughly the same molecular weight as ACHA,
(CsI),Cs™ projectiles were most effective. Also, while cluster
beams were ideal for thick films, monolayer films still yielded
optimal results (decreased fragmentation) with atomic beams
(in this case, Cs™).

In most cases, where polymer ion yield enhancements
are studied, the enhancement for PTFE when employing
polyatomic sources is much less as compared to other
polymeric materials (Kotter & Benninghoven, 1998; Weibel
et al.,, 2003). This is consistent with the fact that PTFE is
extremely sensitive to radiation of any sort and suffers marked
damage (in the form of depolymerization) even after low
irradiation (Chapiro, 1962). Therefore, even atomic beams will
yield high signals.

B. Decreased Charging

It has been repeatedly shown that employing cluster sources can
eliminate charging (Appelhans & Delmore, 1987; Hirata et al.,
2002, 2003; Xu et al., 2004; Cheng & Winograd, 2005). This was
discovered early on by Appelhans and Delmore (1987) and has
been confirmed several times since in both organic and polymeric
samples (Hirata et al., 2002, 2003). With Cgo, charge compensa-
tion is often not required, even in the dynamic SIMS mode (Xu
et al., 2004; Cheng & Winograd, 2005). This effect has been
attributed to an increase in secondary ion sputtering yields when
employing cluster sources as compared to atomic beams (Xu
etal.,2004). Sample charging typically occurs when there is a net
imbalance of primary and secondary ions (i.e., the number of
primary ion charges entering the sample, is greater than the
number of secondary ion charges being removed from the sample
via sputtering). An increased flux of secondary ions is therefore
expected to offset the charge carried by the primary ion beam.

C. Secondary lon Formation Efficiencies

While signal intensities tend to increase with cluster beams as
compared to atomic beams, the disappearance cross section,
defined as the exponential decay in signal as a function of fluence
(see Appendix), is often times similar to or greater than that
measured for atomic beams. For example, in Kotter’s work
with SF{ (Kétter & Benninghoven, 1998), disappearance cross
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sections were calculated from spin-cast films of PC and PS,
where it was found that SF bombardment yielded the highest
disappearance cross sections when compared to Xe" and Ga™.

In the past, with atomic beams, increased disappearance
cross sections were considered to be an indication of increased
chemical damage to the sample. However, consistent with the
erosion model described earlier, the disappearance cross section
is actually found to be dependent upon both the sputter removal of
molecules as well as the accumulation of chemical damage (see
Eq. 5, Appendix). With cluster sources, there is a lot more
material being removed and therefore this also generally results
in an increase in the disappearance cross section. Therefore it is
often more useful in such cases to consider the secondary ion
formation efficiencies, E (Kotter & Benninghoven, 1998) or
the secondary ion yield divided by the disappearance
cross section (see Appendix for definitions). In Kotter’s work,
SFY was calculated to have the greatest efficiency out of all
primary ions studied, despite it having the greatest disappearance
Ccross section.

The relative secondary ion yields, disappearance
cross sections and efficiencies acquired from a submonolayer
film of Irganox 1010 on a low density polyethylene (LDPE)
substrate is shown in Figure 7 (Kollmer, 2004). In this case, Cf,
was found to have the highest efficiency as compared to the other
cluster ions, and at low energies, it even appears to have lower
disappearance cross sections than atomic sources. More recent
work has indicated that Bi clusters with a nuclearity greater than
3, perform similarly to Cf, in terms of efficiency (Seah, 2007).

Weibel et al. (2003) also studied the disappearance
cross sections and efficiencies of PS (MW =2,000) with both
Ga™ and C{, ions. In all cases, C{, was found to have
considerable increases in the efficiencies, with particularly large
increases for the thick samples (> 10? times that of Ga).

It should be noted here, that other large cluster ions such as
Auyy, and other massive clusters, which may have potential for
even greater efficiencies, are not included in Kollmers study
(Kollmer, 2004). However, it has been demonstrated that there
can be significant signal enhancements and decreases in
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disappearance cross sections when using the Auigo as compared
to Aud and Aug (Tempez et al., 2004).

D. Additives in Polymers

For most applications, some form of additive is doped into the
material, and the polymer serves as a binder (e.g., drug delivery,
coatings and films, adhesives, etc). There have been several
examples demonstrating that when employing cluster beams for
analysis in polymer-based systems, a significant enhancement in
the molecular signal of these additives is typically observed. For
example Braun et al. (2006) published a article on depth profiling
in drug-loaded cardiac stents.” The stents that were characterized
in Braun’s work were comprised of poly(styrene-co-isobutylene)
(often referred to as SIBS) doped with paclitaxel. SIMS was
unable to detect the paclitaxel molecular ion, when employing
Ga™' ions. However, the mass spectra acquired with C6+0 showed
strong signal associated with the protonated molecular ion at m/
z7=2855 (see Fig. 8). This molecule has also been detected with
SFJ (Mahoney et al., 2006b).

Another study involving additives was published by Bryan
et al. (2004). In this study, several organic samples were
characterized using a Au cluster source, including several
additive-doped polymers. The Au clusters were found to provide
a drastic improvement in additive signals with the greatest
enhancements occurring from Au™ to Auj (Bryan et al., 2004).

2A stent is a small, coiled, wire-mesh tube that is inserted permanently
into an artery during an angioplasty procedure. The stent acts as a
scaffold, helping to keep the artery open and decrease the probability
of restenosis of the artery (build up of smooth muscle cells at the site of
the stent). To further prevent restenosis, some stents have incorporated
a drug delivery system into the structure of the stent, where a drug
(e.g., paclitaxel or sirolimus) is released at a controlled rate from a
polymer film or multiple polymeric layers. This drug serves to prevent
cell regrowth from blocking the artery again at the angioplasty site.
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E. Efficacy of Cluster Beams for Thin Films

Consistent with the MD calculations described earlier (Postawa
et al., 2005; Czerwinski et al., 2006), secondary ion yield
enhancements for organic thin films tend to be much lower than
for bulk organics (Gillen & Roberson, 1998; Harris et al., 1999;
Stapel, Brox, & Benninghoven, 1999; Stapel, Thiemann, &
Benninghoven, 2000; Diehnelt, Van Stipdonk, & Schweikert,
2001; Stapel & Benninghoven, 2001). A good example of the
effect of overlayer thickness was demonstrated by Stapel et al.,
who performed several studies on characterization of thin organic
overlayers of varying thickness (Stapel, Thiemann, & Benning-
hoven, 2000; Stapel & Benninghoven, 2001). The authors found
that when characterizing PMA LB layers ranging from n =1 to
n=9, the secondary ion yield enhancement was much more
pronounced for multilayer coverage (Stapel, Thiemann, &
Benninghoven, 2000). The disappearance cross sections for the
multilayer films were also much smaller than for the monolayer
films when employing cluster sources.
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Weibel et al. similarly studied the disappearance
cross sections of both thin monolayer and thick films of PS
(MW =2,000) bombarded with both Ga™ and C;, ions (Weibel
et al., 2003). For the thin films, the resulting disappearance
cross sections for the two primary ions were very similar.
However, the signal decay from the multilayer film was much
slower with C{, as compared to Ga®, indicating decreased
chemical damage in the PS by C{,.

F. Importance of Cluster Size and Chemistry

The relationship of cluster size to signal enhancement and
damage characteristics were also determined by Stapel and co-
workers (Stapel, Thiemann, & Benninghoven, 2000; Stapel &
Benninghoven, 2001), where the secondary ion yields, dis-
appearance cross sections and efficiencies were plotted as a
function of primary ion size and nuclearity for samples of
Irganox, polyethylene (PE) (Stapel & Benninghoven, 2001) and
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polymethylacrylate (PMA) LB-layers on Si substrates (Stapel,
Thiemann, & Benninghoven, 2000). The ions employed were
created from an electron impact source and included Net, Ar™,
Xe", O3, COj, SF{, C;H7, CioHy, CeF{, and CioF{. The
resulting yields from these various ions are shown in Figure 9,
which displays the yields and normalized yields of characteristic
PMA fragment ions as a function of primary ion nuclearity (top)
and mass (bottom) (Stapel, Thiemann, & Benninghoven, 2000).
As can be seen, a major increase in secondary ion yields occurs
from 1 to about 6 atoms (SFY).

CLUSTER SECONDARY ION MASS SPECTROMETRY =

Any additional yield increases from 6 to 18 atoms
are minimal. In other words, there is some sort of ‘“‘saturation
effect” occurring. This “saturation” effect was also observed
when plotting the disappearance cross sections and efficiencies
(Stapel, Thiemann, & Benninghoven, 2000), and has been
observed in several other works as well (Benguerba et al., 1991;
Boussofiane-Baudin et al., 1994; Bryan et al., 2004; Nagy, Gelb,
& Walker, 2005; Nagy & Walker, 2007). MD simulations of
impacts of Cgp, C79, C76, C78, and Cg,4 on graphite (Webb et al.,
1997) are consistent with these results, where authors found that
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FIGURE 9. Yields and normalized yields of characteristic PMA fragment ions emitted from a multilayer
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bombardment. In the top graph, yields for fragment at m/z = 143 are plotted as a function of the number of
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185 are plotted as a function of primary ion mass. Figure taken from Stapel, Thiemann, and Benninghoven
(2000) reprinted with permission from Elsevier, copyright 2000.
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the penetration depth and number of displaced atoms was found
to be independent of the molecule size in this range.

Stapel and co-workers also noted that there was no observed
chemical effect when using fluoronated beams such as SF; under
static SIMS conditions as there was no observed difference when
changing from fluorine containing primary ions to hydrocarbon
primary ions of comparable mass. All efficiencies were much
greater for the molecular beams as compared to the atomic
beams, however at extremely low energies (<1 keV), the
performance of Xe™ outweighed the performance of SFS+
(secondary ion formation efficiencies were higher for Xe* than
for low energy SFZ). This was attributed to the fact that 1 keV
SF5+ bombardment corresponds to only 150 eV per atom, an
energy close to the sputter threshold (see Appendix for
definitions) (Stapel, Thiemann, & Benninghoven, 2000).

Again, it should be noted, that Cgro and other large cluster
ions, such as Auj,, and massive gas clusters, are not included in
Stapel’s studies (Stapel, Thiemann, & Benninghoven, 2000).
Some of these massive projectiles are known to exhibit abundant
multi-ion emission (the emission of multiple ions from a single
projectile impact) resulting in even further enhancements in
ion yield (Verkjoturov et al., 2006). It is believed that these
enhancements result from the different behavior of the massive
projectiles when bombarding a surface as compared to smaller
cluster projectiles. More specifically, the atoms in these massive
projectiles tend to behave as a collective unit when bombarding a
surface, as opposed to smaller clusters, where each atom in the
cluster forms its own individual collision cascades (Czerwinski
et al., 2006).

G. Matrix-Enhanced and Metal-Assisted Cluster SIMS

One way of improving molecular signals prior to the advent of
cluster SIMS was to use matrix-enhanced or metal-assisted
SIMS. In metal-assisted SIMS, the sample is coated with a thin
layer of a metal, such as Au or Ag, which can result in significant
enhancements in signal (by a factor of 10 or more) and the
formation of additional adduct ions (Grade & Cooks, 1978;
Linton et al., 1993). In matrix-enhanced SIMS, the sample is
placed in a signal enhancing matrix (such as sinapic acid) and
analyzed in a similar manner as Matrix-Assisted Laser
Desorption Ionization (MALDI) (Wu & Odom, 1996; Wittmaack
et al., 2000).

One of the questions that some scientists have been trying to
answer is whether or not these enhancements will occur with
cluster beams as well. Adriaensen et al. attempted to answer this
question by depositing Ag and Au layers onto a series of organic
dyes and pharmaceuticals and determining the effects on
the secondary ion yields when employing Ga™ and SF{ beams
(Adriaensen, Vangaever, & Gijbels, 2004). They found that both
ion beams yielded increases in positive secondary ion yields,
after deposition of the metal overlayers, though there was a
much-reduced effect observed with SF{ as compared to Ga™.

Later, Delcorte and co-workers characterized the surface
of several polymeric-based samples including PS, PE, and PP
coated with varying amounts of gold (Delcorte, Poleunis, &
Bertrand, 2006b; Delcorte and Garrison, 2007; Delcorte et al.,
2007). The samples were analyzed with Ga™, Int, and Cgro
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probes. In general it was found that gold metallization of the
surface did not provide a significant enhancement of the
characteristic fragment and parent-like ion yields when employ-
ing C6+0. However, it was found that CZO lead to an enormous yield
enhancement for characteristic gold clusters (three orders of
magnitude over what was observed for Gat). The general trend
observed was that while increasing coverage of the surface by
gold leads to increasing organic ion yields when using Ga™
projectiles, the ion yields decrease with increasing coverage with
C{, bombardment.

Another example of metal-assisted cluster SIMS was
published recently by Guillermier et al. (2006b). In this work,
the authors used a Auigo probe at 136 keV impact energy to
characterize a sample of glycine coated with 1 nm of Ag, where
the yields of the CN ™ ion were doubled with the silver coating. A
multitude of CN-based Ag clusters were also formed. However,
similar to Delcortes’ work, the molecular ion signal was not
enhanced by the metal overlayer. In fact, the molecular ion signal
dropped dramatically when coated with Ag.

A good example of matrix-enhanced cluster SIMS of
organic samples was given by Locklear et al., who used a
specialized Cg, source, in the event-by-event mode (see
source section) to investigate the emission of the gramicidin S
(M-H) ™ ion embedded in a matrix of sinapic acid. There was an
observed increase in ion yield by up to 8 times, simply by
controlling the ratio of gramicidin S to sinapic acid (Locklear
et al., 20006).

Finally, both metal-assisted SIMS and matrix-enhanced
SIMS were studied employing Bi*™ polyatomic sources by
McDonnell et al. (2006) for biological systems. In this work,
the authors characterized Au-coated and matrix-coated (with
2,5-dihydroxybenzoic acid sprayed onto the surface) tissue
samples with varying cluster sizes. The authors found a similar
enhancement when either employing Bi] with a gold coating or
using Bi7 with no coating (as compared to Bij with no Au
coating). Characterizing the Au-coated sample with Bij primary
ions resulted in even further increases in signal. Similar results
were obtained from matrix-enhanced SIMS. This effect however,
was observed only in the positive ion mode, most likely because
the mechanisms involve the attachment of protons (which will
only be observed in the positive ion mode).

