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ARTICLE INFO ABSTRACT

Keywords: The Molecular Dynamics (MD) computer simulations are used to gain insight into the mechanism of molecular
MD simulations ejection from a monolayer of phenylalanine (CoH;;NO32) molecules deposited on free-standing two-layer gra-
SIMS phene. The system is bombarded with Cgg projectiles with different kinetic energy and angle of incidence. Mass
Graphene . . e . . :

N spectra, sputtering yields, and angular distributions of emitted particles are recorded in two bombardment ge-
Organic overlayer L . N~ .
Sputtering ometries, in which the projectile hits the sample from above and below.

60 The sputtering yields increase with the primary kinetic energy. There is an optimal angle of incidence for each
kinetic energy, leading to the most effective molecular emission. The value of this angle increases with kinetic
energy. The interplay between the area energized by the impinging projectile, the energy back-reflection, and
molecular fragmentation determines the shape of the yield dependence on the angle of incidence. The
bombardment geometry has little effect on the efficiency of molecular emission. Generally, organic molecules are
emitted by interaction with the projectile and/or a graphene substrate. The main factor affecting the relative
contribution of each of these interactions is whether graphene is punctured. The implications of current results

for the potential use of graphene supports in Secondary Ion Mass Spectrometry are discussed.

1. Introduction

In recent years, cluster ion beams have attracted increasing experi-
mental and theoretical attention due to their ability to increase the
ejection of large intact organic molecules and reduce the accumulation
of chemical damage in Secondary Ion Mass Spectrometry (SIMS) [1-4].
The use of cluster projectiles enabled three-dimensional depth profiling
of organic and biological systems, exposing this technique to the uni-
verse of new possibilities. One of the most successful clusters used in
organic SIMS is Cgg fullerene [5]. In standard SIMS geometry, the de-
tector is on the same side of the target as the ion gun. Usually, metals or
semiconductors are used to support the investigated material. Recently,
a novel SIMS configuration has been proposed, using transmission
orientation in combination with free-standing graphene support [6]. In
this orientation, the analyzed organic material is deposited on one side
of the ultra-thin substrate, while cluster projectiles bombard another
side. The use of ultra-thin support allows for minimizing interference
between substrate and analyte signals. The formation of negative mo-
lecular ions is also increased by two orders of magnitude due to the

* Corresponding author.
E-mail addresses: mikolaj.golunski@doctoral.if.uj.edu.pl (M. Gotunski),
(Z. Postawa).

https://doi.org/10.1016/j.apsusc.2020.148259

presence of graphene [7-9]. It was therefore argued that such geometry
could be particularly attractive for studying isolated small nano-objects
and supramolecular assemblies [6-10].

There is an extensive database of theoretical studies aimed at
determining processes leading to the emission of molecules deposited on
thick substrates [1,11-19]. In particular, it was found that various
processes are responsible for molecular ejection, depending on whether
the projectile is atomic or cluster [1]. For atomic projectiles, the
development of a linear collision cascade leads to particle emission [20].
Simultaneous interactions with many ejecting substrate atoms are
necessary to stimulate the uplifting of large organic molecules having
multiple contact points with the surface [12]. The probability that
monoatomic projectiles will generate a time and space-correlated ejec-
tion of a sufficient number of substrate atoms to displace a large organic
molecule sharply decreases as the number of these contact points in-
creases. As a result, these projectiles are not optimal for the uplifting of
large intact molecules.

Much better are cluster projectiles. The impact of these projectiles
leads to the development of a non-linear collision cascade and the
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unfolding of the topmost layers in a time and space correlated manner
[21-23]. The formation of a crater is one of the consequences of this
action. Another consequence is the ejection of organic molecules by the
collective processes [14,15]. For large gas cluster projectiles, the mol-
ecules can also be entrained in a stream of projectile atoms reflected
from the substrate [17-19]. This process is particularly effective in the
case of off-normal impacts of projectiles consisting of thousands of
weakly bonded atoms. It should be noted that simulations of bulk
phenylalanine sample bombardment with large gas clusters confirm the
“gas-flow” mechanic with the emission of intact molecules mainly from
the rim of the crater [24]. Finally, small, weakly bound molecules can be
uplifted from the substrate by interacting with circular acoustic waves
[13,16]. Such waves can be generated by cluster impacts on the surface
of materials with a membrane-like structure, like graphite.

