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In this review we demonstrate how laser photo-ionization in combination with mass
spectrometry is a versatile and extremely sensitive technique to study particle — solid
interactions. The combined interpretation of the observables accessible with this technique,
including population partitions, (quantum-state selective) velocity and angular distributions,
and molecular fragmentation patterns, allows for gaining valuable insight in particle-induced
desorption processes. These processes were found to depend strongly on the physical and
chemical nature of the systems under study. We present results from three case studies of
systems with increasing chemical complexity subjected to keV Ar" ion bombardment. In the
first case, the importance of resonant electron transfer in governing the final electronic
configuration of metastable atoms emitted from clean metallic surfaces is introduced. Next,
we focus on the mechanisms that govern the lift-off of intact molecules from ion-bombarded
silver surfaces covered with a thin layer of physisorbed frozen benzene. Finally, we discuss
how both ballistic processes as well as chemical reactions lead to the desorption of molecular
fragments from highly ordered self-assembled monolayers covalently bound to a gold

substrate.

1. Introduction

Surface characterization techniques are becoming increasingly sophisticated and
sensitive to keep up with the constant reduction of the amount of material available
for the analysis. Many nanotechnological applications presently under development
rely, for example, on functionalized surfaces with only a submonolayer coverage of

complex organic molecules [1]. Laser photo-ionization in combination with mass
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spectrometry is a unique and valuable technique for the state-, energy- and angle-
resolved detection of neutral atoms and molecules in the gas phase with unmatched
sensitivity. We demonstrate how laser probing can be exploited to study in-situ the
processes that occur during the dynamical interaction of surfaces with energetic
projectiles. A better understanding of these processes not only is essential from a
fundamental physics point-of-view, but also has technological implications. The
study of the effects related to the exposure of organic surfaces to swift charged
particles is thereby of special interest. This is important for applications such as the
development of ultra thin lithographic resists or the use of devices based on
functionalized surfaces in hostile environments. It also allows for the evaluation of
the radiation-induced damage during characterization sessions by standard
spectroscopic techniques. Up to now, most studies focused on the interpretation of
the structural changes in pristine systems after irradiation. Little information is
available on the dynamical behavior of the films during the interaction with the
projectiles, and even less is known on the particle-initiated desorption processes.
Recently quite some experimental effort is being put in unraveling the processes that
occur during the emission of neutral species upon impact of energetic projectiles on
pure metallic substrates and on substrates covered with thin organic overlayers.
When an ion with a kinetic energy of a few keV hits a metallic surface, atoms,
clusters and molecules are released in different electronic and charge states. This is
commonly known as sputtering. The main kinematic aspects of such a sputter event,
like the overall yield or the energy and angular distributions, are reasonably well
described by cascade theory based on the transfer of collisional energy and
momentum [2]. But the underlying physics and chemistry that govern, e.g., the final
internal energy an ejected particle ends up with, can be quite different depending on
the specific system under investigation, and are largely not understood [3-5].

In this paper we give a review of experimental results that were obtained from three
systems with an increasing chemical complexity. We first describe the contribution of
electronic processes during the ejection of an atomic particle upon impact of an
energetic ion on a clean metallic surface. Next, we focus on the mechanisms that
govern the lift-off of intact molecules from ion-bombarded silver surface covered
with a thin layer of frozen benzene. Finally, the processes that occur during the ion-
stimulated erosion of self-assembled monolayers deposited on gold are discussed. As

all results are obtained using (resonance) laser photo-ionization as experimental
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technique, we start with a condensed summary of the setups and employed

procedures.
2. Experimental setup

The measurements presented in this paper were performed in two different laser-
ionization mass spectrometers. Such an experimental setup basically consists of three
main parts: an ion gun used to release particles from solid samples into the gas phase,
the ionizing-laser system(s) and a mass filter with a charge-sensitive detector. To
reduce the rate of surface contamination as much as possible, the samples are
positioned in an ultrahigh vacuum environment (base pressure of at least 5x10™'° hPa)
and — in case of bulk metallic samples — thoroughly cleaned by prolonged continuous
ion bombardment before the experiment.