H. 2-D Imaging

The signal enhancements employed for mass spectral analysis
can be extremely beneficial for imaging applications, particularly
when looking for trace constituents in the mid- to high-mass
region, as there can be a dramatic increase in signal in this region.
Unfortunately, there is typically an increase in the background
signal when employing cluster beams. This can be particularly
problematic in the low-mass range, as it may lead to
interferences.

The increased signal associated with these cluster sources,
particularly liquid metal ion sources such as Au and Bi cluster
sources, has led to a large amount of research on biological tissue
imaging applications, where these sources have been shown
to yield very intense secondary ion images, particularly of
phospholipids and cholesterol, in brain tissue (Sjovall, Lausmaa,

Mass Spectrometry Reviews DOI 10.1002/mas




& Johansson, 2004; Touboul et al., 2004, 2005b; Nygren et al.,
2005), cardiac tissue (Aranyosiova et al., 2006), and other
biological cross sections (Touboul et al., 2005a). For an overview
of biological tissue imaging with LMIG cluster sources, see
references (Brunelle, Touboul, & Laprevote, 2005).

Cgo sources have also been used for bioimaging and
bioanalysis applications (Brunelle et al., 1997; Baker et al.,
2006). Although the spot size is much greater for the C{, source,
than for LMIG sources, the signal enhancement tends to be much
greater for C6+0, and it tends to be more surface-sensitive due to the
reduced penetration depth of the beam as compared to LMIG
clusters (Baker et al., 2006). Jones et al. for example compared
Aud to C{, for biological imaging applications, where the
authors attempted to image the distribution of a drug, raclopride,
in a rat brain section. As expected, the highest efficiencies (E)
were found for Cgro (Jones, Lockyer, & Vickerman, 2007).
Although the drug was detected with C{,, the distribution by
SIMS did not corroborate with the known locations of the
receptor sites. This was attributed to commonly occurring matrix
effects in SIMS. More specifically, the protonated molecular ion
of the drug, M + H)*, was enhanced in regions which contained
large amounts of cholesterol, while it was suppressed in regions
containing high amounts of phosphatidylcholine. This was
attributed to the cholesterol acting as a source of protons for
the drug (Jones, Lockyer, & Vickerman, 2006) in that it tends to
form deprotonated molecular ions (M—H) ", while the phospha-
tidlycholine removes a proton from the environment by forming
protonated molecular ions (M +H)" and therefore suppresses
the formation of the protonated molecular ion in the drug. This
was a very important result, helping to better understand
ionization phenomena in complex matrices.

An example of C, imaging in polymeric based materials is
given by Xu and co-workers (Xu et al., 2004), who compared Ga™
and C, primary ion probes for imaging in combinatorial resin
particles (Fig. 10). Though the image resolution in the figure is
very poor as compared to liquid metal ion sources, the benefits of
using C{,, as a probe are evident in that there are much higher
intensities and efficiencies as compared to that observed with the
Ga™ probe (by ~2 orders of magnitude). Also, when Cf is used,
the signals originating from the polymer are more intense than
those measured from the silicon substrate, whereas the opposite
is observed in the image obtained with Ga™*. Charge compensa-
tion was found to improve dramatically as well when using C/,),
where it was not necessary to use an electron flood gun during
analysis.

V. AN INTRODUCTION TO POLYMER
DEPTH PROFILING

The first demonstration of ‘“‘molecular depth profiling” with
cluster ion beams was published in 1994, where authors
employed massive glycerol cluster ions to characterize various
biological samples (Cornett, Lee, & Mahoney, 1994). The
primary results of this work are depicted in Figure 11, which
shows secondary ion intensities from a protein sample (pentage-
tide), plotted as a function of increasing sputter time for both
glycerol cluster ions and Xe " atomic ions. The investigators were
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FIGURE 10. SIMS images (400 pm x400 pm) of Biotin-Sasrin
linker—copoly(styrene-1% divinylbenzene) resins acquired with (a)
Ga™, and (b) Cf, primary ions. The images on the left in both panels are
the total ion images, while the images on the right show an image overlay
of the biotin molecular ion (blue), and silicon (red) from the substrate.
Figure taken from Xu et al. (2004), reprinted with permission from
American Chemical Society, copyright 2006.

able to demonstrate that when employing glycerol cluster ions,
instead of atomic ions, the signal remained constant with
increasing sputtering time. In contrast, when similar experiments
were performed with Xe™ ions, there was rapid signal decay with
sputtering time. They attributed this behavior to much slower
sample damage accumulation when using the low-energy cluster
sources as opposed to the intense energetic atomic beams, which
cause rapid sample destruction.

The first ““molecular depth profile”~ of a polymeric sample
was demonstrated not much later by Gillen and Roberson (1998)
using an SF{ cluster source. The results from this work are
depicted in Figure 12, which compares depth profiles of a PMMA
sample cast onto a silicon substrate. Here, the signal intensity of
m/z =69, a fragment characteristic of PMMA, was plotted as a
function of increasing sputter time with both Ar™ (left panel) and
SF{ (right panel). While there was rapid signal degradation when
using Ar™, the signal remained relatively constant with increas-
ing sputter time when employing SF5+ clusters. The substrate was
reached after only 200 sec of sputtering with the SFS source,
while the polymer/Si interface could only be reached after
prolonged sputtering of the film at higher primary ion currents
when employing the Ar* source.

The success of the polymeric depth profile was attributed to
both surface-localized damage and increased sputter rates. In
other words, there was very little subsurface damage, and the

53

*Note that any depth profile obtained from polymers using this
technique is not a true ‘“molecular” depth profile, because one is
typically measuring fragment ion intensities that are characteristic of
the polymer as a function of depth and not the polymer molecule itself.
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FIGURE 11. Plot of protonated molecular ion intensity versus exposure time for a dry sample of 2 nmol
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from John Wiley & Sons, Ltd, copyright 1994.

damage that was created was removed rapidly. The authors also
attempted to depth profile through polyimide (PI) and polyvinyl
pyridine (PVP) samples, without success.

Later, Fuoco and co-workers examined the basic mecha-
nisms of secondary ion yield and sputtering yield enhancement
in PMMA, by measuring weight loss (using a quartz crystal
microbalance), volume loss (via sputter rates) and surface
chemical changes (using X-ray Photoelectron Spectroscopy) in
PMMA films sputtered by both SF{ and Ar™ projectiles (Fuoco
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et al.,, 2001). The results of this work are summarized in
Figure 13.

Figure 13a,b shows the sputter rates (as determined by stylus
profilometry) plotted as a function of increasing fluence for Ar"
and SFS+ ions respectively. While there is a decrease in
the measured sputter rate with fluence for Ar* primary ions,
the sputter rate of the PMMA remains constant over the entire
thickness of the film (50-60 nm) for SF;r primary ions. These
results contradict Norrman et al. who determined that thin

SF.* Depth Profile of PMMA Film
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FIGURE 12. Comparison of depth profiles obtained from a 50 nm thick, spun-cast film of PMMA using
Ar" and SF{ primary ion bombardment under dynamic SIMS conditions. The SF{ primary ion fluence
required to reach the interface was approximately 1.7 x 10" jons/cm® (1 x 10'® atoms/cm?). The
characteristic fragment at m/z = 69 was monitored. Figure from Gillen and Roberson (1998), reprinted with
permission from John Wiley & Sons, Ltd, copyright 1998.
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FIGURE 13. (a) Sputter rate measurements plotted as a function of increasing ion fluence for PMMA
bombarded with 5.5 keV Ar" ions, (b) Sputter rate measurements plotted as a function of increasing ion
fluence for PMMA bombarded with 5.5 keV SF5+ ions, and (c¢) Comparison of the C(1s) core level XPS
spectra acquired from a PMMA sample bombarded with SF;r and Ar™ ions. Figure from Fuoco et al. (2001),
reprinted with permission from American Chemical Society, copyright 2001.

overlayers of PMMA depth profiled with SF{ yields non-linear
increases in sputter rate (Norrman, Haugshoj, & Larsen, 2002).
However, this increased sputter rate in this particular study is
highly correlated with decreased coverage of the PMMA on the
Si substrate at low concentrations. Thus, significant changes in
the sputter mechanisms are likely. The finding of constant sputter
rate with film thickness has been repeated with other polymeric
materials, with similar results (Shard et al., 2007).

XPS studies indicated that there were significantly higher C
concentrations and lower O concentrations when sputtering with
Ar" as compared to SF/ ions under similar conditions (Gillen &
Roberson, 1998), consistent with increased chemical damage in
the form of side-chain cleavage when employing the atomic
source. The high-resolution XPS spectra also illustrate signifi-
cant differences in the resulting chemistries. Figure 13c depicts
the high-resolution C(1s) XPS spectra of the native PMMA
surface as compared to SFJ and Ar*-bombarded regions. In the
native PMMA, there are three major components, the largest
being the aliphatic carbon peak at a binding energy of 285.0 eV.
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There is also a methoxylic carbon component, which is shifted
to slightly higher binding energies (286.5 eV). Finally, the
carboxylic carbon peak occurs at 288.9 eV. As can be seen, the
results indicated a significant loss of the carboxylic carbon
moiety upon sputtering with Ar" as compared to SF;F. This is
further evidence for decreased chemical damage when employ-
ing cluster beams. The overall results for Ar" were consistent
with what had been observed previously with atomic bombard-
ment of PMMA (Licciardello et al., 1996; Pignataro, Fragala, &
Puglisi, 1997).

XPS of other cluster ion-bombarded polymeric materials
have yielded similar results when comparing atomic and
polyatomic bombardment, indicating decreased chemical dam-
age when employing polyatomic sources in materials such as
PTFE (Sanada et al.,, 2004), PLA (Yotoriyama et al., 2006;
Mahoney et al., 2007b), and polycarbonate (PC) (Zemek et al.,
1999).

It should be noted that at energies lower than 1 keV
(0.7 keV), the sputter properties (i.e., sputter yields and depth
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profile compositions) of SFgL were found to be similar to Ar"
(Fuoco et al., 2001). More specifically, the sputtering yields of
both ions at 0.7 keV were very low, and the depth profiles
indicated increased damage accumulation as compared to what
was observed for 3 keV SF{. The poor performance of the low
energy SF{ ions was attributed to the fact that 0.7 keV SFJ
bombardment corresponds to an energy close to or below the
sputter threshold for the PMMA, previously defined as 150 eV
per atom (Stapel, Thiemann, & Benninghoven, 2000). Though
sputtering is often observed subthreshold for many clusters due to
the non-linear nature of the sputtering event, SFZ is a relatively
small cluster, so the sputtering threshold may play a bigger role in
this case.

Brox et al. compared depth profiles of several different
polymers using Ar™, SF5+, Cs*t, and Xe' (Brox, Hellweg, &
Benninghoven, 2000) to explore the capabilities and limitations
of cluster beams for polymer depth profiling. While Ar™
bombardment resulted in rapid signal decay in all cases, Cs™,
Xe™, and SFS+ were able to profile through certain materials
without complete loss of characteristic signal. The best results
however, were obtained with SF, yielding constant signals as a
function of depth. The sputtering yields measured in this study,
were found to increase in the order of Ar™ < Xe™ < SF{.

The successful depth profiles in this study included thin
films of poly(propyleneglycol) (PPG), PEG, and PMMA. In these
profiles there was a characteristic decrease in signal intensity at
the beginning of the sputtering process, followed by a more or
less pronounced stabilization of the signals until the Si interface
was reached. At this point, the substrate ion intensities increased
rapidly with a commensurate decrease in polymer fragment ion
signals. While these polymers did maintain characteristic

d Successful depth profile (thin film)

2
1
T

molecular signals as a function of increasing fluence, there were
still many more polymers that did not, including PC, PS, PE, and
polyisoprene (PIP). In addition, all bulk polymers except for
PTFE showed an immediate and rapid decrease in characteristic
secondary ion emission for all applied sputter ions. The authors
concluded that polymeric depth profiling was more of an
exception than a rule (Brox, Hellweg, & Benninghoven, 2000).

However, starting with the discovery of well-behaved
polyesters by Mahoney, Roberson, and Gillen (2004), and
followed by the determination and optimization of important
experimental parameters, such as temperature (Mahoney et al.,
2006a, 2007b; Mahoney, Patwardhan, & McDermott, 2006b;
Mollers et al., 2006; Mahoney, Fahey, & Gillen, 2007a), beam
chemistry and size (e.g., Cf, or SF{ or Arygg), beam angle
(Kozole, Wucher, & Winograd, 2008) and beam energy (Fisher
etal.,2008; Shard et al., 2008), it is now understood that this is not
the case, and that even polymers that were originally thought of as
“impossible to depth profile” (e.g., PS), can now be depth
profiled using certain cluster beams.

In general, attempts to depth profile through polymeric (and
other organic) materials will result in one of the following
scenarios depicted in Figure 14. In polymers that are more
amenable to being depth profiled (such as PLA, PGA, and PCL),
the materials will undergo an initial (exponential) signal intensity
drop (region 1) (in some cases, there may be an initial increase in
intensity). This region has been researched thoroughly and
its shape predicted somewhat by the erosion model described
earlier for molecular samples (Gillen, Simons, & Williams, 1990;
Cheng, Wucher, & Winograd, 2006; Wucher, 2008). Next is a
constant signal intensity or steady-state signal region (region 2),
and finally, an interfacial region where the signal intensity drops

C Unsuccessful depth profile (thin film)

/-

b quasi-successful depth profile (thin film)

1
2
3

¢l Depth profile of bulk polymer sample

N

FIGURE 14. Different scenarios (a—d) in polymeric depth profiling: In thin films, there are typically 3
regions: (1) Initial drop in signal intensity often defined by disappearance cross section of the material.
(2) A steady state region (or pseudo-steady state region in the case of b) and interfacial region. In bulk
materials there is almost always an eventual loss of signal intensity after a certain critical fluence. This
critical fluence varies with source and energy. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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with a corresponding increase in substrate signal (region 3).
In polymers that are not amenable to depth profiling under
polyatomic bombardment, the signal degrades immediately, such
as in the case of PS, PE, PP, and PC (Fig. 14c) under C{, or SFJ
bombardment. The substrate will eventually be reached, but the
interface width will typically be broad. Some cases exibit
intermediate behavior, such as PMMA under SF5+ bombardment
(Fig. 14b). Eventually even the materials that are amenable to
being depth profiled will lose signal, under higher fluences,
typically in a manner as that depicted in Figure 14d. What
determines which materials will behave as that shown in
Figure 14a or b as opposed to that observed in Figure 13c? What
causes the eventual loss of signal shown in Figure 14d? A good
portion of the answer has already been determined through well-
known degradation chemistries in polymers, which will be
described in greater detail in the next section.