Although the molecular emission from the organic overlayers
deposited on thick substrates is well documented, much less is known
about the processes leading to molecular emission from two-
dimensional (2D) substrates. Processes generated in such substrates
must be different due to their limited vertical dimensions, which does
not allow for the development of a full collision cascade. Several sim-
ulations have been performed on the Cgp bombardment of clean gra-
phene [6,25-31]. So far, only a few simulations of the Cgo bombardment
of organic molecules deposited on free-standing graphene have been
performed [8,9,32]. All these simulations are performed for impacts in
transmission geometry. Moreover, they are limited to the normal inci-
dence and minimal range of incident kinetic energy. There is no simu-
lation studying molecular emission from graphene bombarded by cluster
projectiles in standard sputtering configuration, in which both the ion
gun and the detector are on the same side of the substrate. The purpose
of this article is to investigate the processes that lead to the ejection of
organic molecules deposited on ultrathin free-standing graphene uti-
lizing a wide range of projectile kinetic energies and impact angles.
Molecular emission stimulated by projectile impacts conducted in the
novel transmission configuration and standard sputtering setup is
investigated to identify and explain differences in mechanisms of mo-
lecular emission in these two systems. The implications of the results for
the potential use of graphene support in Secondary Ion Mass Spec-
trometry are discussed.

2. Material and methods

The molecular dynamics (MD) computer simulations are used to
model cluster bombardment. Briefly, the movement of particles is
determined by integrating Hamilton’s equations of motion. The forces
between carbon atoms in the system are described by the ReaxFF-lg
force field [33], which allows for the formation and breaking of cova-
lent bonds. This potential is splined at short distances with a Ziegler-
Biersack-Littmark (ZBL) potential [34] to describe high-energy colli-
sions adequately. We have decided to use the ReaxFF-Ig potential as it
was made for modeling energetic collisions. It should be pointed out,
however, that a Reax potential parametrized to describe the amino acids
is also published [35]. This potential was parametrized to describe low-
energy processes. Therefore, it should be supplemented with a repulsive
wall to accurately describe interatomic collisions at short distances
(high-energy collisions). We have run a series of trial simulations with
both potentials and found out that in our system, the results are similar.
We have already published a few studies aimed to investigate various
aspects of the particle emission from clean graphene and graphene
covered with phenylalanine molecules using the Reax-lg potential
[25,26,32]. Therefore, this force-field will be used in this manuscript to
allow for a direct comparison of the current and previously published
data. However, it should be stressed that parametrization developed for
amino acids should be used in sputtering studies, where low-energy
collisions are responsible for particle emission. Such a situation will
occur, for example, during cluster bombardment of bulk phenylalanine
systems. In this case, a full collision cascade will develop inside a thick
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sample, and the particles emitted into the vacuum will originate from a
low-energy tail of this cascade [20]. Electronic stopping was disregarded
as in the case of the investigated sample and energies the nuclear
stopping is much more prevalent than electronic processes [34]. A more
detailed description of the MD method can be found elsewhere [1].
The shape and size of the samples are selected on the basis of visual
observations of energy transfer pathways stimulated by Ceo impacts
[25,26]. As a result, cylindrical samples with a diameter of 40 nm are
used. We observe that for the smaller sample (35 nm), the sample size
affects the results. On the other hand, using a sample with a diameter of
45 nm makes the simulations more computationally intensive, with no
added benefit. The samples consist of a double layer of graphene with a
highly oriented pyrolytic graphite structure. We produced a HOPG
structure by creating ideal graphene sheets in AB stacking and mini-
mizing their energy. We confirmed the structure by visual inspection of a
stable graphene sample. The whole sample consists of a single graphene
“crystal”. We used a double layer of graphene due to our previous
collaboration with an experimental group that operated on such a sys-
tem and required a theoretical analysis of their experimental outcomes
[6-10]. Therefore, our current results can be related to these studies.
Moreover, such substrates can be easily purchased, giving opportunities
for other experimenters to verify our work. A monolayer of phenylala-
nine molecules (C9H;1NO3) is deposited on graphene. Molecules were
first placed on the graphene surface in an orderly fashion with an
experimental density of Phe monolayer [36]. Then their positions have
been randomized, and the energy of the whole sample has been mini-
mized through prolonged simulation with no constraints. Phenylalanine
was chosen because it is an essential amino acid that enables research
into the system of interest to the bio-SIMS community. The molecule is
also relatively simple, which reduces the computational cost of calcu-
lations. The thickness of the organic monolayer (without graphene) is
about 1 nm. The samples are bombarded by Cg projectiles directed at
the graphene substrate (transmission geometry) or the organic layer
(sputtering geometry), as shown in Fig. 1. A wide range of kinetic en-
ergies (0.5-40 keV) and the incidence angles (0°-80°) of the projectile
are used to investigate the influence of these parameters on the particle
ejection process. The angle of incidence is defined between the direction
of the initial projectile motion and the normal vector of the sample
plane. Organic particles ejected from both sides of the sample are
collected. However, there is almost no emission of organic material into
the “substrate side” of the graphene sheet, even with impacts conducted
in sputtering geometry (Fig. 1). Therefore, only the emission of particles
on the “organic side” of the sample is discussed later in the paper.
Rigid and stochastic regions are used to simulate a thermal bath that
maintains the sample at the required temperature, to prevent reflection
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Fig. 1. Schematic diagram of systems used to model Cgo bombardment of
phenylalanine monolayer deposited on free-standing graphene in a) trans-
mission and b) sputtering geometry. Cgo projectile atoms are yellow, graphene
atoms are green, while atoms of organic molecules are expressed by following
colours: carbon is black, nitrogen is blue, oxygen is red, hydrogen is grey. The
arrows indicate the directions of the projectile impact and the emission of
material from the sample. The polar emission angle and the angle of projectile
incidence are marked by 6. and 0;, respectively. The polar angles larger than
zero are referred to as “off-normal polar angles”. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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of pressure waves from the boundaries of the system, and to maintain
the shape of the sample [23]. These boundaries are proposed originally
for 3D solids, and their application to 2D systems is not apparent. To test
the applicability of such an approach, we performed calculations for a
series of 10 keV Cgo impacts at a clean 2-layer graphene substrate that
was 8 times larger (320 nm diameter) than the original system used in
our study. This system’s size was large enough to ensure that even the
quickest disturbances induced by the projectile impact did not reach the
system’s boundaries within the time needed to complete the emission of
all particles. As a result, there is no effect of the rigid and stochastic
boundaries on the sputtering yield in such a system. Within the statis-
tical accuracy of our results, we do not see any difference in the sput-
tering yields calculated on both systems, which proves the applicability
of the adopted approach to 2D systems, at least for analysis of the par-
ticle ejection process. The simulations are run at a target temperature of
0 K. They extend to 20 ps for impacts with kinetic energy below 15 keV,
and 40 ps otherwise. This time is sufficient to achieve saturation of the
ejection yield versus time dependence. For each set of conditions, nine
impacts are simulated at randomly selected points located near the
center of the sample to obtain statistically reliable data. Simulations are
performed with the large-scale atomic/molecular massively parallel
simulator code (LAMMPS) [37] that has been modified to model sput-
tering conditions more efficiently.