Full details of the Leuven resonance ionization mass spectrometer can be found
elsewhere [6,7]. Briefly, clean metallic samples are bombarded by 15 keV Ar' ions
directed at 45° incidence onto the target. The ion gun can be operated in a continuous
(with current densities of ca. 0.5 pA/cm?) or pulsed mode (pulse duration ca. 300 ns).
Linearly polarized light is generated by two independent laser systems: an 6ptical
parametric oscillator (tuning range 225-1600 nm) and a dye laser both pumped by
pulsed Nd:YAG lasers. Both laser systems are equipped with frequency doubling
units. The laser pulse duration is about 6 ns and the pulses have a bandwidth of ca.
10 GHz. Maximum pulse energies range from a few mJ in the UV up to 50 mJ in the
visible wavelength region. The laser beams intersect the sputtered plume
perpendicularly to the axis of ion extraction and 4 mm in front of the sample surface.
The laser-ionized particles are finally extracted into a reflectron-type time-of-flight
mass spectrometer (with a typical mass resolution of about 800 at 60 a.m.u.) and
detected using standard dual microchannel plates.

The experimental setup at Penn State is designed to measure energy- and angular-
resolved distributions of neutral (EARN) particles and has been described in detail
elsewhere [8). Desorption events are initiated by a 200 ns 8 keV Ar' ion pulse
focused to a spot with a diameter of 3 mm on the sample surface. The measurements
were performed under static conditions with the accumulated primary ion dose kept at
10" ions/cm? to limit the accumulation of surface damage as much as possible. The
plume of desorbed particles is intersected about 10 mm in front of the sample by

either one or two ribbon-shaped laser beams from pulsed Nd:YAG pumped dye laser
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systems. Typical output energies are of the order of 1 mJ in 6ns pulses, while the
bandwidth is of the order of 10 GHz. Desorbed particles are subsequently mass-

selectively detected using a gated, position-sensitive microchannel plate detector.
3. Experimental procedures

Basically, four experimental observables are accessible using these setups: (i) mass
spectra (7i) population partitions (iii) (state-selective) flight-time distributions and (iv)
(state-selective) angular distributions.

Recording mass spectra not only introduces Z-selectivity when performing
measurements on atoms of elements with multiple isotopes (which in general cannot
be resolved spectrally due to the large bandwidth of employed laser systems), but also
allows discrimination against non-resonantly ionized species. The photo-ionization of
more complex aggregates such as clusters and molecules is almost always
accompanied with some degree of photofragmentation. Moreover, the impact of an
energetic particle on a molecular overlayer results in the desorption of molecular
fragments. Fragmentation patterns compiled from the mass spectra contain valuable
information to disentangle the fragmentation processes involved.

Gas-phase atoms and molecules are distributed over different discrete levels
according to their internal energy. If the energy difference between the levels is
larger than the laser bandwidth and the lifetime of the excited particles is long enough
to detect them a few ps after they are created, state-selective photo-ionization allows
for comparing the populations on different levels. Recently, a number of new
experiments were performed based on the state-selective detection of free atoms and
small molecules by resonance laser ionization spectroscopy. This technique proves to
be unique and universally applicable for the quantitative determination of population
partitions of atoms sputtered in the ground and metastable electronic states and even
small molecules in ground and vibrationally excited states [4,7,9].