V1. RADIATION CHEMISTRY IN
POLYMERIC MATERIALS

A. Background

There are generally two groups of polymers, often referred to as
Type I and Type II polymers (Chapiro, 1962). Type I polymers
typically crosslink when irradiated by various types of radiation
(such as electrons, neutrons, alpha particles, accelerated ions,
X-rays, gamma rays, and beta rays). These include polymers
such as polyethylene, polystyrene, and other polymeric materials
that are either aromatic or have very little branching associated
with them. Type II polymers however, pre-dominantly degrade
under irradiation through a random chain scission process.
Type II polymers, include polymers such as PIB, PMMA,
and poly(a-methylstyrene) (PAMS) and other polymers with
increased branching or “weakened’ points located on the main-
chain backbone (Chapiro, 1962; Calcagno, 1995).

In both types, the mechanisms of degradation are complex
and are known to involve free radical intermediates. Tables 1-3
list several polymers and their characteristics under irradiation
(Type I and Type II polymers). Also listed in the tables are the
gases given off during the irradiation, and the polymers behavior
under cluster ion bombardment (i.e., do they depth profile to
some degree when employing cluster beams, and if so, which
beams are required?). In general, it can be seen that polymers
with high concentrations of quaternary carbon atoms along
the chain (e.g. CH,—CR,) undergo scission, while those with a
structure of CH,—CH, or CH,—CHR tend to crosslink. It is
assumed that the presence of a tetrasubstituted carbon in the chain
causes strain in the molecule by a steric repulsion effect. This
results in the main chain being weakened.

It also appears that the most radiation-resistant (cross-
linking) polymers contain aromatic substituents. There is a high
radiation resistance of the aromatic nucleus. This effect is said
to be related to the deactivation or ‘“‘protection” produced by
aromatic compounds. The charge formed is resonance-stabilized
and so the molecule does not lose its structure. Also, any activated
state is likely to lose its energy through internal conversion
(Chapiro, 1962).
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Several polymers of group I, which normally cross-link
under irradiation, can be degraded if irradiated in a highly divided
form (i.e., with a large surface to volume ratio) in the presence of
oxygen. It is most likely that when irradiation is carried out in air,
some of the polymeric radicals, which would otherwise lead to
crosslinking, react with O, to form peroxidic structures which
eventually decompose and cause oxidative degradation of the
main chain. This effect is particularly pronounced in polymers
which can be easily oxidized such as for polypropylene. Another
good example is PTFE, which undergoes extreme degradation in
the presence of O,. However, when Teflon is irradiated in the
absence of oxygen, this polymer also suffers much less radiation
damage.

When bulk polymers are subjected to irradiation, these
effects are less pronounced, since the oxidation process is then
diffusion-controlled and becomes noticeable only at very low
fluence rates, when the rate of diffusion of O, into the polymer is
higher than the rate of consumption of this gas by the chemical
reactions. On the other hand, O, can inhibit the degradation
process in polymers such as PMMA when irradiated in a highly
divided form. It is likely that either the deactivation of polymeric
free radicals or an energy transfer involving excited polymeric
molecules by O, is occurring in this case.

Another way to convert a crosslinking polymer into a
degrading polymer, is to use specific conditions favoring the
formation of a radical polymer-halogen. For PS, for example the
reaction is carried out in halogenated solvents (CCl,, CHCl3) in
the presence of O,.

Even in Type II samples, crosslinking eventually pre-
dominates under higher fluences. A good example of this is
PMMA, which has been studied extensively. PMMA behaves
as a positive resist at low fluences, but behaves as a negative
resist at high fluences (Licciardello et al., 1996). Upon ion
bombardment, the molecular weight initially decreases with
fluence, but at higher fluences the molecular weight actually
starts increasing.

The structure of the subsurface region of PMMA bombarded
with low energy (250 eV) Ar™ ions was studied by Koval (2004)
who used electron beam lithography and scanning electron
microscopy to visualize these layers. In this work, the ion
irradiated PMMA was found to contain three distinct layers. The
top layer was comprised of an insoluble graphitized material
displaying a substantial electrical conductance. Underneath the
graphitized PMMA layer, a highly crosslinked stratum was
observed, which was found to be insoluble in acetone, like the
graphitized region, yet was not conducting. Finally, a low
molecular weight layer was located between the crosslinked
layer and the bulk PMMA.. This layer was observed by selectively
dissolving it away using solutions of methyl isobutyl ketone/
isopropyl alcohol (MIBK/IPA).

In addition to crosslinking, polymers will tend to form
double bonds upon irradiation, increasing the extent of
unsaturation in the material. This will often cause a discoloration
at higher fluences (Chapiro, 1962). Cyclization also can occur
under irradiation via intermolecular, and intramolecular cross-
linking. It has been suggested that this process is particularly
favored by crystallinity (Chapiro, 1962). SIMS results are
consistent with this (Mahoney, Patwardhan, & McDermott,
2006b).
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TABLE 1. Polymeric structures and their behavior under irradiation

Type I - Type Il - . Gases given
Polymer Structure s . Depth profiles?** off (in
Crosslinking | Degrading
atmosphere)
PE —{CH,~CH < Yes - low energy Cs"O," or 0. C.H
n massive gas cluster only'" 2 3
s Yes - 1 Cs’0,"
| es - low energy Cs'O," or
PP —fcH-cHyt- X massive gas cluster only'" H, CHy
1
YGS H29 CH4)
CH—C
PIB —tom [T X (Braun, 2006; Gillen, 2006¢) | CO,, C3Hg
CHa
Poly(vinylalcohol) _}CHz_g:in_ x e H, and CO
PAN* _[CHz—?Hin_ ) S e — H29 NH3,
CN CN,
—fercrt-
PVP "o X Yes
{ f (Cramer, 2008)
PS —fCHagH- X Yes - low energy Cs”O," or o
@ massive gas cluster only'’ 2
&
CH,-C Yes
PAMS B d]_ X (Mollers, 2006)
—fcHycri— Yes'
Pve & x (Norrman, 2002) HCI
Cl
PVDC —f(:Z—CHz{: x |
Cl
I Y
es
PVDF _fi Gz X (Hinder, 2007)
1]
_ Yes CO, CO,,
PTFE 1 X (Brox, 2001) CF,
FoFlh
_?l ?I_
PTCE —-(l:—(lz-— O E——
Lot e
_(l:l T
PTCFE —-cl—clz—— x |
LCl Fl
PBD* —{CHy~CH=CH-CH,}— S N R — H,, CH,
PP —fCH,~CH=C—CH,1— . No H,, CH,,
CH3 (BVO)C, 2001) COQ, C3Hg

Polymers are grouped according to their structural features.
*PAN, polyacrylonitrile; PBD, polybutadiene.
**The answers reported reflect the current state of the literature, under the conditions the literature specifies.
fRise of Si substrate signal reported only.
*Mine et al. (2007), Cramer et al. (2008), Houssiau, Douhard, and Mine, (2008), Ninomiya et al. (in press).
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TABLE 2. Polymeric structures and their behavior under irradiation
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Gases given
Polymer Structure Typ ¢ I . Type I.I - Depth off (in
Crosslinking | Degrading profiles?**
atmosphere)
Yes
CH,~CH,—0
PEO —foH,-CH,-01— X (Brox, 2001)
—feH,—cH—of— Yes
PPO &g x (Brox, 2001)
i Y.
es
-C—0
PLA —fcH § 1- X (Mahoney, 2004)
—fcH-c-0— Yes
PGA I X (Mahoney, 2004)
—tcHy)s-c-0— Yes
PCL I X (Mahoney, 2004)
0 0
| | Yes
PET e X (Conlan, 2006)
?Ha ﬁ Yes - l+$)w energy
PC o~ e~ Yo X Cs Q2 or
éHa massive gas
! cluster only"'
—fcHcHi—
polyacrylamide é=o < R —
NH,
%Ha
CH,~C
polymethacrylamide ot I:]o“_ -
NH,
Polycaprolactam _[_(CHz)*"—ﬁ_NHL_ ----- Hy, CO, CO,,
o Na, O,
0 0
I Il Yes
PU —fNH—R—NH-C—R,—C}- X (Mahoney, 2006b)
Polyamides X
Polyimides (PI) X Yes - massive
y gas cluster only'"
i % H,, CH,
- €s 25 )
PDMS 7° x (Gillen, 1998) C,Hg
CH3 n
Cellulose and oo AR 1 A Yes
.. o o & NDy X
derivatives A NN S (Fletcher, 2006b)
OH  CH,OH OH__ CHJOH
DNA | - X
roteins Yes
p (Gillen, 1998)

Polymers are grouped according to their structural features.
f“*The answers reported reflect the current state of the literature, under the conditions the literature specifies.
"Mine et al. (2007), Cramer et al. (2008), Houssiau, Douhard, and Mine (2008), Ninomiya et al. (in press).
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TABLE 3. Polymeric structures and their behavior under irradiation

Type I - Type II - Depth Gases given off (in
Polymer Structure Crosslinking Degrading profiles?** atmosphere)
—l'CHz-(I)Ht :
PVA . X Yes
= (Mahoney, 2006b)
CH,
1
PAA —toR NS Y —
0=¢
OH
1
—feH—c+ Yes
PMAA o=t X (Wagner, 2005a)
oH
—fCH2—<|:H]— v
n es
PMA o=? X (Wagner, 20050) Hz, CO, COQ, CH4
OCHs
7
—fcH—c+- Yes
PMMA o=é X (Gillen, 1998) H,, CHy4, CO, CO,, C5Hg
CI)CH3
il
—fer—c- Yes
PBMA O=(|: X (Wagner, 2005b)
6_(CH2)3CH3
7
—feH—c+- Yes
POMA o=t X (Wagner, 2005b)
O-(CHa)rCHy
i
—fcH—c+ Yes
PDoMA ot X (Wagner, 2005b)
|
O—(CHz)11CHs
il
—fcH—c4- Yes
PHEMA O=(|: (Wagner, 2005¢)
(I)CHZCHZOH
i
TFAA- —fcm—clt—]—n Yes
PHEMA 0=C o) (Wagner, 2005¢)
(I)CH2CH20—C":—CF3

Polymers are grouped according to their structural features.

**The answers reported reflect the current state of the literature, under the conditions the literature specifies.

"Data reported in this article (Mahoney, Patwardhan, & McDermott, 2006), are actually obtained from a copolymer of PVA and PE. Since
homopolymers of PE are not amenable to being depth profiled, it is assumed that it is the PVA component that allows for the successful profiling in this
copolymer system. Therefore it is assumed that PVA homopolymers will be amenable to being depth profiled.

Gel permeation chromatography (GPC) is a tool that can
help assess changes in the molecular weight of the soluble
fraction of the polymer with increasing irradiation time.
This has been done in several polymers, including PS
(Calcagno & Foti, 1987; Puglisi et al., 1987), where the
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molecular weight distribution was determined to first broaden
with increasing bombardment characteristic of both chain
scission and crosslinking.

When polymers are irradiated, a large amount of gas
evolution is typically observed. The compositions of the gases
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vary from polymer to polymer and some examples are listed in
Tables 1-3. In most cases of gas measurements, the yields are
initially higher and decrease with increasing irradiation (Chapiro,
1962). The yield of gas is also much higher when the irradiation is
carried out at higher temperatures and particularly if the polymer
is irradiated above its glass transition temperature. If a polymer is
heated high enough, a chain depolymerization process may be
initiated by the free radicals which are trapped in the polymer
(Chapiro, 1962).

To summarize, polymeric materials typically demonstrate
three distinct chemistries as a function of increasing irradiation
fluence: (1) First, degradation mechanisms dominate (partic-
ularly in Type II polymers), (2) After a certain fluence, which is
dependent upon the polymer and the radiation conditions,
crosslinking dominates, and (3) Finally, under higher fluences,
graphitization of the surface occurs, resulting in a significant
increase in the conductance of the irradiated region. In Type I
materials, the crosslinking happens at a much higher rate and
attimes the degradation is skipped altogether. The following are a
list of factors that typically affect the behavior of the polymer
during irradiation:

1. Molecular weight: Higher molecular weight polymers
crosslink faster than lower molecular weight polymers.

2. Total fluence: Increased fluences result in increased
crosslinking.

3. Fluence rate: The extent of crosslinking is not influenced
by the rate at which the fluence is delivered to the polymer
sample, unless O, is present.

4. Crystallinity: the extent of crosslinking is typically lower
in highly crystalline materials due to trapped radicals
(since the mobility of polymeric segments is much lower
in these regions). In general for semicrystalline polymers,
the crystalline content tends to decrease with increasing
fluence, particularly when the sample is brought above its
glass transition temperature. Cyclization tends to increase
in these materials.

5. Temperature: The extent of crosslinking decreases
with decreasing temperature, in particular below the glass
transition temperature. There appears to be decreased
degradation or main chain scission occurring at low
temperatures as well.

6. O,: The presence of O, during irradiation can cause
normally crosslinking polymers to degrade via peroxide
formation. O, can also behave as a free radical inhibitor
and prevent degradation in certain cases.

B. Atomic lon Bombardment of Polymers

There has been a lot of research focused specifically on the
chemistry of atomic ion-bombarded polymer surfaces, as this
information is useful for many applications (photoresists, ion-
beam lithography, biomaterials etc.). Specific examples of this
include PET (Balik & Said, 1987), PS, PE, and PVDF (Calcagno,
1995). These studies have all indicated major physical and
chemical property changes in the surface regions of the polymers,
which may or may not be permanent, depending on the fluence.
In most cases, there are significant changes in the mechanical
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(Leeetal., 1991, 1993, 1997; Nishimiya et al., 1991; Lee, Lee, &
Mansur, 1992; Ochsner et al., 1993; Rao, Wang, & Lee, 1993;
Rao et al., 1995; Tretinnikov & Ikada, 1998), chemical (Puglisi
et al.,, 1986; Nishimiya et al., 1991; Lee et al., 1993, 1997;
Svoré&ik et al., 1998; Tretinnikov & Ikada, 1998), electronic
(Forrest et al., 1982; Venkatesan et al., 1983; Liu, Liu, & Zhai,
1989; Lee et al., 1993; Svordik et al., 1997), diffusion (Calcagno
etal., 1993), optical (Calcagno, Compagnini, & Foti, 1992; Riick,
Schulz, & Beusch, 1997), and rheological properties (Calcagno,
Compagnini, & Foti, 1992) of ion-bombarded polymeric
samples.