3. Results

We start by examining the effect of primary kinetic energy and the
angle of incidence on the movement of the Cg projectile atoms. Such
knowledge is useful for determining graphene piercing conditions and
the efficiency of the primary energy deposition process. The number of
projectile atoms penetrating and back-reflecting from the sample and
the fraction of the primary kinetic energy lost by these atoms during
interaction with the bombarded system is presented in Fig. 2. Let’s start
by examining the effect of projectile kinetic energy for impacts along
normal to the surface. For kinetic energy less than or equal to 1 keV,
none of the projectile atoms penetrate the sample. However, even if the
sample is not raptured, the projectile loses a significant portion of its
primary kinetic energy. For example, for kinetic energy below 5 keV,
almost all energy is transferred from the projectile to the bombarded
system. Also, the number of back-reflected projectile atoms is minimal,
which indicates that most of the projectiles are trapped at the sample.
The transmitted projectile atoms emerge for 2 keV Cgo impacts, which
indicates that the sample is ruptured. The number of transmitted pro-
jectile atoms increases as the primary kinetic energy increases until all
projectile atoms pass through the sample. At the same time, a smaller
portion of the projectile kinetic energy is deposited in the sample. For
example, almost 90% of the impact energy is deposited in the system by
5 keV Cgp. This value drops to just 40% for the system bombarded by 40
keV projectile. There is no difference in the efficiency of the energy
deposition process for impacts conducted in transmission and sputtering
configuration. However, the number of transmitted projectile atoms is
sensitive to bombardment geometry, especially near the energy needed
to pierce the sample. Fewer projectile atoms pass through the sample
during impacts that occur near surface normal in sputtering configura-
tion than transmission geometry.