To quantitatively determine the population partition of sputtered atoms an
experimental procedure based on two-step two-color resonance laser ionization was
used. The first step sequentially saturates the excitation of atoms in different
envisaged states into a selected intermediate state. A second and independent
ionization step is used to ionize the atoms. Where possible, the same intermediate
state is used to deduce directly the relative population from the relative photo-ion

signals, taking into account the degeneracies of the states involved, regardless of the
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ionization efficiency: only saturation of the excitation step is needed which is easily
obtained at modest laser pulse energies. Due to the extended range of values for the
total angular momentum of most atoms, selection rules governing optical transitions
prohibit that the populations in all metastable states are probed via a single
intermediate state. The overall partition is then obtained by combining population
distributions of overlapping subsets of metastable states. A more detailed discussion
of this experimental procedure can be found in Refs. [6,7].

The quantum-state selective flight-time distributions of the sputtered atoms and
molecules are recorded by varying the delay between the impact of the ion pulse and
the firing of the laser pulse(s). Velocity or kinetic energy distributions are then
obtained after coordinate transformation of the measured flight-time distributions
using the appropriate sample-to-laser distance [7,8,10].

Finally, the position-sensitive detector in the Penn State system enables the
calculation of the polar ejection angle distribution of the sputtered particles. This
allows for collecting simultaneously energy and angular-resolved data from desorbed

neutral atoms and molecules.
4. Resonant electron transfer during sputtering of metals

To date, the electronic processes involved in the determination of the final state of a
particle sputtered from a pure metal upon keV ion-bombardment are poorly
understood. Current popular models include collisional excitation at or above the
surface, bond-breaking of quasimolecules, and electron transfer between the metal
and the sputtered particles, but fail to give a unified picture [3,4]. Present work in
exploring the different electronic processes and their relative importance during the
sputter event is focusing on the emission of metastable atoms following the ion-beam
sputtering of simple metallic systems. Once the interaction between the escaping
particle and the metal is terminated, metastable atoms (with lifetimes of the order of
seconds) preserve their excitation state until they are detected at large distances from
the surface.

In order to compile a more complete picture of the electronic processes that occur
during ion-beam sputtering of metals, we performed measurements on a series of
different metals, including Co, Ni, Cu, Sr, Ag, and Ir, that exhibit a rich structure of
low- and high-lying metastable states with different electronic configurations.

Population partitions and state-selective velocity distributions of ground state and
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Fig. 1. (a) Population distribution of sputtered Co atoms produced by 15 keV Ar’ ion
bombardment of a pure polycrystalline target. The populations (n;) are given relative to the
ground state and corrected for the statistical weight of each state (g;). (b) State-selected
velocity distributions of Co atoms. Representative examples are given for atoms sputtered in
a state with a 3d® 4s” (closed symbols) and a 3d° 4s' (open symbols) configuration. This last
configuration has the closest resemblance with the bulk electronic structure (“bulk like”).

metastable atoms contain key information on the initial sputter event. An example of
such a population partition and two state-selective velocity distributions are shown in
Fig. 1a and b resp. The combined interpretation of these observables thus allows us
to gain more insight in the electronic mechanisms that occur during the sputtering
process. These investigations were strongly indicative that the population of the
atomic ground state and metastable states is largely governed by a mechanism
sensitive to the electronic configuration of the atomic state {11-13].

For an extensive overview of the results of this parametric study and a discussion of
the physical interpretation within the resonant- electron transfer model, we refer to the

paper by Dr. Vicky Philipsen in this volume of Physicalia.

5. State-selective detection of neutral molecules ejected from keV bombarded
CsHg/Ag(111)

The impact of an energetic ion on a metallic substrate covered with an organic
overlayer triggers a chain of events that finally leads to the ejection of both substrate
atoms and intact adsorbate molecules. Such a desorption process is based on different
mechanisms in which the properties of the incident particle, of the metal, and of the
molecular overlayer contribute. Recently, experimental evidence in combination with
an increased understanding at a microscopic level gained from molecular dynamics
simulations allowed different mechanisms that lead to the desorption of molecules

from simple, well-defined systems to be discerned [5,14,15]. We used resonant laser
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ionization spectroscopy to monitor quantum-state selectively both desorbed neutral
molecules and atoms sputtered from the underlying substrate as function of adsorbate
coverage.