These changes are obviously a result of the increased
crosslinking and unsaturation occurring in these polymers. As
with all forms of radiation, ion-bombarded surfaces eventually
become graphitic in nature (Davenas et al., 1990), or in rare
cases diamond-like (Davenas et al., 1990). While most polymers
exhibit an increase in conductivity after irradiation with ion
beams (resulting from the formation of the graphitic phase), it is
interesting to note that polymers exhibiting aromatic or
heterocyclic structures tended to display even higher levels of
surface conductivities (Davenas et al., 1989). It is assumed that
graphitization is enhanced at polymer surfaces which have
benzene ring components (Lee et al., 1997).

There is also a dramatic change in the morphology after
sputtering (Yoshida & Iwaki, 1987, Svordik et al., 1997); with
some reporting a smoothing effect (Lee et al., 1991), while others
report increased topography (Svor&ik et al., 1998; Netcheva &
Bertrand, 1999). These significant changes in the surface
properties often result in changes in the compatibilities of these
polymers with other elements (Zaporojtchenko et al., 2005). For
example, ion bombardment of polymeric materials has resulted
in increased wettability of PDMS and PS surfaces (Suzuki et al.,
1990; Suzuki, Kusakabe, & Iwaki, 1993), and changes in the
biocompatibility of PDMS surfaces (Suzuki et al., 1991, 1992;
Yotoriyama et al., 2006).

In most polymeric samples, during ion bombardment, there
is a critical fluence above which crosslinking rapidly accelerates
and the corresponding solubility decreases significantly. This
point is considered the gel point of the polymer, and is the point at
which a three-dimensional network is formed in the polymer. The
process of forming a gel is a slow process, involving the diffusion
of mobile radicals into the bulk, where they will eventually
crosslink. It is most likely this process of diffusing radicals for
which damage accumulation in SIMS depth profiling is based
(region II). An example of this is shown in Figure 15, which
shows the solubility of PS plotted as a function of increasing
fluence of both He' and H* ions (Calcagno & Foti, 1991;
Calcagno, 1995). It is assumed that the corresponding SIMS
spectra will have a similar drop in signal intensity at this point as
it is well-known that increased crosslinking is correlated to
decreased secondary ion yields in SIMS (Chilkoti et al., 1993).
Therefore it is likely that the behavior exhibited by polymers, as
was discussed in Figure 14d, is actually a result of the approach of
the gel point for that particular material.

As can be seen in Figure 15, the gel point is reached earlier
for heavier ions. In addition, the efficiency of the damage
processes was determined to be lower for high energy ions than
for low energy ions. In other words, the gel point was reached
much later for higher energy ions. These results were explained in
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FIGURE 15. Soluble fraction as a function of ion fluence for 9,000 amu
polystyrene irradiated with 300 keV H" and 200 keV He™ ions. Figure
from Calcagno (1995), reprinted with permission from Elsevier,
copyright 1995.

terms of the difference in the spatial energy distribution, which is
more localized for a low energy ion. The local energy density
is what determines the crosslinking. The chemical yield of
crosslinks in PS for example increases with the local energy
density.

These decreased damage effects at higher beam energies are
consistent with SIMS results, which indicate prolonged signal
longevity in samples irradiated at higher energies (see Section
VIII-C). Though these energies are much higher than what are
typically used for SIMS applications, and therefore different
sputtering mechanisms apply, the end result is the same; the
formation of a highly crosslinked insoluble material.

This gel point also tends to be reached earlier for higher MW
samples, and is highly dependent upon the number average
molecular weight in particular (Puglisi et al., 1988). It is assumed
that there is a critical number of crosslinks per molecule that
needs to be attained, and that number is reached earlier for the
larger molecules.

Depth profiling through polymer films can also be
performed using atomic beams. However, with the exception of
low energy (200eV) Cs" beams (Mine et al., 2007), these profiles
typically have significantly increased damage associated with
them such that only elemental signals can be monitored as a
function of depth (all molecular information is essentially
destroyed). In addition, the sputter rate is significantly reduced
when employing atomic beams, such that only dynamic SIMS
instruments are typically used. There are several examples of
polymeric depth profiling with atomic beams including PS
(Whitlow & Wool, 1989, 1991; Zhao et al., 1991; Shwarz et al.,
1992; Liu et al., 1995; Zheng et al., 1995; Strzhemechny et al.,
1997; Rysz et al., 1999; Yokoyama et al., 1999; Shin et al., 2001;
Huetal.,2003; Lin et al., 2003; Harton, Stevie, & Ade, 2006a,b,c;
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Harton et al., 2006d), PAMA (Valenty et al., 1984), PBMA
(Verhoeven et al., 2004), PEVA (Verhoeven et al., 2004), PC
(Valenty etal., 1984), PVDF (Chujo, 1991), PEO (Mattsson et al.,
2000; Huang et al., 2001), PMMA (Chujo, 1991; Huang et al.,
2001; Hu et al., 2003; Harton, Stevie, & Ade, 2006a,b,c; Harton
et al., 2006d), polydimethyl phenylene oxide (PDPO) (Lin et al.,
2003), PVP (Zheng et al., 1995; Pinto, Novak, & Nicholas, 1999;
Yokoyamaetal., 1999; Harton, Stevie, & Ade, 2006a,b; c; Harton
et al., 2006d), PPV and other polymer based LED materials
(Sauer et al., 1995; Bulle-Lieuwma & van de Weijer, 2006), solar
cell materials (Bulle-Lieuwma et al., 2003), conducting poly-
mers (Gray et al., 1992), video tapes (Chujo, 1991), silicones
(Stein, Leonard, & Smith, 1991), and other polymeric materials
(Shwarz et al., 1992; Duan et al., 2001; Reynolds et al., 2005).

Though most atomic beams produce a considerable amount
of damage precluding the ability to obtain molecular depth
profiles, there are some major breakthroughs occurring in this
area as well. Low energy Cs™ and/or OF (200 eV) ion beams are
generating considerable excitement in the SIMS community for
depth profiling in cases where crosslinking is dominant, such as
polystyrene, polyethylene, polypropylene and polycarbonate
(Mine et al., 2007; Cramer et al., 2008; Houssiau, Douhard, &
Mine, 2008). In such cases, using low energy Cs* and/or (024
beams will actually outperform conventional cluster sources,
such as SFY and C, for polymeric depth profiling applications.
Unlike SF! or C,, these low energy beams yield constant
molecular signals characteristic of PS, PE, PP, and PC as a
function of increasing fluence in the negative ion mode. It is
likely that this effect is in part, a chemical etching effect via
interaction of the Cs™ and/or O ions with the polymer sample,
yielding reactive intermediates, similar to what is observed with
irradiation of polymers in the presence of O,. Either way, this is
the one case where atomic beams outperform most cluster beams
for in-depth polymeric analysis and should be noted.

VII. POLYMER DEPTH PROFILING APPLICATIONS

A. Surface Cleaning

One of the primary concerns in any TOF-SIMS experiment is
contamination of the surface. Cluster SIMS has shown promise
for sputter removal of surface contaminants. Szymczak and
Wittmaack first showed thisin 1994 with SF, clusters (Szymczak
& Wittmaak, 1994). Since then, several authors have demon-
strated the ability to remove polydimethysiloxane (PDMS)
overlayers from contaminated samples (Gillen & Roberson,
1998; Mahoney, Roberson, & Gillen, 2004; Mahoney, Fahey, &
Belu, 2008).

This cleaning of contaminants from the surface has many
implications for biologically relevant molecules in frozen
aqueous matrices, where the surface is often covered in ice and
therefore no useful information can be obtained. With cluster
sources however, this problem can be alleviated by sputter
removal of the ice. Though this can also be done with atomic
beams, Cgo has been shown to remove this overlayer of ice
(Wucher et al., 2004) much more rapidly and with very little
damage to the underlying structure.
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B. Damage Removal

Cluster sources are also able to remove damage previously
created by atomic ion beams. This effect was first noticed by
McMahon, Dookeran, and Todd (1995). In this work, secondary
ion mass spectra and images were obtained from spikes of
choline chloride, acetylcholine chloride, and methylphenylpyr-
idinium iodide deposited onto specimens of porcine brain tissue.
The samples were subjected to a fluence of 10keV Cs™, sufficient
to suppress molecular ion emission. However, following ablation
of the samples by massive glycerol clusters, the damage was
removed. A nice example of this was published more recently by
Gillen and co-workers (2006a), where the authors were able to
demonstrate the recovery of RDX (explosive) molecular signal
when switching back and forth from C| to Cy (see Fig. 16).
Similar results have been obtained with C, probes (Wucher
et al., 2004; Wucher, 2006; Wucher, Chen, & Winograd, 2007).

This removal of previously damaged regions has major
implications in possible 3-D Focused Ion Beam SIMS (FIB—
SIMS) technology. In FIB milling, a focused Ga beam is used to
cross section materials. Characterization of organic FIB
cross sections with SIMS however, does not yield any useful
information, since Ga beams create large amounts of damage.
With cluster beams however, this damaged region can potentially
be recovered, enabling 3-D analysis of each section.

C. Drug Delivery

The first demonstration of molecular depth profiling in model
drug delivery systems was published by Mahoney, Roberson,
and Gillen (2004). In this work PLA as well as PLA drug-doped
(acetaminophen, theophylline) films were depth profiled with
SF;r, and it was demonstrated that both polymer and drug
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FIGURE 16. Variation of RDX characteristic ion signal at m/z =268
under high primary ion fluence sputtering conditions comparing the
effect of Cy and C;” bombardment. Taken from Gillen et al. (2006a) with
permission from John Wiley & Sons, Ltd, copyright 2006.
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compositions could be monitored as a function of depth on a
nanoscale using this technique. It was also interesting that there
was evidence of a drug-depleted surface region with composi-
tional variation in the bulk. The depth profile quality (depth
resolution, signal constancy, rapid sputter rates) was found to
deteriorate with increasing drug concentration.

Compositional depth profiling was later performed on a
series of PLA/Pluronic-P104* polymeric blends of varying
compositions using SFJ polyatomic primary ion bombardment.
The major results from this study are depicted in Figure 17, which
shows actual concentration depth profiles of three different
compositions (Fig. 17a—c). In each profile, there was a surface-
enriched Pluronic-P104 region, followed by a depletion layer,
and finally a constant bulk composition region. These diffusion
profiles were consistent with previous models describing
polymer surface segregation. There was also a similar effect
occurring in the buried interfacial region (polymer/Si interface).

Also shown in Figure 17d are the images acquired as a
function of depth for a three component film containing PLA,
P104 and insulin, as a model protein drug. Imaging results
showed complete coverage of Pluronic at the surface. This was
followed by phase separated domains of the Pluronic (40—50 pm)
in the subsurface region. No signals from insulin were detected
in the positive ion spectrum, most likely because of matrix
effects.

These works resulted in major efforts to further develop
cluster SIMS technology for characterization of drug delivery
systems and one such application was in the characterization of
drug-eluting stent (DES) coatings. One of the earliest works to
utilize cluster SIMS for such an effort was published in 2006
(Mahoney, Patwardhan, & McDermott, 2006b). This work
describes the efforts to establish feasibility for depth profiling
in various materials typically employed for DES applications.
These included several polymers currently used or being
developed for this application such as poly(ethylene-co-vinyl-
acetate) (PEVA), PU and PLGA, as well as drug-loaded films
containing paclitaxel or rapamycin (employed in DES). The
results indicated that one could depth profile through most of
these films when employing cluster primary ion beams.

Braun et al. was able to take this a step further and
demonstrate C/, depth profiling in Taxus Express 2 stents,
comprised of a SIBS coating doped with paclitaxel (Braun et al.,
2006). The authors were able to etch through approximately
1.5 um of material.

Lastly, PLGA-based stents containing varying amounts of
rapamycin were characterized in three dimensions using an SF5+
sputter source in conjunction with a Bii analysis source
(Mahoney, Fahey, & Belu, 2008), where the authors were able
to demonstrate 3-D compositional imaging in such systems.
The results from this latter study are depicted in Figure 18,
where Figure 18a is an overlay of the resulting depth profiles of

“Pluronic surfactants are non-ionic triblock copolymer surfactants
containing alternating PEO and poly(propylene oxide) (PPO) compo-
nents. When used as drug-releasing matrices, these PLA/Pluronic
blends have been proven to extend protein release and minimize the
initial protein burst when compared to the pure PLLA homopolymers.
These systems are of potential use for protein delivery applications.
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FIGURE 17. Composition depth profiles as measured by SIMS for samples containing: (a) 25% (w/w)
P104 in PLLA, (b) 10% (w/w) P104 in PLLA, and (c) 5% (w/w) P104 in PLLA. (d) Positive secondary ion
images (300 um x 300 pm) acquired as a function of sputter time for 5% insulin in P104/PLLA blendmatrix
(15% wiw P104). Subparts (a—c) taken from Mahoney, Yu, and Gardella (2005), reprinted with permission
from American Chemical Society, copyright 2005. Subpart (d) taken from Mahoney et al. (2006¢), reprinted

with permission from Elsevier, copyright 2006.

samples of varying compositions, and Figure 18b shows the 2-D
image overlay as a function of sputter depth in a sample
containing 25% rapamycin in PLGA. From these results, it is
very clear that one can determine overlayer thicknesses and
homogeneities and directly relate this to the release character-
istics of the device.
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D. Polypeptides

Cheng and Winograd (2005, 2006), Cheng, Wucher, and
Winograd (2006), and Cheng et al. (2007) performed a series
of studies on depth profiling in polypeptide films. The first article
in this series (Cheng & Winograd, 2005) shows the feasibility of

Mass Spectrometry Reviews DOI 10.1002/mas




a
110000 ::él_“?‘ogﬂapamydn in PLGA
100000 —— 25% Rapamycin in PLGA
00000 ] "-\ 5% Rapanmycin in PLGA
. 80000
'g 70000
‘3' 60000 4
> 50000
B 40000
£ 30000
20000 4
100004 -
e e e A Tt
0 20 40 60 80 100 120 140 160 180 200
Depth {nm)

CLUSTER SECONDARY ION MASS SPECTROMETRY =

b [] Rapamycin (miz = 84)
B PLGA (miz = 99)

0 11 22 33

Total ion
image

Sputter Depth (nm)

FIGURE 18. (a) Depth profile of drug-rich overlayers of rapamycin (m/z=284) in PLGA at various
concentrations. These plots were taken from the subsurface region only, with 2 sec sputter intervals, and at
low temperatures (—100°C). (b) Corresponding 3-D mapping (300 pm x 300 pm) of the distribution of drug
and polymer in a DES system containing 25% rapamycin in PLGA. Figure from Mahoney, Fahey, and Belu
(2008) reprinted with permission from American Chemical Society, copyright 2008.