The angle of incidence also has an apparent effect on the number of
transmitted and back-reflected projectile atoms and the amount of en-
ergy transferred from the projectile to the system. The number of
transmitted projectile atoms decreases as the angle of incidence in-
creases when the kinetic energy of the projectile is constant. Most of the
atoms that do not penetrate the sample are back-reflected, especially for
off-normal impacts. Projectile atoms can also be trapped inside the
sample. The probability of this process increases with the increase of the
angle of incidence and reduction of kinetic energy. For each primary
kinetic energy, there is a critical angle when none of the projectile atoms
penetrate the sample. The value of this angle increases with the primary
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Fig. 2. Dependence of the number of projectile atoms a) transmitted through
the sample and b) reflected from the sample and c) a fraction of the projectile’s
primary kinetic energy deposited in the sample on the kinetic energy and angle
of incidence of Cgo projectile bombarding the sample in sputtering (open
symbols and dashed lines) and transmission geometry (full symbols and solid
lines). Vertical lines with whiskers denote error bars resulting from multiple
impacts simulated for each set of initial conditions, as described in Section 2.

kinetic energy. The angle of incidence also affects the efficiency of en-
ergy losses. This effect is especially visible in the case of high energy
impacts. Initially, this amount increases with the angle of incidence, as
shown in Fig. 2¢. In the end, however, the amount of energy transferred
to the system decreases as more energy is back-reflected. The shape of
the dependence of the number of transmitted projectile atoms on the
angle of incidence is similar for transmission and sputtering geometry.
Impact geometry also has little effect on the amount of energy loss, at
least for angles of incidence below 60°. At larger angles, more energy is
transferred to the sample during impacts in the sputtering geometry.
Knowledge about what happens to projectile atoms provides useful
information about the behavior of the bombarded system. However, for
the potential use of graphene in SIMS, knowledge about the emission of
organic molecules is much more important. The mass spectra of the
particles emitted from the phenylalanine overlayer bombarded with 0.5
keV, 10 keV, and 40 keV Cgo projectiles at normal incidence are pre-
sented in Fig. 3. The spectra only show particles ejected from the organic
overlayer, i.e., both the projectile and graphene atoms are eliminated
from this figure. The peak corresponding to the intact phenylalanine
molecules occurs in all spectra. The height of this peak is comparable in
almost all cases presented in Fig. 3. Only for 0.5 keV Cgo impact, con-
ducted in sputtering configuration, the emission of intact molecules
hardly exists. However, this behavior is expected because this projectile
has very low kinetic energy. The presence of strong emission of intact
molecules for 0.5 keV Cgp bombardment in transmission geometry is
much more mysterious. For all presented impacts, the emission of intact
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Fig. 3. Mass spectra of particles emitted from the phenylalanine (Phe) over-
layer by a, b) 0.5 keV, ¢, d) 10 keV and e, f) 40 keV Cg projectile impacts in
transmission (left panel) and sputtering (right panel) geometry. In all cases
projectiles arrive at the sample along the surface normal. Dashed lines in the
background are for reference only.

molecules is accompanied by the ejection of molecular fragments. The
most abundant are H atoms, followed by Hj, Cy, O, and C.

Analysis of the mass spectra allows determining how the projectile
properties affect the degree of fragmentation and emission efficiency of
the analyzed molecules. This knowledge is necessary, for example, to
find optimal ion-beam settings leading to the most efficient emission of
intact molecules. Having a strong signal of the intact molecule is a sig-
nificant concern for SIMS. The impact of the primary kinetic energy and
angle of incidence on the number of ejected intact phenylalanine mol-
ecules and their fragments is presented in Fig. 4. Data for molecular
fragments are expressed in molecular equivalents. In this representation,
the given point represents the total mass of all emitted fragments divided
by the mass of the intact phenylalanine molecule. The shapes of all
graphs are similar. For each primary kinetic energy, there is a specific
local angle of impact that leads to the most abundant ejection of parti-
cles, which we call an optimal impact angle 2. The value of this angle
depends on the primary kinetic energy and impact configuration, as
shown in the insets. For 0.5 keV Cgo impacts conducted in transmission

Intact molecules

Molecular fragments

Applied Surface Science 539 (2021) 148259

configuration, the strongest ejection occurs when the sample is bom-
barded along a surface normal. In this case, the yield monotonically
decreases as the angle of incidence increases. The most abundant
emission shifts towards higher angles of incidence as the primary kinetic
energy increases (see insets to Fig. 4). On the other hand, for sputtering
geometry, the maximum emission always occurs at the off-normal an-
gles of incidence. Similar behavior is observed for molecular fragments.
The number of fragments decreases as the kinetic energy of the projec-
tile decreases, which is anticipated because collisions become more
gentle for projectiles with lower energy.