As a model system we selected benzene physisorbed on the (111) planes of a cold
clean silver crystal. This system is chosen because of a number of attractive
attributes. Chemical reactions between the silver and the benzene that can modify the
simple binary nature of the system can be largely neglected because of the inert nature
of silver toward benzene. The system is reversible with temperature and highly
reproducible. Moreover, the energy level system for both benzene and silver are well
documented and their ultraviolet spectra are experimentally easily accessible.

Before the measurements, the Ag(111) single crystal is cleaned by many cycles of
continuous ion bombardment and by annealing at 730 K until a sharp LEED pattern is
obtained. Freeze-pump-thaw cycles are performed to remove gaseous impurities
from the benzene. Benzene is dosed onto the cold (120 K) Ag crystal by backfilling
the chamber, and different coverages were obtained by controlling the pressure and
the exposure period. All  exposures are reported in Langmuirs
(1 Langmuir (L) equals 1x10° Torr.s). Benzene is known to form ordered (3x3)
overlayers on Ag(111) from a 5 L exposure [16], and 5-7 L exposures correspond to
approx. 1 monolayer (ML) coverage [17].

The results allow us to compile a detailed picture of the desorption process in this
model system. A substantial part of the substrate atoms were detected to be sputtered
into a very high-lying metastable state. The yield in this excited state was found to
decrease rapidly as the amount of benzene covering the crystal surface increased.
Also the kinetic energy and angular distributions were found to be modified upon
dosing. The results indicate that a large fraction of the metastable silver atoms de-
excite during collisions with the adsorbate molecules [9,17].

Previously, non-resonant laser postionization was used to study the coverage-
dependent molecular ejection from ion-bombarded C¢H¢/Ag(111) [14]. The results
obtained from kinetic energy and angular distributions and the relative yield of neutral
CsHs molecules suggest that depending on the thickness of the overlayer, more than
one mechanism is responsible for the ejection process. The experiments presented
here allow for differentiation between the behavior of molecules with different

internal energies. As such they provide a unique possibility to gain even further
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insight into the underlying mechanisms
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g ! responsible for the ejection of large
'g fragile molecules.
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Fig. 2. State selective flight time . . . .
distributions of neutral benzene molecules In Fig.2, the flight-time density

desorbed from C¢Hs on Ag(111) at (a) a
submonolayer (1L exposure) and (b)
multilayer coverage (150 L exposure).
Solid lines represent the distributions
obtained for C¢Hs while the dashed lines
show the distributions for C¢H .

distributions of desorbed CsHg and C¢Hs-
molecules are shown for a 1L exposure
{submonolayer coverage) and a 150 L
Both

exposure (multilayer coverage).
the width and the position of the peak depend strongly on the state in which the
particle leaves the surface, as well as on the benzene coverage. Not surprisingly, the
coverage-dependent desorption of benzene molecules bears great similarity with the
results previously obtained by non-resonant ionization of ejected benzene molecules
[14]. From these experiments, it was learned that a peak appearing at short flight
times (labeled “A” in Fig. 2) was attributed to benzene molecules having a most
probable kinetic energy of about 1eV and desorbed by collisions with substrate
particles. As the coverage increases, the number of less energetic intermolecular
collisions grows resulting in a broadened flight-time distribution that is peak-shifted
towards longer flight times (lower kinetic energies). Finally, upon high exposures a
pronounced second feature appears in the time distribution at large flight times
(indicated by “B” in Fig. 2). This maximum is composed of benzene molecules that
are emitted with a very low most probable kinetic energy of 0.04 eV. At intermediate
coverages, such as the one presented here, both peak A and B are discernible,
indicating that both desorption mechanisms are competing, while at very high