using C/; to depth profile through trehalose films (300—1,000 nm)
(naturally occurring sugar, which has shown to enhance the
stability of biomaterials) containing different polypeptides. This
work was followed by a article on depth profiling in protein/
trehalose multi-layer films, where the authors found that the best
results were obtained when the mass of the overlayer atoms was
less than or nearly equal to the mass of the atoms in the buried
molecules (Kozole et al., 2006).

miz 59 - PMMA

m/z 45 - PHEMA

Cheng et al. (2007) directly compared the performance of
Au? and C{; primary ion projectiles for molecular depth profiling
in two model films, one being a trehalose film doped with the
peptide Gly-Gly-Tyr-Arg (GGYR) and the second doped with
dipalmitoylphosphatidylcholine (DPPC). The results indicated
increased fragmentation and decreased overall signal intensity
with Aui clusters as compared to C,.

miz 28 - Silicon

FIGURE 19. Volumetric view of the distribution of m/z =152 in (a) homogeneous film, and (b) inhomo-
geneous film of 25% acetaminophen in PLA matrix. This method of 3D images involves the stacking of a
series of 74 secondary ion images with a 250 um field of view and 10 sec image acquisition time. Another
form of imaging is displayed in (c), which shows the secondary ion images of (¢) m/z 59 (PMMA), (d) m/z 45
(PHEMA), and (e) m/z 28 (Si) from a bevel crater cut through a polymer multilayer of PMMA/PHEMA/Si.
Field of view is 500 pm x 500 pum for 10 sec acquisition time. All studies were performed with an SF{
source. Figure from Gillen et al. (2006b), reprinted with permission Elsevier, copyright 2006.
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E. 3-D Imaging

Gillen et al. (2006b) first demonstrated the ability to obtain 3-D
molecular compositional information from PLA-based drug
delivery systems, as well as several other polymeric based
systems, employing an SF{ cluster source on a magnetic sector
SIMS instrument. The results of this work are depicted in
Figure 19. Figure 19a,b shows 3-D representations of a sample
containing 25% acetaminophen in a PLA matrix, where
Figure 19a,b represents homogeneous and non-homogeneous
films respectively. It is likely that these two samples would
exhibit very different release characteristics, and thus this result
demonstrates the potential role of cluster SIMS for quality
control purposes. The authors also presented a unique way of
obtaining depth profiles. This method is illustrated in
Figure 19c—e, and involves the formation of bevel cross-sections
with an SF;r primary ion beam. This allows for laterally
magnified cross-sections, which do not contain the beam-induced
damage from conventional FIB cross-sectioning. The bevel
surface can then be examined using cluster SIMS imaging or
other appropriate microanalysis techniques. Figure 19a,c—e
depicts the resulting images of the bevel cut in a polymeric
multilayer system containing an overlayer of PHEMA on
PMMA.

Several attempts have been made to depth profile through
biological materials as well, though with limited success.
Fletcher et al. obtained 3-D imaging results from a biological
system with a C{; sputter source (Fletcher et al., 2007). Though
there was a significant amount of damage, the authors were able
to depth profile through 100 um of freeze-dried Xenopus laevis
oocyte (frog egg).

Later, Debois, Brunelle, and Laprévote (2007) attempted to
obtain molecular depth profiles in rat brain tissue using dual beam
depth profiling with a C{, sputter source and a Bij analysis
source. The results from this study indicated that the damage
induced by the sputter gun was too high for useful 3-D imaging
beyond 200-300 nm eroded depth.

Overall, 3-D molecular imaging with cluster beams is a
rapidly growing field, and shows much promise. It is therefore
necessary to utilize protocols for 3-D molecular imaging, to
avoid artifacts created by, for example, differential sputtering
rates. These protocols have been developed and described in
detail by Wucher, Chen, and Winograd (2007). This work
describes a procedure for establishing accurate depth scales
in samples with non-uniform compositions in which the
sputter rates vary across the sample. This is done with the
application of atomic force microscopy (AFM) to measure
accurate depth information corresponding to each pixel of the
SIMS image. The results show that this type of correction
is necessary to obtain an accurate representation of three-
dimensional structures.

VIil. PARAMETERS AFFECTING POLYMER
DEPTH PROFILES

The parameters that affect polymeric depth profiling and
sputtering are very similar to those described in the previous
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radiation chemistry section and include the polymer structure,
temperature during the depth profile process, beam chemistry,
beam angle, and beam energy. The following sections describe in
detail the studies that have been done to illustrate these important
parameters.

A. Polymer Structure

Polymer structure has a profound effect on the mechanism of
polymer degradation (crosslinking vs. scission). In general,
polymers that undergo main chain scission when irradiated are
more amenable to molecular depth profiling (with results similar
to the scenarios described in Fig. 14a,b), while those that
crosslink will be more likely to fail (similar to scenario in
Fig. 14c). This is clearly consistent with Tables 1-3. However,
unlike other forms of radiation, including atomic ion bombard-
ment, some of the polymers considered to be crosslinkers, are
amenable to being depth profiled under polyatomic ion bombard-
ment indicating that these cluster sources are pushing the damage
mechanisms away from crosslinking and more towards degra-
dation mechanisms. A good example of this can be seen in
polyethers, such as PEO and PPO. While these materials are
considered to be Type I crosslinkers under neutron irradiation,
they are amenable to depth profiling when using cluster beams in
SIMS. It appears as though materials that have cleavage points in
the main chain, such as O or C=0, tend to depth profile with
cluster SIMS, as long as there is not a high concentration of
aromatic rings, such as is the case with polycarbonate. It is likely
that the materials that tend to favor crosslinking under other
forms of radiation (i.e. PEO, PDMS etc.), display more
competitive mechanisms than do other materials (both cross-
linking and degradation occur), and are pushed toward degrading
mechanisms only when employing cluster ion beams. Other
examples of this phenomena can be seen in polyurethanes
(PU), poly(dimethylsiloxane) (PDMS), poly(vinylchloride)
(PVO), poly(vinylidenedifluoride) (PVDF), polyvinylacetate
(PVA), and poly(methylacrylate) (PMA) (see Tables 1-3).
Certain type I polymers, such as PS and PE, can only be depth
profiled when employing massive gas cluster sources or low
energy Cs™ / O; sources, and do not work under Cgo and SF5+
bombardment.

A lot of work has been published in particular, on the
bombardment of PMMA with both atomic and cluster beams and
the mechanisms of its structural degradation. Wagner et al. for
example performed several important investigations into PMMA
depth profiling with SF{ at variable energies, where it was
shown that 5 keV SF5+ resulted in decreased disappearance
cross sections, and relatively constant C/O ratios (associated with
methyl ester pendent scission) and C—H/C—-C ratios (associated
with cross-linking and increased unsaturation) in contrast to what
was observed under 5 keV Cs™ bombardment (Wagner, 2004).
The results confirmed that there are significant decreases in
crosslinking when employing the cluster source and correspond-
ing increases in polymer degradation. No fluorocarbon species
were observed in the mass spectra, though there was a slight
amount of F implanted into the sample. Cs™ on the other hand
resulted in significant implantation.
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There were also significant increases in peaks characteristic
of polycyclic aromatic hydrocarbons (PAH’s) after bombardment
with Cs™ as compared to SFJ. The existence of such peaks is
consistent with what has been observed previously with atomic
ion bombardment under higher ion fluences (Briggs & Hearn,
1986; Hearn & Briggs, 1988; Van Ooij & Brinkhuis, 1988;
Leggett & Vickerman, 1992) and is associated with increased
beam damage to the sample. Essentially, the material becomes
increasingly unsaturated, until cyclic structures are formed
and ultimately aromatic units such as the cyclic tropylium ion
at m/z=91 (C;H7) (Briggs & Hearn, 1986) are observed. This
cyclization is known to occur under other forms of irradiation as
well (Chapiro, 1962) and is consistent with the graphitic nature of
highly damaged surfaces.

Temperature also plays a very important role in the
mechanisms of degradation in PMMA, where at high temper-
atures, ion-induced depolymerization mechanisms dominate.
Conversely, at low temperatures, the data is consistent with a
significant decrease in crosslinking (Mahoney et al., 2006a;
Mahoney, Patwardhan, & McDermott, 2006b; Mahoney, Fahey,
& Gillen, 2007a; Mahoney et al., 2007b; Mahoney, Fahey, &
Belu, 2008). These temperature effects will be described in
greater detail later.

The overall degradation mechanism of PMMA when
irradiated by cluster ion beams is illustrated in Scheme 1, which
shows the possible degradation routes under variable conditions.
The degradation pathways shown in Scheme 1 represents a
summary from several references (Hearn & Briggs, 1988;
Leggett & Vickerman, 1992; Van Ooij & Brinkhuis, 1988;
Briggs & Hearn, 1986; Bermudez, 1999; Wagner, 2004;
Mahoney, Fahey, & Gillen, 2007a; Mahoney et al., 2007b). The
route of degradation is best described as a two-step degradation
process, starting first with the loss of the methyl ester pendent
group. This is immediately followed by main chain scission
occurring at low fluences, and eventual crosslinking and
unsaturation at higher fluences. The fluence at which this
crosslinking occurs varies with the type of source used, and the
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conditions under which the source is operated (e.g., temperature,
beam energy). While atomic sources will tend to cause cross-
linking of the sample almost immediately, polyatomic sources,
such as SFgL and C‘go exhibit delayed crosslinking of the sample,
making depth profiling feasible. Cf,, particularly at higher
energies, tends to be a better performer in terms of preventing
crosslinking, where signal can be maintained for much higher
primary ion fluences as compared to SF4 (Fisher et al., 2008).

Wagner performed several investigations into the effect
of polymer structure on sputtering mechanisms in a series
of publications that further demonstrates the importance of
chemical structure on damage accumulation during depth
profiling of methacrylics (Wagner, 2005a,b,c). As can be seen
from Table 3, all of these profiles are considered to be
“successful” to some degree. However, when we say that a
material is “successful”’, we mean that we can to some degree,
maintain molecular signal characteristic of the polymer as a
function of depth. Whether or not there is a more gradual
degradation of signal or a limitation in depth is not included in
this table, as it most likely varies with cluster source selection
and/or other experimental conditions. The first article in this
series was a systematic study of the effect of exchanging main
chain and side-chain methyl groups on the resulting SFS depth
profiles, by comparing PMMA, PMA, and PMAA (Wagner,
2005a). The structures of the three different polymers differ only
in their placement of a methyl group (see Table 3), where the
PMA has the methyl group on the side chain only, the PMAA, has
it on the main chain only and the PMMA has the methyl groups in
both places. Overall the highest sputter rates and signal
constancies were obtained from PMMA, though all were
successfully profiled with SF5+ to some degree. The sputter rates
for PMMA were reported to be approximately twice as high as
that obtained for PMA and PMAA under identical sputtering
conditions.

The theory behind this change in sputter properties was
discussed in reference to the known degradation pathways of the
different materials. In particular, PMA is more likely to crosslink
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SCHEME 1. Mechanism of PMMA degradation under ion bombardment.
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due to the lack of the methyl group on the main chain as discussed
earlier (Note, in Table 3, that PMA is listed as a type I polymer
that prefers to undergo crosslinking when irradiated). PMAA is
also more likely to crosslink however, as it is known to undergo
decarboxylation and subsequent intermolecular crosslinking.
It was theorized that the polymers that undergo thermal or
radiation-induced decomposition primarily by depolymeriza-
tion, as is the case with PMMA, maintain strong characteristic
secondary ion intensities as a function of increasing SF. fluence,
whereas those that can potentially form intra- and intermolecular
cross-links have lower sputter rates and higher signal degradation
rates.

In the second article in this series, Wagner studied the effects
of side-chain length in a series of poly(methacrylates), where
poly(n-butyl methacrylate) (PBMA), Poly(n-octyl methacrylate)
(POMA) and Poly(n-dodecyl methacrylate) (PDoDMA) were
characterized and compared to PMMA (Wagner, 2005b). These
materials have 4, 8, and 12 carbons on the side-chain respectively
(see Table 3 for structures). Examples from this work are depicted
in Figure 20 below which compares PBMA (Fig. 20a) and
PDoMA (Fig. 20b) depth profiles (4 and 10 carbons respectively)

and plots the sputter rates of all these materials as a function of the
number of carbons in the alkyl side-chain. It is evident that the
depth profile characteristics (e.g., signal constancy, interface
widths, sputter rates) are significantly improved for the shorter
side chain materials. The results were attributed once again
to increases in cross-linking in the polymers containing longer
side-chain lengths, and a change in probability of ion-induced
depolymerization (lower probability for longer side-chain
lengths). It is already known that the degradation yields are
much lower in the radiolysis of polymethacrylates with longer
side chains (Chapiro, 1962). More specifically, there is a decrease
in degradation from methyl to ethyl to n-butyl ester, while the
dodecyl and the octadecyl methacrylate polymers are found to
crosslink (Chapiro, 1962).

The last article in this series characterizes a trifluoro acetic
acid-derivatized PMMA (TFAA-PMMA) and compares this with
underivatized PMMA (Wagner, 2005¢). The results indicate that
the derivatized PMMA has a much higher sputtering yield
and undergoes a significant decrease in damage accumulation.
This was attributed to the presence of the electron-withdrawing
fluorine atoms on the pendant group, which has been shown to
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weaken the polymer backbone in radiation studies, increasing the
probability of main-chain scission or depolymerization under
SF{ bombardment.

Wagner was also able to demonstrate molecular depth
profiling in polymer multilayer thin films of various methacrylics
(Wagner, 2005d). The multilayer samples characterized con-
sisted of bilayers and trilayers of PMMA, PHEMA, and TFAA-
PHEMA. The overall results of this study indicated that the
ordering of the layers was important and affected the damage
accumulation in the profile, similar to what was observed
by Kozole et al. (2006). In particular, when PHEMA was the
outermost layer, there was a reduction in sputter rates for the
underlying polymer layer. This was attributed to increased ion-
induced damage accumulation rates in PHEMA, which carries
through to the next layer.

The effect of increased crosslinking on depth profilability is
also consistent with results obtained later on, by Wagner et al.
(2006), displayed in Figures 21 and 22. In this work, Wagner was
able to demonstrate that when increasing the amount of
crosslinking in PMMA (by adding increased amounts of
the crosslinker EGDMA during the polymerization) there is a
corresponding decrease in sputter rate and increased damage
accumulation. This work stems from early experiments involving
surface analysis of such materials, where changes in the peak
intensities of atomic versus molecular secondary ions were
observed as a function of cross-linker concentration (Chilkoti
etal., 1993), indicating aloss in signal with increasing crosslinker
content.