The results presented in Fig. 4 lead to two unexpected conclusions.
First, fragmentation of the molecules is more critical in transmission
than in sputtering geometry. The basic process leading to the formation
of fragments are direct collisions with projectile atoms [3,11,14,38].
More energetic collisions should occur in sputtering geometry, where
the projectile collides with an organic overlayer, still having its original
kinetic energy. For transmission geometry, a significant part of the ki-
netic energy is lost during graphene perforation [26]. As a result, less
energetic collisions should occur between the projectile and organic
molecules, which should lead to less fragmentation. This behavior
clearly does not take place. It is also surprising that there is no gain in the
material emission yield when transmission geometry is used instead of a
standard sputtering configuration. One of the reasons for proposing this
innovative configuration was the expectation that the projectile bom-
barding the sample from below would lead to a stronger emission of
organic material. In this arrangement, the projectile momentum is
transferred directly to the molecules of the organic layer, and the mol-
ecules eject directly towards the detector. In the sputtering configura-
tion, the projectile momentum transferred to organic molecules must
first be reverted. One would expect this process to be less effective.
Contrary to these expectations, molecular yields are comparable in both
geometries. Only when the sample is not raptured, the emission of intact
molecules is higher in transmission geometry.

The ejection yield is one of the key parameters for the efficient
detection of the analyzed material. However, the directionality of
emission is also important. The kinetic energy integrated polar angle
distributions of intact molecules ejected by projectile impacts are shown
in Fig. 5. The data in this figure are also azimuthally integrated and
peak-normalized. Only for 0.5 keV and 1 keV projectile impacts con-
ducted in the transmission configuration intact molecules are ejected
near the surface normal. For all other impacts, the most effective ejec-
tion of these species occurs at the off-normal polar angles, usually
around 50°.

Fig. 4. Dependence of the yield on intact molecules
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Fig. 5. Peak-normalized angular distributions of intact phenylalanine mole-
cules ejected after Cgo impacts with a different kinetic energy and angle
of incidence.

4. Discussion

Processes responsible for the particle ejection should be delineated to & ~
explain observed trends. This task can be accomplished by performing a
mechanistic analysis of energy transfer pathways, tracking the temporal -
evolution of the system. Such an evolution is shown in Fig. 6 for the @
impacts of 0.5 and 10 keV Cgp projectiles along the surface normal. ° %
These two energies are selected to represent low- and high-energy im-
pacts, i.e., impacts that do not cause perforation of the sample or lead to
a puncture. These impacts are also visualized in Animations 1, 2, 3, and
4. Analysis of this data indicates that the main factor differentiating the
mechanisms of molecular ejection is whether the sample has been
punctured or not.

ideo 3.
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Fig. 6. Temporal snapshots from the simulation of 0.5 keV and 10 keV Cg impacts of Ceo projectile along the surface normal at phenylalanine monolayer deposited
on free-standing graphene. Only 2 nm wide slice through the centre of the sample is shown. Thin lines in the background denote the distance of 1 nm. The yellow
arrows indicate directions of the projectile impact. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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5.0 ps

“Video 4. Examples of impact scenarios in cases where the sub-
strate is not perforated are shown in Fig. 6a and c for 0.5 keV Cgg
bombardment conducted in transmission and sputtering geometry,
respectively. These impacts are also visualized in Animations 1 and 3. In
both cases, the integrity of the projectile is not compromised upon the
impact. It interacts with a surrounding environment as one object,
though its structure can get disturbed after impact, especially during
high-angle impacts. For transmission geometry, the projectile collides
directly only with the graphene substrate. Graphene sheets bulge out
along the direction of the primary beam, pushing organic molecules up.
The process is delicate and spatially correlated. As a result, molecular
fragmentation is minimal. About 0.6 ps after impact, a portion of the
organic layer near the impact point detaches from the substrate. About
0.8 ps, the projectile stops completely, and graphene layers begin to
return to their original shape. However, molecules previously energized
by graphene deformation are no longer in contact with the substrate.
They continue to move up. These molecules are only bound to the
sample by intermolecular forces. These forces are too weak to prevent
molecules from leaving the sample. The ejected molecules move mainly
in directions close to the normal to the surface. Finally, small circular
acoustic waves are generated in the substrate. They propagate away
from the point of impact energizing molecules further away. However,
the energy of these waves is too low to uplift phenylalanine molecules.
Eventually, all movement in the system disappears, and the projectile
remains trapped at the bottom of the graphene substrate.