coverages, only peak B is present [14].
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The flight-time distributions of the vibrationally excited C()HG' molecules allow for
compiling a more detailed picture on the ejection mechanisms. At low coverages, the
time distribution of C6H6‘ is found to be more narrow and to peak earlier compared to
the C¢Hg distributions. The corresponding kinetic energy distributions of molecules
with a higher internal energy are thus shifted to a higher peak energy by about 0.5 eV.
Previously, molecular dynamics simulations showed that the kinetic energies of the
desorbed molecules are strongly correlated with their internal energies [15], leading to
differences in the time distributions as we observed in our experiments. However, it
remains unclear how such a small difference in internal energy (the vibrational state
lies only 0.1 eV above the ground state) can lead to such vastly different time
distributions. The populations in more states, preferably in different vibrational
modes, should be probed to rule out the possibility that the differences in the time-
distributions have a state-dependent origin.

At high coverages (Fig. 2b) the time distribution of the C¢Hs is depleted from
collisionally ejected molecules. A possible explanation for this observation is that in
thick layers only the first few collisions between an escaping substrate atom and an
adsorbate molecule are energetic enough to excite the molecule. Before this excited
molecule can become detected, it has to travel through the thick molecular overlayer
where intermolecular collisions are abundant. Collisional quenching or unimolecular
decomposition are thus likely to occur. These experiments indicate that only C¢Hs
molecules created near the benzene-vacuum interface have a sufficiently high

probability to survive de-excitation [9].
6. JIon-induced erosion of organic self-assembled monolayers

Self-assembled monolayers (SAMs) are ordered molecular assemblies that are
spontaneously formed by the adsorption of an active surfactant on a solid surface.
They have many promising applications in different technological fields such as
nanofabrication, chemical and biological sensing, as well as tribology [1]. The most
widely studied SAMs consist of a short hydrocarbon chains with functional groups at
either end [19]. The molecules within the SAM are covalently bound to a substrate
and the interchain interactions (e.g. van der Waals forces or dipole-dipole
interactions) drive the formation of highly ordered and densely packed monolayers.
We studied the erosion of SAMs made of phenethyl mercaptan CsHsCH,CH,SH
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(PEM) adsorbed to a gold substrate

':g during bombardment with 8 keV Ar’

—.2: ions [20-23].
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prior to use. Next, the substrates were

rinsed with ethanol before introduction
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into the analysis chamber to remove

excess unbound molecules from the
Fig. 3. Mass spectra of neutral molecules (a) surface. Two-photon laser ionization
emitted from 8 keV Ar’ ion bombarded was performed at 259.04 nm.

phenethyl mercaptan self-assembled L
monolayer and (b) photo-ionized gas-phase The mass spectrum of photo-ionized

molecules. neutral molecules sputtered from

PEM/Au is shown in Fig. 3a, and compared with the mass spectrum obtained after
photo-ionization of PEM molecules in the gas phase (Fig. 3b). The mass spectrum
obtained in the sputtering experiment is dominated by the fragments at m/z = 104 and
m/z =77, which originate from the desulferized PEM-molecule and the phenyl ring
respectively. The complete PEM-molecule is hardly observable in this spectrum but
ubiquitously present in the mass spectrum recorded during the gas phase experiment.
From these observations it can be concluded that a substantial fraction of large
fragments are emitted from the surface and are not solely the product of the
photofragmentation of larger molecules.

A typical flight-time density distribution of laser post-ionized neutral molecular PEM
fragments with m/z =104 after ion-bombardment is shown in Fig. 4. The majority of
the fragments reach the post-ionization region only after very long flight times (peak
labeled “T” in the figure), indicating that those fragments predominantly desorb from
PEM/Au with thermal energies. This is surprising since the PEM molecules are
strongly bound to the gold substrate (the Au-S bond is about 2-3 e€V) while the
binding energy between the S and C atoms is of the same order [19]. Only a minor
fraction of the emitted molecules has higher kinetic energies (peak “B” in the figure).