To summarize, one can predict the success of polymeric
depth profiling based on its structure. The following rules apply:

Rule 1: Type I (crosslinking) polymers are less likely to retain
molecular information as a function of depth, even with
cluster sources.

Rule 2: All or most Type II (degrading) polymers are likely to
retain molecular information as a function of depth.

Rule 3: Polymers that have increased strain on the main chain
backbone, due to the existence of quaternary C structures
and/or stereochemistry changes (discussed later) are more
likely to retain molecular information as a function of
depth.

Rule 4: Any sample with a cleavage point in the main chain,
whether or not it is type I or type II, is more likely to retain
molecular information as a function of depth (e.g., —O—,
—COO-, —-NH-CO-).

Rule 5: Halogen-containing polymers are more likely to
retain molecular information as a function of depth due
to an enhanced chemical etching.

Rule 6: Polymers that are particularly susceptible to
depolymerization mechanisms are more likely to retain
molecular information as a function of depth. Polyesters
are particularly successful because of this.

Rule 7: Increased aromaticity results in a decreased ability
to retain molecular information as a function of depth,
due to the protection of the resonance stabilized
structures.

Rule 8: Many of the difficulties with Type I crosslinking
polymers, such as PS, PE, PC, and PP can be alleviated by
using low energy Cs™ and/or O atomic and diatomic ions,
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which have shown to outperform SF; and Cf, cluster
sources for these particular cases (Mine et al., 2007).
Moreover, gas cluster sources have recently been shown to
outperform all beams (clusters and atomics) for depth
profiling of type I polymers.

Rule 9: Even though a polymer retains molecular information
as a function of depth to some degree, the maximum
achievable erosion depths and signal constancy will vary
with chemical structure, cluster source used, temperature,
beam angle, and other experimental variables defined
herein.

B. Polyatomic lon

After SFS and Cy were shown to be feasible for molecular depth
profiling applications (Gillen & Roberson, 1998; Gillen et al.,
2001), several other probes were investigated as tools as well. C¢,
was demonstrated to be useful for polymeric depth profiling in
2004, when depth profiling in PMMA was performed with a Cgo
probe (Szakal et al., 2004), and since then has been used
repeatedly. Another source demonstrated to be useful for depth
profiling in polymeric materials is Iry (CO)7+ which has recently
been proven to profile through thin PMMA overlayers (Fujiwara
etal., 2006). More recently, gas cluster sources (e.g., Arzggo) have
been shown to be useful for depth profiling in polymers as well
(55th American Vaccum Society International Symposium and
Exhibition, October 19th—24th, 2008). The question one needs to
ask therefore is obvious. Are all sources equal in terms of depth
profiling?

1. Interface Width Measurements

Before discussing this issue, it is important to point out, that one
has to be careful when making comparisons between results
reported in the literature, because there is a lack of common
terminology and standardized methods. A good example of
literature inconsistencies can be seen in definitions of interface
widths and sputter rates. Definitions for interface widths for
example, range from that defined by ASTM standard method
E1438,% to those which take into account the different sputter
rates of the materials at the interface, similar to what is done in
semiconductor metrology (Wagner, 2004). Some of the more
recently published works do not even define how their interface
widths are measured. This can be a huge problem when
comparing sources and needs to be standardized. A good
example of the differences can be illustrated by comparing
values reported by Wagner (2004), who reports an interface width
for PMMA on Si to be approximately 28 nm when accounting for
differential sputter rates in the interfacial region, and Mahoney,
Roberson, and Gillen (2004), who reports the interface width of
the same sample, under the same conditions to be 60.9 £ 3.4 nm
when employing only polymer sputter rates to describe interface
features.

SASTM Standard Guide for Measuring Widths of Interfaces in Sputter
Depth Profiling Using SIMS: Designation E 1438-91.
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FIGURE 21. Positive ion damage profiles of the MMA-co-EGDMA SIP films prepared in this study.
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(d) 20% EGDMA,; (e) 33% EGDMA; (f) 100% EGDMA. Figure taken from Wagner et al. (2006) reprinted

with permission from Elsevier, copyright 2006.

Measurements of interface widths from organic materials
cast onto Si is a particularly difficult scenario for multiple
reasons. First, there are expected to be numerous artifacts
resulting from the dramatic changes in density that occur at this
interface. There is expected to be a significant enhancement in the
sputter and/or damage mechanisms that occur at the interface due

30

in part to the recoiling of Si atoms occurring at the polymer/Si
interface. It is also possible that there could be rebound scattering
of the primary ions and other factors such as T, changes at the
interface, making it difficult to obtain an accurate value for
interface widths in these types of samples. Despite all these
difficulties, it is still very important to have some means of
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FIGURE 22. Sputter rates of the EGDMA-co-MMA SIP films under 5
keV SF{ bombardment. Figure taken from Wagner et al. (2006)
reprinted with permission from Elsevier, copyright 2006.

measuring and comparing relative interfacial widths in these
systems, as it is a means of optimizing the source and
experimental conditions. The following explains, from the
authors’ perspective, when one should employ each method of
measuring interface widths.

1. Standard method ASTM E1428-91 uses the following

equation; AZ=[At/f]*Z, where AZ is the interface width,
At is the sputtering time required for a decrease in the
signal intensity of the overlayer from 84% to 16% of the
signal intensity (or an increase in the substrate from 16%
to 84%), t is the time required to sputter through the
overlayer as defined by the time at which the overlayer (or
substrate) signal intensity reaches 50% of its maximum
value, and Z is the measured thickness of the overlayer.
This method is should only be used as a relative measure of
interface widths and only for; (a) polymeric samples that
have constant sputter rates throughout the depth of the
overlayer, and (b) minimal interlayer mixing occurring,
such as certain “well-behaved” polymers cast on Si
substrates. Even in these cases, this method should only be
used as an approximation of interfacial widths. So for a
PLA sample deposited on Si for example, this is an ideal
method for interface width approximation, as PLA has
rapid sputter rates that tend to be constant with increasing
fluence (Mahoney, Roberson, & Gillen, 2004; Shard et al.,
2008). However, it is not quite as useful for samples which
crosslink quicker, such as is the case with thicker films of
PMMA sputtered with SF; in which the sputter rate
decreases significantly prior to the interface (Mahoney
et al., 2006a). In the latter case, the result reported by
ASTM will tend to result in an overestimated interface
width. The width in this case should be measured after
conversion of the profile to a depth scale using measured
polymer sputter rates in the interfacial region. This method
should also not be used for materials in which there will be
considerable interfacial mixing, as would be the case in
polymeric multilayers.
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2. The method that is used to account for interlayer mixing

uses a weighted average sputter rate between the substrate
and the overlayer signal. The equation is shown below:

I sub

I submax

1
SRoverall = |: b :|SRsub + |:1 —

I submax

:| SRpOlymer (4)

where SRoveran 1S the weighted average sputter rate, Iy, is
the intensity of the signal characteristic of the substrate at a
given time, Iy pmax, 1S the substrate maximum, after
the overlayer has been removed, SRy, is the sputter rate
of the substrate material, and SRo1ymer is the sputter rate
of the polymer. This weighted average sputter rate is then
used to convert the profile to a depth scale, and the
interlayer thickness is measured based on the interface
width guidelines described above (84%/16% maximum
substrate intensity). In cases where there are multilayers of
soft materials, this is the preferred method. However, this
equation is not accurate in cases where there is negligible
interlayer mixing, and where the densities and sputter
rates of the substrate are strikingly different than that of
the coating by 2 or more orders of magnitude, such as is
the case of thin polymer films on Si. The sputtering yield of
Si, for example is extremely low as compared to most
polymers. Under similar sputtering conditions (SF; at
5 keV), the following sputtering yields have been reported
(Mahoney, Roberson, & Gillen, 2004; Wagner, 2004): Si
sputtering yield=0.1 nm’*/ion, PMMA sputtering
yield =20 nm*/ion and PLA sputtering yield =60 nm®/
ion. This is over a factor of 200 decrease in sputtering yield
from the organic to the Si interface! Therefore, any
sputtering of Si is negligible during the removal of the
polymer overlayers. In such cases, the result reported by
this method, will result in an underestimated interface
width. The width therefore in these cases should be
measured after conversion of the profile to a depth scale
using known polymer sputter rates at the interface. A good
example of this underestimation is the interface widths
calculated in Mahoney’s work for PLA. The interface
widths were calculated to be approximately 11 nm as
calculated by conversion to a depth scale with known PLA
sputter rates (Mahoney, Roberson, & Gillen, 2004).
However, when the weighted sputter rate method was
applied to these same systems, one achieves a depth
resolution of only 3 nm!

It is not likely that a significant amount of interlayer
mixing is occurring in thin “well-behaved” films on Si
due to the huge differences in their densities, although it is
certainly expected that some Si will rebound back into the
polymer. However, this will cause either enhanced
sputtering yields (in “well-behaved” systems) or signifi-
cant chemical damage at the interface (in polymers
exhibiting moderate to extreme crosslinking). In
the second case, the sputter rate at the interface is expected
to be reduced because the material being removed from the
interface is a highly damaged overlayer with significantly
reduced sputter rates as compared to the original polymer.
In such cases, there is a slightly increased probability of
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interfacial mixing, but the interface width measurements
should be based on the actual sputtering rates observed at
the interface.

More recent work has been published on the preparation
of model multilayer films, which can serve as organic
“delta-layers” (commonly used reference samples for
dynamic SIMS in the semiconductor industry), thus
allowing for more direct comparisons (Shard et al.,
2008; Zheng, Wucher, & Winograd, 2008). In these films,
the sputter rates and densities of the materials are very
similar such that accurate depth resolutions can be
obtained and compared.

. There are still arguments as to whether the rise of the

substrate signal or the fall of the organic signal should be
used to define the interface widths. For now, this decision
may need to be made on a case by case basis. In most
works, the properties of the Si substrate signal have been
used to define interface locations and widths. However,
more recently, it is being discovered that this may not be
the best way to make these measurements, as there is
likely to be an interfacial damage layer (graphitic in
nature) existing between the organic film and the Si
substrate (Mahoney, 2009). The influence of this layer is
dependent upon the sample and experimental conditions.
In samples that do not accumulate damage before the
interface is reached (PLA, for example) this may not
contribute much to the interface measurements. However,
in samples where damage starts accumulating prior to
the interface (e.g., thicker films, or samples exhibiting
increased crosslinking), this damage layer causes a
reduced sputter rate at the interface which in turn results
in significant broadening of the Si width, and a shift in the
location of the interface towards higher ion fluences with
respect to the location as defined by the organic signal
decay. These interface effects can not be accounted for by
employing differential sputtering rates.

Similar shifts in interface locations have been found by
Green et al. (2009) in depth profiles of Irganox on Si. In
this case, the authors found that the choice of ion (i.e., Si__,
Sig, or SiOy) used to define the organic/Si interface plays
a very important role. More specifically, the authors
illustrated that the presence of the SiO, layer was
particularly problematic and resulted in artificial broad-
ening of the interface when employing the Si, signals as a
means to characterize the interface (Green et al., 2009). It
is possible that the same sorts of effects are observed when
employing Si* ions in the positive mode as well.

Another potential problem with using the Si side for
characterization of interface properties is that some
sources, such as SF7, may cause non-linear Si* ion yield
enhancements, making for unreliable interface property
measurements. Alternatively, the decline of the polymer
signal can also be a source of error, as it is difficult to
decide where the maximum polymer signal is located,
especially in a case where there is a steady decline in
signal.

Either method requires direct measurements of the
sputter rates at the interface, to obtain more accurate
sputter rate information. The sputtering yields at the

interface can be measured via a quartz crystal micro-
balance (QCM) for example. In addition, film preparations
have to be optimized, such that there are no ripples in the
polymer films, and/or the raw data manipulated such that
the depth profile is obtained only in common areas of the
film where the thickness is consistent (Wucher, 2008;
Mahoney, 2009).

2. Cgo Versus SF{

Taking the above notions into consideration, it can be stated that
C{ is an ideal source for depth profiling through thicker
polymeric layers (Fisher et al., in press), as the signal tends to
remain stable for much higher fluences, and has comparably
higher sputtering yields. The following approximate sputtering
yields were reported for PLA under varying conditions for both
SES and Cfy:

e 250 nm’ /Cg0 at 30 keV (500 eV per atom) (Shard et al.,
2007).

e 75nm? /Cgo at 20 keV (333 eV per atom) (Shard et al.,
2007).

e 40 nm3/C6+0 at 10 keV (167 eV per atom) (Shard et al.,
2007).

e 40 —59nm3/ SES at 5 keV (833 eV average energy per
atom) (Mahoney, Roberson, & Gillen, 2004; Mahoney, Yu,
& Gardella, 2005).

Similarly for PMMA, the sputtering yields are reported as
follows:

e 38nm’ /Cg) at 10 keV (167 eV per atom) (Mdllers et al.,
2006).

e 20nm’/SF! at 5 keV (833 eV average energy per atom)
(Wagner, 2004; Mahoney et al., 2007a).

e 65nm’ /SF;r at 8.75 keV (1,460 eV average energy per
atom) (Wagner, 2004).

e 8nm3/ SF; at 2.5 keV (417 eV average energy per atom)
(Wagner, 2004).

As can be seen in both cases, the sputtering yields are much
higher for C{,, even at lower energies per atom.

Despite the obvious successes of C{, bombardment of
polymeric materials, deposition of carbon and large topography
features can be associated with CJ, beams at lower energies
(Fahey et al., 2006; Gillen et al., 2006a; Green et al., 2009). This
is a particular problem with Si substrates, which is often used
as a support for polymer thin films. These factors may result in
degradation of the depth resolution. SF! tends to exhibit
excellent depth resolution, and also tends to be well-rounded in
its uses for both organic and inorganic applications, but cannot
attain the depths that Cg, has achieved, even when low
temperatures are applied. From comparison of PLA depth
profiles and other comparisons obtained in the literature thus
far, it appears to be that SF{ may have slightly improved depth
resolutions as compared to Cgro (Mahoney, Roberson, & Gillen,
2004; Shard et al., 2007) although it is too early to confirm at this
juncture.
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3. Massive Gas Clusters

Even more recently, data has been presented which indicates that
massive gas clusters can achieve even greater sampling depths
than C{;. In addition, unlike Cjj and SF{, these gas cluster
sources have been shown to work well for both type I and type 11
polymers.