For bombardment conducted in sputtering geometry, the projectile
comes from above the sample. First, it interacts with the molecules of the
organic layer, pushing them aside. Also, in this case, the projectile is not
destroyed and transfers its kinetic energy to neighboring molecules in a
delicate way. However, now its kinetic energy is higher than during
impacts in transmission geometry, where some of the projectile energy
was absorbed by graphene. As a consequence, molecular fragmentation,
although small, is more pronounced than in the case of bombardment in
transmission geometry, as shown in Fig. 3. After passing through the
overlayer, Cgp comes in contact with graphene, pushing it down.
Initially, the organic overlayer remains flat. As a result, the gap between
the molecules and the substrate is formed near the point of impact. At
about 0.7 ps, the organic molecules begin to follow the downward
motion of graphene. The movement of the molecules is slow. At about
1.1 ps, deformed graphene begins to straighten under the influence of
elastic strain forces. However, it must take another 1 ps before the
molecules start moving up. In the meanwhile, acoustic waves are
generated in graphene. These waves dissipate the deposited energy from
the impact zone. The straightening layers of graphene act like a catapult
trying to throw molecules into a vacuum. However, most of the energy
deposited in the impact zone is already taken away by the waves. As a
result, the sputtering yield is very low, as shown in Fig. 3. Intact mole-
cules are emitted at off-normal polar angles because they have already
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obtained some transverse momentum when the projectile has pene-
trated the layer. Eventually, the emission of particles stops.

Different ejection scenarios occur in cases where the kinetic energy
of the projectile is sufficient to pierce the sample. Examples of such
impact scenarios are shown in Fig. 6b and d for 10 keV Cgy bombard-
ment carried out in transmission and sputtering geometry, respectively.
These impacts are also visualized in Animations 2 and 4. For the high-
energy bombardment, differences between impacts conducted in
transmission and sputtering geometry are much smaller than in cases
where the sample was not punctured. After the projectile impact, the
sample is quickly perforated, and an almost circular rupture forms in the
sample. For transmission geometry, the projectile breaks down when it
collides with graphene. It is no longer a single object. Instead, it creates a
conglomerate of smaller particles moving independently. This
conglomerate also contains particles ejected from the graphene sub-
strate. All these particles move with high kinetic energy. Their move-
ment is no longer correlated spatially and temporally. They collide with
organic molecules located near the point of impact, shattering them into
pieces. As a result, all molecules located within a circular zone with a
diameter of approximately 2 nm, centered at the projectile point of
impact, are destroyed. The emission of organic particles starts already at
0.1 ps. Initially, only molecular fragments are emitted as a result of
direct interaction with the energetic projectile, and substrate particles
are emitted. Most of these fragments move in a direction close to the
normal to the surface.

For sputtering geometry, the projectile first collides with the organic
overlayer. Its kinetic energy is higher than in the case of the transmission
configuration, in which part of the energy is consumed for graphene
perforation. However, projectile integrity is not yet compromised by
contact with the organic layer. The projectile disintegrates only after
hitting graphene. For now, it still interacts with organic molecules as a
single large object. Although the projectile kinetic energy is high, the
collisions between projectile and organic molecules are spatially and
temporally correlated. As a result, they are more gentle, and fewer
molecules are destroyed. Thus, the difference in the projectile integrity
during interaction with the sample is responsible for the smaller frag-
mentation observed in sputtering than transmission geometry, which
was unexpected.

For both incidence geometries, the transmitted and knocked-on
atoms carry some of the projectile kinetic energy. Another part of this
energy is deposited in graphene near the rupture rim. Graphene sheets
start to move vigorously in this area. An energized zone is also created in
the organic overlayer. It undergoes lateral expansion. An almost planar
pressure wave is generated in the organic layer, which leads to the
collective movement of phenylalanine molecules. The pressure wave
also relocates organic molecules away from the point of impact, forcing
some of them to pile up. As a result, these particles form a circular rim
around the zone cleared of molecules, and the disturbed area of the
organic overlayer extends far beyond the area of the crack formed in
graphene. The weak binding of phenylalanine molecules to the graphene
substrate and inside the overlayer facilitates this phenomenon.