A careful analysis using different projectiles showed that these molecules are
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sputtered with kinetic energies of the
] order of 1 eV by direct momentum
transfer from the incident to the gold

substrate and finally to the organic

Ion signal (arb. units)

overlayer [23].

. . . L2 o] We postulated that the low-energy
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Flight time (us) emission of PEM fragments can be

Flg 4, Fllght-tlme densxty distribution of the explained by chemical reactions
molecular fragment with m/z=106 am.u. . .

emitted from ion-bombarded PEM. The stimulated by the primary ions. Direct
symbols represent the experimental data, taken
at room temperature. The labels point to the
peaks in the distribution caused by fast (“B”) be excluded since it would cause the

and slow (“T”) fragments. The solid line . . .
indicates the best fit of the Maxwell- molecules to be ejected with high

Boltzmann density distribution to the data. kinetic energy. Molecular dynamics

bond scission by projectile impact can

simulations revealed that many of the surface molecules near the primary ion impact
zone are severely damaged and yield reactive hydrogen-like species (protons,
hydrogen-radicals ...) H* as well as other ionic and neutral molecular fragments
[15,24]. These unstable species can react with molecules and sever the chemical

bonds. A possible reaction might be the following:
CsHsCH,CH;S — Augyface + H* &> C¢HsCH,CHj; + S — Augurface

Bond scission by chemical reactions is more gentle than direct bond scission by ion
impact and is more likely to form products which may be trapped at the surface until
they finally are released with low kinetic energies. Direct scission of the Au-S bond
is endothermic by approx. 2-3 eV, while cleavage by reaction with a hydrogen radical
is estimated to be exothermic by 1.7 eV [23]. If evaporation is involved, the process
should be temperature dependent. Indeed, such dependence has been observed and
described by a convolution of the Maxwell-Boltzmann distribution with a first-order
rate equation to account for the delay in the overall desorption [20,23].

The concepts presented here, are currently further under investigation using another
class of thiol-based SAMs [22]. These molecules carry a biphenyl structure as a
functional group, which is known to show an increased resistance to certain types of
etching when irradiated with low-energy electrons, presumably because of electron-
induced cross-linking between neighboring phenyl groups. Possibilities to use such

molecules as ultrathin negative resists for electron lithography purposes are in an
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exploratory phase {25,26]. A better understanding of the nature and an estimate of the
fraction of desorbed fragments during particle-irradiation is thus highly desirable to

improve the resolution that can be reached with this type of resist.
7. Summary

In conclusion, we demonstrated how laser ionization in combination with mass
spectrometry is a versatile and extremely sensitive technique to study particle — solid
interactions. The combined interpretation of the observables accessible with this
technique, including population partitions, (quantum-state selective) velocity and
angular distributions, and molecular fragmentation patterns, allows for gaining
valuable insight in particle-induced desorption processes. These processes were
found to depend strongly on the physical and chemical nature of the system under
study.

We presented results from three case studies of systems with increasing chemical
complexity subjected to a bombardment with keV Ar’ ions. In the first case, the
dominant contribution of resonant electron transfer in governing the final electronic
configuration of metastable atoms emitted from clean metallic surfaces was
presented. Next, the ejection of substrate atoms as well as intact molecules with
different internal energies from ion-bombarded from CsHe¢/Ag(111) was found to be
strongly coverage-dependent. Finally, we discussed how both ballistic processes as
well as chemical reactions lead to the desorption of molecular fragments from highly
ordered self-assembled monolayers covalently bound to a gold substrate.

In the future, we will continue studying the interactions of different projectiles with
systems that are fundamentally as well as technologically relevant. Increasingly
realistic and sophisticated molecular dynamics simulations will parallel these
experimental studies. We are convinced that this is a powerful approach to derive
conclusions not only on the dynamics of the ejection processes, but also on the

reaction pathways taking place upon particle-irradiation.
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