4. LMIG Clusters

LMIG clusters have been demonstrated to profile through thin
organic layers, but do so very poorly as compared to SF{ or Cf,,.
For example, the damage characteristics of PET under Auj and
C¢o ion bombardment were studied in detail by Conlan et al.
(2006). In this study, the authors plotted the relative intensity of
selected PET secondary ions as a function of increasing primary
ion fluence. It was found that damage accumulated under Au
cluster bombardment (signal decreased with fluence), but not
under Cgo bombardment, which maintained relatively constant
signals with increasing fluence. Similar results were found in
other kinds of molecular samples, such as trehalose (Cheng et al.,
2007). Finally, the sputter rates were found to be enhanced
significantly for PS 2000 when employing C/, ion beams as
opposed to Au; beams (Hill & Blenkinsopp, 2004).

C. Beam Energy

It has been repeatedly demonstrated, that increasing cluster beam
energies generally results in increases in sputter and secondary
ion yields in organic and polymeric samples (Wagner, 2004;
Bolotin, Tetzler, & Hanley, 2006; Fletcher et al., 2006a; Shard
et al., 2007). A nice example is shown below in a plot taken from
Shard et al. (2007), which shows the sputtering yield volumes for
PLA, Irganox 1010 and Alq; samples as a function of C/, beam
energy (see Fig. 23).
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FIGURE 23. Yield volumes for PLA (), Irganox 1010 (), and Alqs
as a function of primary ion energy. The initial (A ), and final (A) yield
volumes for Alqs are provided. Figure taken from Shard et al. (2007)
reprinted with permission from John Wiley & Sons, Ltd, copyright 2007.
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More recently it has been determined (Fisher et al., 2008)
that as the Cgy beam energy increases, one can maintain
molecular secondary ions for longer sputter times, or increased
sputtered depths into the sample. Figure 24, displays the
normalized intensities of m/z=85 and m/z=185 (peaks
characteristic of PMMA) as a function of increasing depth for
10, 20, and 40 keV Cg(f ion bombardment of bulk PMMA. The
results indicate that signal loss occurs much later with the higher
energy beams. These results are consistent with previous work
with atomic bombardment which showed that the efficiencies of
the damage processes (e.g., crosslinking, etc) are lower for high-
energy ions than for low energy ions (Calcagno, 1995). However,
it is also likely that the onset of damage accumulation at lower
energies with Cg is actually brought about by deposition of
carbon, rather than crosslinking. Therefore it is not clear at this
point whether the same effects would be observed for other
beams as well.

The topography, modulus and chemistry of the crater
bottoms were subsequently measured using nanoindentation
and XPS. Roughness was found to increase with beam energy,
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FIGURE 24. Negative TOF-SIMS depth profiles of bulk PMMA
generated using 10 keV C/; (green), 20 keV C{, (blue) and 40 keV
C{;t (red) primary ions for both sputtering and acquisition.
(A) Normalized counts at 85 m/z plotted against sputter depth. (B)
Normalized counts at 185 m/z plotted against sputter depth. Figure taken
from Fisher et al. (Fisher et al., 2008) reprinted with permission from
Elsevier, copyright 2008. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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with peak to peak roughness values of 6 nm for the surface, 57 nm
for the 10 keV C{, crater bottom, 183 nm for 20 keV C{; crater
bottom, and 309 nm for 40 keV C{;" crater bottom. This
increased roughness was attributed to defects in the PMMA film.
These are fairly high values for topography formation, and hence
there should be a corresponding decrease in depth resolution at
higher energies. The hardness and modulus were found to
decrease with increasing beam energy. The XPS spectra also
indicated decreased O concentrations and decreased C=0
content with increasing energy. Although these changes could
be attributed to increased damage accumulation at higher
energies resulting from the longer sputtering times, it could also
be attributed to C deposition.

More recently, alternating layers of two different Irganox
samples were prepared as a means to create model organic
“delta-layers’ (Shard et al., 2008). The results from this work are
similar to that observed by Fisher et al. (2008) in that there is
evidence of decreased erosion depths for lower energy beams,
and increased roughness at higher energies. The corresponding
depth resolutions however were determined to be greater at lower
energies.

D. Beam Angle

It has recently been demonstrated that glancing ion beam angles
are most ideal for organic and polymeric depth profiling with C,
beams due to a reduction in penetration depths (Kozole, Wucher,
& Winograd, 2008; Miyayama et al., 2008). Kozole et al. show
that there is a reduction in molecular damage at more glancing
angles, even though the total sputtering yield is reduced.
Figure 25 illustrates this important result in a thin film of
cholesterol on Si. These results suggest reduced damage is not
necessarily dependent upon enhanced sputtering yields and that
depositing the incident energy nearer the surface by using
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glancing angles is most important. It is unclear at this point if
carbon deposition plays a role as well.

E. Charge

Szymczak and Wittmaack (Szymczak & Wittmaak, 1994)
acquired positive and negative TOF mass spectra of Si sputter-
cleaned with SF; , SFs, SF;F, and Xe™. Charge was found to play
little, if any, role in the ion yields. Several investigations use Cgo,
CZ), and C; interchangeably for depth profiling applications
(Shard et al., 2007; Wucher, Chen, & Wingorad, 2008; Fisher
et al., 2008) with very little difference in the results. Therefore it
is assumed that charge does not play a significant role in depth
profiling.

F. Oxygen Flooding

Recent studies have indicated that oxygen flooding during
polymeric depth profiling can enhance secondary ion yields
during depth profiling, but only slightly. To the author’s
knowledge, there has not yet been a publication in regards to
the maximum erosion depths achievable with and without
oxygen flooding. Though the presence of oxygen during
irradiation has been shown to enhance degradation mechanisms
in some polymers (Chapiro, 1962), the pressures are most likely
too low during a typical SIMS experiment to have any
appreciable affect. In either case, more work needs to be done
in this area before the issue can be discussed further.

G. Temperature

Because most crosslinking and degradation mechanisms rely
heavily on the formation of free radical intermediates, temper-
ature and crystallinity typically play a very important role in the
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FIGURE 25. Depth profile plots of cholesterol quasi-molecular ion (m/z 369, [M—H,O]"; squares) and
silicon (m/z 28, Si*; triangles) ion intensities as a function of Cg, fluence. The depth profiles were acquired
using 40 keV C{;at 5°, (a) 25° and (b) 73° incidence. The Si intensity is multiplied by a factor of 10 in each
depth profile plot. Figure taken from Kozole, Wucher, and Winograd (2008) reprinted with permission from
American Chemical Society, copyright 2008. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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degradation and crosslinking processes in polymers (Chapiro,
1962). This is because free radicals will lose their reactivity if
they are embedded in a solid medium as they become ““trapped”
or “frozen.” This tends to be the case when polymers are below
their glass transition temperature or have crystalline regions
where there is decreased mobility of the polymer chains.
Therefore, at low temperatures (—100°C range), it may take a
lot longer before a critical fluence is reached, where the polymer
starts forming a gel. When the sample is later “‘unfrozen’ again,
for example, by an increase in temperature beyond its glass
transition temperature or by addition of a solvent, the radical is
again free to react. On the other hand, increased temperatures
allow for increased availability of these radicals, and therefore
crosslinking and/or degradation mechanisms can be sped up. In
addition, ion-induced depolymerization mechanisms will start
playing a role at high temperatures resulting in more rapid
removal of material.

A series of studies at NIST recently demonstrated that
temperature indeed plays a significant role in polymeric depth
profiling, as well as for polymeric surface analysis in SIMS
(Mahoney et al., 2006a; Mahoney, Patwardhan, & McDermott,
2006b; Mahoney, Fahey, & Gillen, 2007a; Mahoney et al., 2007b;
Mahoney, Fahey, & Belu, 2008). It was demonstrated that depth
profiling in PMMA is optimized at low temperatures with an SFJ
source (Mahoney etal., 2006a). Figure 26 depicts the main results
from this work, with depth profiles obtained from PMMA films
(160 nm) on Si at three different temperatures (—75°C, 25°C, and
125°C), along with the corresponding AFM topography maps of
the crater bottoms. As can be seen, the best overall depth profiles
were acquired at —75°C, as evidenced by the increased signal
constancy, interfacial widths and corresponding decrease in
topography formation. The worst overall depth profiles were
obtained at room temperature, where there was significant signal
degradation prior to the interface location, and much more
accumulation of topography shown in the AFM. It should be
noted that this extensive signal degradation observed in the
PMMA film is not typically observed with thinner films
(<80 nm) (Gillen & Roberson, 1998). The premature decay
observed at 25°C, is therefore considered to be of a type similar to
that displayed in Figure 14d. It is likely that at room temperature,
the critical crosslinking fluence of the PMMA was reached earlier
than at low temperatures.

The corresponding AFM micrographs indicated an increase
in topography formation at room temperature as compared to the
other temperatures, and particularly smooth crater bottoms were
obtained at —75°C. Corresponding XPS analysis of PMMA
crater bottoms also showed a higher C/Si ratio (C/Si = 5) in crater
bottoms created at 25°C as compared to the other temperatures
(C/Siratios measured in crater bottoms at 125°C and —75°C were
1.58 and 0.47 respectively), even though all corresponding
molecular signal in the SIMS depth profiles were absent. This
indicates that there is still highly damaged PMMA material
remaining at the 25°C crater bottom. The lowest C/Si ratio was
observed in the —75°C crater bottom indicating that the PMMA
was successfully removed from the wafer by the SF;r beam.
Intermediate topography and C/Si ratios were obtained at 125°C,
similar to what was observed in the depth profiles.

Along with the improvements observed in the depth profiles
at high temperatures, there was a measured increase in sputter
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FIGURE 26. (a) Positive secondary ion intensities of m/z =69 plotted
as a function of depth fora PMMA film (~160 nm) on Si measured at: (1)
—75°C, (2) 25°C, and (3) 125°C. All depth profiles were acquired using
dual beam depth profiling (10 keV Ar" analysis source, and 5 keV SF{
sputter source). (b) Atomic force microscopy (AFM) topography images
of crater bottoms formed at different temperatures (1 pm x 1 pm area):
(1) =75°C, Rims~0.27 nm; (2) 25°C, Ryps=~11.37 nm; (3) 125°C,
Rms=~1.00 nm. Note: control sample of PMMA surface before
sputtering had an Ry, of ~0.85 nm, while that of pure Si is around
0.2 nm. Figure from Mahoney et al. (2006a) reprinted with permission
from Elsevier, copyright 2006. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

rate at higher temperatures. The reported sputter rates at room
temperature were approximately 25 nm*/SFs, while at 125°C the
sputter rates increase to approximately 49 nm*/SFs. This increase
in sputter rate was attributed to ion beam-induced depolymeriza-
tion, a well-known phenomenon that occurs during atomic
bombardment (Fragalaetal., 1998). Residual gas analysis (RGA)
was utilized to confirm that high temperature depth profiling
mechanisms in PMMA do indeed involve a depolymerization or
“unzipping” process, as evidenced by the existence of the methyl
methacrylate monomer at m/z = 120 above 50°C (Mahoney et al.,
2007b). The results from this analysis are depicted in Figure 27,
which displays the pressure of the gaseous monomer released as a
function of temperature. As can be seen, there is an increase with
temperature and the point at which the monomer concentration
started to increase was around 50°C. This is the same point at
which the measured sputter rate of the material increased
(Mahoney, Fahey, & Gillen, 2007a). Also consistent with
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FIGURE 27. Pressure of PMMA monomer as a function of increasing
temperature, with (@) and without () SF;r sputtering. Each point
represents an average of at least 3 measurements on the same sample,
where the error bars represent 1 standard deviation. Figure from
Mahoney et al. (2007b) reprinted with permission from American
Chemical Society, copyright 2007. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

depolymerization was the XPS Cls spectra, which indicated a
decreased content of the C=0 moiety in the samples bombarded
at —75°C and 25°C, as compared to the control, but very little
difference between ion-bombarded and pristine PMMA at 125°C
(Mahoney et al., 2007b).

Temperature studies were also performed with C6+0 ion
beams on PMMA (Mollers et al., 2006). The results were similar
to Mahoney’s work in regards to high temperatures, where there
was a significant increase in erosion rates of the PMMA at high
temperatures. More specifically, the erosion rates were reported
tobe 20 nm? /Cf, at —140°C, 38 nm*/ion at 20°C and 60 nm? /C¢,
at 180°C. However, no improvements in the profile quality were
observed at low temperatures with the C/,,. It should be noted that
the depth profile obtained with C{; at room temperature looks
much better than the same achieved with the SF5+, meaning there
is no degradation in signal at room temperature. It is assumed that
there is still some form of ion-induced polymerization effect
occurring even at room temperature with the CZO, since there are
still decreases in the sputter rate below room temperature. It could
also be that there is a significantly higher critical fluence required
to reach the gel point of the PMMA in the case of C‘go as compared
to SFY.

It was this work (Mollers et al., 2006) that first suggested that
at high temperatures, there was a change in the chemical
sputtering mechanism to that of ion-induced depolymerization.
This idea was corroborated by the fact that at these high
temperatures, depth profiling of PMMA could even be achieved
using Ga beams. In addition to PMMA samples, the authors of
this work also investigated the effect of temperature on depth
profling in poly(a-methyl-styrene) (PAMS) and PS samples.
PAMS could not be profiled at room temperature. However, when
the temperature was increased to above 160°C, the material was
depth profiled successfully because of depolymerization (see
Fig. 28). PS depth profiling was unsuccessful at all temperatures,
similar to what was observed with SF{ (Mahoney et al., 2006a).
Though low temperatures did not appear to help with the PMMA
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FIGURE 28. Normalized intensity of m/z =105 yield versus depth in PAMS films measured at various
sample temperatures. Erosion beam: Cgp, 10 keV (open symbols) or 20 keV (solid symbols). Depth scale
is calibrated with the silicon substrate signal, shown as dash-dotted line only for the 180° experiment.
Figure taken from Mollers et al. (2006) reprinted with permission from Elsevier, copyright 2006.
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samples when employing C(ﬁ), low temperatures are still turning
out to be ideal in some organic systems (Zheng, Wucher, &
Winograd, 2008).

The relaxation of the craters at different temperatures plays a
very critical role as well, and helps to describe the resulting
topography formation shown in the AFM images. In studies by
Papaléo et al. (2001, 2006), PMMA films were bombarded with
20 MeV Au™ ions at low fluences and at variable temperatures
from —196°C to 150°C. Scanning force microscopy (SFM) was
then used to image the bombarded regions after cooling. The
SFM images revealed nm-sized craters and/or raised regions
(hillocks) around the point of each ion impact, where the size of
the craters and hillocks was independent of the temperature up to
80°C, but at higher temperatures, the crater dimensions increased
steeply and no hillock was observed. The effects of local
temperature were prominent as well. When the sample was
rapidly cooled, therefore quenching the relaxation of the crater,
the hillocks disappeared closer to the glass transition temperature
of the polymer (105°C). The presence of the hillocks at room
temperature, under slow cooling conditions, therefore indicates
that the transient local heating induced by the incoming ion itself
cannot be higher than 100°C at the hillock position, during a time
interval greater than several seconds. In other words, if after the
bombardment of the surface (at 25°C), the local temperature then
increases above the glass transition, it remains at this temperature
for a shorter time scale than is required for large scale movement
of macromolecules, otherwise the hillocks would not be
observed. This is true, given that the relaxation times for large-
scale chain movements of PMMA after mechanical deformation
is on the order of seconds to hours depending on the temperature,
while the increased temperature at the site of the bombardment is
increased for approximately 300 psec as predicted by thermal
spike models (Papaléo et al., 2001; Papaléo et al., 2006). These
results are consistent with the topography observed during SF5+
bombardment, where the initial topography features in the
PMMA were shown to be broader at higher temperatures
(Mahoney et al., 2007b).

Even more information was obtained from the mass spectra
of the PMMA acquired before and after sputtering with SF: at
variable temperatures (Mahoney et al., 2007b). Figure 29 shows
the results from principal components analysis of the PMMA
positive and negative ion SIMS spectra acquired before and
after sputtering in a PMMA film, at variable temperatures.
Figure 29a,b represents the scores and loadings from principal
component 1 (80.5% of total variance) of the positive ion spectra,
and Figure 29c,d shows the scores and loadings for principal
component 1 (74.6% of total variance) of the negative ion
spectra. As can be seen, there is a large difference in the mass
spectra acquired before and after sputtering. In general, after
sputtering there are more peaks indicative of the formation of
polycyclic aromatic hydrocarbons and a decrease in the peaks
associated with PMMA in the positive spectra. In the negative
spectra, there are larger amounts of C and F signals
present after sputtering, and a large decrease in the O signals.
Note that in both positive and negative ion mass spectra, the
smallest differences before and after sputtering are observed
at 125°C, indicating that the least amount of structural
damage is occurring at high temperatures, consistent with
depolymerization.
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Although the XPS, AFM, SIMS, and RGA results were
consistent with increased depolymerization at high temperatures,
it was unclear at the time, what caused the improvement at low
temperatures. Though the morphology changed significantly,
there was very little to no difference in the C=0 moiety at —75°C
versus 25°C. If anything, there was evidence of increased damage
in the SIMS spectra, where there were more peaks indicative of
damage in the form of unsaturation and crosslinking (PAH’s) at
—75°C, than at 25°C (after sputtering). These results were
initially quite surprising, based on the dramatic improvement in
SIMS depth profiles obtained at low temperatures. It was
therefore suggested, that the primary reason for the excellent
depth profile results in PMMA at low temperatures was not
because of decreased chemical damage to the material, but a
result of the variation in sputter properties at low temperatures.
It was argued that at these low temperatures, the polymers had
much better inter- and intra-chain coupling, leading to more
uniform sputtering. This therefore leads to a reduction in sputter
induced topography formation (as indicated in the AFM) and
improvements in the depth profile characteristics.

However, while the change in sputter-induced topography
formation may affect the interface widths, this does not fully
describe the loss of signal that occurs in a manner as that shown in
Figure 14d. It is the authors belief, that even though the mass
spectra show evidence of increased damage at low temperatures,
there is actually a significant decrease in crosslinking occurring at
low temperatures, due to a combination of trapped radicals and
decreased chain mobility, and that increases in PAH signal are
only associated with decreased depolymerization mechanisms. It
could also be that the decreased chain mobilities are the result of
increased PAH signal. For example, cyclization (formation of
PAH) is known to occur more frequently in crystalline regions
(Chapiro, 1962) under irradiation as compared to non-crystalline
regions. This increased cyclization in crystalline samples could
result from increased intramolecular versus intermolecular
interactions in the crystalline regions (intramolecular interac-
tions are more likely to result in cyclization and formation of
PAH’s). Similarly, low temperature materials exhibit decreased
chain mobility and therefore may show increased cyclization
mechanisms as well.

Temperature effects of several other polymeric materials
with SF;r were investigated by Mahoney et al. as well, including
PLA, PS, polyurethanes (PU), poly(ethylene-co-vinyl acetate)
(PEVA) and poly(styrene-co-isobutylene) (Mahoney et al.,
2006a; Mahoney, Patwardhan, & McDermott, 2006b; Mahoney,
Fahey, & Gillen, 2007a; Mahoney, Fahey, & Belu, 2008). Most
polymers tended to have increased PAH peaks when charac-
terized at low temperatures, similar to that observed with PMMA.
These differences are observed, even in the static SIMS spectra
acquired. A good example is shown in Figure 30, which shows the
static mass spectra (acquired with 10 keV Ar™) of the surface of a
polyurethane sample acquired at two different temperatures. This
particular PU contains methylene diisocyanate (MDI), poly
ethylene-glycol adipate (PEGA), and butanediol (BD) mono-
mers, where the hard segment is comprised of MDI-BD
segments, and the soft segment is comprised of MDI-PEGA
segments ((MDI-BD],,-[MDI-PEGA],,). Note in the mass spectra
that peaks characteristic of MDI are more intense in the spectra
acquired at low temperatures, and are not even seen at room
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FIGURE 29. Results from principle components analysis (PCA) of both positive and negative TOF—SIMS
spectra acquired from both the PMMA surface and sputtered PMMA crater bottoms at varying temperatures:
(a) scores from positive-ion mass spectra, (b) loadings from positive-ion mass spectra, (c¢) scores from
negative-ion mass spectra, and (d) loadings from negative-ion mass spectra. All PCA results shown here are
from principle component 1 (PC1) describing the majority of the variance in the spectra (80.5% of variance
in positive spectra and 74.6% variance in negative spectra.) Figure from Mahoney et al. (2007b), reprinted
with permission from American Chemical Society, copyright 2007.

temperature. Conversely, peaks characteristic of the PEGA are
diminished at low temperatures and are much more intense at
room temperature. It appears as though in all of the analysis
performed thus far, aromatic-type structures are preferred at low
temperatures.

In some materials, the effect of low temperatures was
particularly extreme (Mahoney, Patwardhan, & McDermott,
2006b). A good example is illustrated in Figure 31, which shows
polyurethane depth profiles at —100°C and 25°C. While at 25°C,
there is essentially no useful information, as indicated by the
nearly complete loss of signal in the profile, at —100°C there are
relatively constant secondary ion signals with depth, and a more
“well-defined” interface. This difference can be seen in the
optical images of the crater bottoms.

It has also been found that when applying low temperatures,
one can potentially depth profile through much thicker polymeric
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layers before any loss of signal occurs. For example, the depth
profiles acquired from the drug-eluting stent coatings displayed
in Figure 18 were acquired at —100°C (Mahoney, Fahey, & Belu,
2008). It was shown that the signal was lost after only around 1—
2 um of material was removed at room temperature. However, at
low temperatures, the entire 6 pm thick film was removed with
maintenance of characteristic signal. It is assumed that the gel
point is delayed at low temperatures and the signal can be
maintained for much longer periods of time.

H. Crystallinity and Stereochemistry

Similar to what is observed at low temperatures, it can be
expected that the crystalline regions in polymers will have
trapped radicals, therefore preventing crosslinking in these
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FIGURE 30. Positive ion mass spectra of polyurethane (Estane 5767) measured at: (a) 25°C, and
(b) —100°C. Peaks labeled with [O] are characteristic of the polyurethane hard segment, while peaks labeled
with [*] are characteristic of the polyurethane soft segment. Figure from Mahoney, Patwardhan,
and McDermott (2006b) reprinted with permission from Elsevier, copyright 2006.

regions. Although not much work has been done to confirm this
observation, there have been preliminary studies on the effects of
stereochemistry on depth profiling. The results have indicated
that the polymer tacticity may play a significant role in depth
profiling of polymers. More specifically, isotactic PMMA was
found to have decreased damage accumulation effects then
syndiotactic and atactic PMMA’s (Mahoney, 2009). The
improvements were not attributed to changes in their crystallinity
however, but rather from increases in strain along the backbone in
the isotactic structure (Soldera, 2002).

I. Co-Sputtering

Recent evidence suggests that co-sputtering with C, and other
ion beams, such as Ar" can prevent the accumulation of damage
associated with carbon deposition in the source (Yu et al., 2008),
where it has been shown that C,/ Ar' co-sputtering can be used
to extend the depth profile range and maintain a more constant
sputter rate in polymer depth profiles. The theory is that the Ar*
gun prevents the deposition of carbon and therefore can both
improve the quality of the depth profile and increase the
achievable erosion depth.

J. Other Considerations

Electron flood gun fluence should be limited due to the sensitivity
of certain polymers to electron bombardment. The use of a flood
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gun could accelerate the damage mechanisms occurring during
depth profiling. Gilmore and Seah (2002) defined a useful
electron fluence limit of 6 x 10'® electrons/m? for organic and
polymer samples. When using an LMIG source for analysis
during depth profiling in thicker films, care should be taken to use
the most minimal fluence because this has also been shown to
accumulate damage. Sample rotation may or may not play an
important role as well.

IX. SUMMARY AND CONCLUSIONS

Cluster secondary ion mass spectrometry (cluster SIMS) has
played a critical role in the characterization of organic and
polymeric materials over the last decade, allowing for significant
enhancements in molecular sensitivities and the ability to obtain
compositional information as a function of depth from several
organic and polymeric systems. This has lead to active research in
many areas, including bioimaging and drug delivery applica-
tions. Though it was initially thought that this technology would
have too many limitations for organic depth profiling, it is very
clear from the resulting literature, that these limitations are
rapidly disappearing.

It has been repeatedly demonstrated that parameters such as
temperature, beam energy, and beam type can play a crucial role
in polymeric depth profiling, and needs to be considered in any
SIMS experiment. Although both SF{ and C(, beams perform
well in depth profiling of thin polymer overlayers (<1 pm), C, is
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ideal for thicker overlayers as it has been shown to maintain
constant secondary ion signals for much higher fluences and
therefore increased erosion depths as compared to SF{ . Although
these sources are ideal for depth profiling in most polymeric
materials, many Type I polymers still present a problem for these
sources, a problem that is currently being eliminated with the
advent of the gas cluster ion beam.

It should be noted that the polymers that are particularly
amenable to depth profiling with cluster beams have contained
either quaternary C carbon atoms along the chain or have
cleavage points in the main chain, such as —-O-, -NH- or
—(C=0)-. It is assumed that the presence of a tetrasubstituted
carbon in the chain causes strain in the molecule, resulting in a
weakening of the main chain. It also appears that the most
radiation-resistant (crosslinking) polymers have decreased
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branching and/or contain aromatic substituents. For these types
of materials, it may be best to use either low energy Cs*/ O;r or
massive gas clusters (such as Arpggg), which work much better
than the more conventional cluster sources for these crosslinking
polymers.

For static SIMS analysis of surfaces, Aujgy, Bi (n=3,5, or
7) and C{, beams have been determined to have the highest
efficiencies. Bi,', in particular, has been useful for imaging
applications due to its high spatial resolution. In general, all
cluster sources result in significant benefits over atomic sources
in static SIMS analysis of thick polymer films. Besides the
increased signal intensities, there are often decreased charging
effects and decreased damage accumulation associated with
these sources, which allows for much longer signal
averaging times.
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Cluster beams exhibit significant enhancements in sensi-
tivity (as compared to atomic beams), with nanoscale depth
resolution (5—10 nm) and sub-micron lateral resolution, making
cluster SIMS a promising characterization tool enabling high-
resolution three-dimensional imaging for organic and polymeric-
based materials.
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X. APPENDIX

Several terms are utilized throughout this work to describe the
performance of cluster beams and are defined here as follows.
Please see ISO 18815 for more detailed terminology definitions.°
The secondary ion yield (Y) is defined as the number of
detected secondary ion species (N) divided by the total number
of applied primary ions (N,) (Kotter & Benninghoven, 1998).
The molecular ion yield is therefore the number of molecules
detected per primary ion impact. This is not to be confused with
the total ion yield, which is defined as the total number of positive
and negative secondary ions sputtered from a specimen per
incident primary particle. The sputtering yield or sputter volume
is defined as the number of molecules, fragments, atoms or
volume equivalents removed per incident primary ion. This is
different from the term, sputter rate, which is defined as the
eroded depth per unit time.

The disappearance cross section is a term describing the
damage and/or disappearance of molecules from a surface,
defined here as 0 = Nges/No, Where Ny is the average number of
molecular surface species being destroyed and/or disappearing
from a surface as a result of a single primary ion impact and Ny is
the total number of molecular species M in the unit area of 1 cm?
(Kotter & Benninghoven, 1998). The disappearance cross section

CLUSTER SECONDARY ION MASS SPECTROMETRY =

is measured via the following equation:
I=Ie™™ (5)

where [ is the initial signal intensity, / is the signal intensity of a
selected ion at a time, ¢, and fis the primary ion flux (Stapel, Brox,
& Benninghoven, 1999). The secondary ion efficiency (E) is
defined as the secondary ion yield (Y), divided by the
corresponding disappearance cross section (¢) and is a very
useful term to help describe the performance of a particular ion
source (Kotter & Benninghoven, 1998).

The disappearance cross section is not to be confused with
the damage cross section, which is related to the disappearance
cross section in the following manner (Cheng, Wucher, &
Winograd, 2006; Wucher, 2008):

Y
o= + oy (6)
where 7 is the density of molecules, d is the thickness of the
altered layer and Yis the secondary ion yield.

Sputter threshold: physical sputtering has a well-
defined minimum energy threshold which is equal to or larger
than the ion energy at which the maximum energy transfer of the
ion to a sample atom equals the binding energy of a surface atom.

Christine M. Mahoney received her bachelors in chemistry at the State University of New
York at Potsdam in 1997. She later received her Ph.D. in chemistry in 2003, under the
direction of Prof. Joseph A. Gardella Jr. at the State University of New York at Buffalo,
where she studied polymer surfaces using Secondary Ion Mass Spectrometry (SIMS) and
X-ray Photoelectron Spectroscopy (XPS). She was then awarded a post-doctoral fellowship
at the National Institute of Standards and Technology (NIST), in the Surface and
Microanalysis Division, where she went on to study cluster SIMS of polymers and related

materials. She is currently employed at NIST as a senior staff member.

°ISO standards from TC201/SC1 for terminology relating to surface
analysis and TC201/SC6 for SIMS standards.

Mass Spectrometry Reviews DOI 10.1002/mas

47