The critical process that regulates the abundance of the ejecta is the
separation of the molecular layer from graphene. The downward
movement of graphene leads to this separation. For transmission ge-
ometry, radial compression of the molecular layer pushes the graphene
membrane down. For sputtering configuration, graphene is pushed
down mainly by interaction with the incoming projectile. The propa-
gation of the pressure pulse in the organic layer in combination with
layer/substrate separation leads to the bending of the organic layer
upwards and the emission of molecules. This emission is additionally
stimulated by correlated interaction with the graphene substrate.
Membrane atoms interact with atoms of phenylalanine molecules and
transfer the momenta to them. In this way, the molecules eject without
destruction. In other words, the membrane acts like a trampoline for
molecules [8,9]. The energetics of the above processes is similar in both
tested impact geometries. Accordingly, particle emission is comparable
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in both cases.

The temporal evolution of the system bombarded by 0.5 keV and 10
keV Cgo impacts at 45° is shown in Fig. 7. It is also visualized in Ani-
mations 5, 6, 7, and 8. A comparison of these data with the data shown in
Figs. 2 and 6 leads to the conclusion that three factors should be
considered in order to accurately describe changes in molecular emis-
sion due to the change of the angle of incidence. The first factor is related
to the area of the sample excited by the projectile. As the angle of
incidence increases, the projectile can move a longer path inside the
organic layer. As a consequence, it can collide with a more significant
number of organic molecules and uplift them. This phenomenon en-
hances molecular emission and is essential for low-energy impacts, non-
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perforating the sample, conducted in sputtering geometry. It is also
crucial for high-energy impacts rupturing the sample. It is not essential
for low-energy impacts in the transmission configuration because the
projectile cannot immerse in the organic layer. The second factor is
related to the component of the projectile momentum perpendicular to
the sample and projectile back-reflection process. For off-normal im-
pacts, this component is reduced. Moreover, an increasing part of pro-
jectile kinetic energy is carried by back-reflected projectile atoms for off-
normal impacts, as shown in Fig. 2. Consequently, less energy is avail-
able to stimulate molecular emissions. This phenomenon reduces mo-
lecular emission. The third process is related to molecular
fragmentation. In cases where an increase in the angle of incidence

a) 0.5 keV|b) 10 keV
0.3 ps 1 e

c)

d)

0.5 keV

Fig. 7. Temporal snapshots from the simulation of 0.5 keV and 10 keV Cg( impacts at phenylalanine monolayer deposited on free-standing graphene at 45° incidence

angle. A detailed description of the content of the figure is provided in Fig. 6.
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makes collisions less energetic, fewer molecules are fragmented. As a
result, the yield of intact molecules increases at the expense of the yield
of molecular fragments. This situation can occur because, in the case of
off-normal impacts, some of the energy is reflected back.

5.0 ps

Viden 5.
5.0 ps
L4
Video 6.
5.0 ps

‘Video 7.
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5.0 ps

“Video 8. The interplay of the processes described above de-
termines the shape of the yield versus impact angle dependence. For
example, for high-energy impacts, the first process initially dominates,
and the signals of intact molecules and fragments increase. At a certain
angle of incidence, the decrease in the energy available for the molec-
ular emission overweights the increase in the emission area and the
signal decreases. An increase of the projectile kinetic energy reduces the
impact of energy back-reflection, as seen in Fig. 2, and consequently,
shifts the angle corresponding to the maximum signal to a higher value.
The influence of the third process is especially visible in the case of high-
energy impacts at high impact angles in transmission geometry. It is, for
example, responsible for keeping strong molecular emission for 40 keV
Ceo impacts at 80°. For low-energy impacts, the fragmentation is already
minimal. For low-energy impacts conducted in transmission geometry,
the influence of the first process also is minimal. In this case, the pro-
jectile just bounces off graphene and has no contact with the organic
layer. Consequently, the signal decreases as the angle of incidence in-
creases because less energy is available to bulge the substrate and
stimulate molecular ejection. It is noteworthy that in the case of low-
energy impacts in transmission geometry, only the momentum compo-
nent perpendicular to the sample appears to be responsible for molec-
ular ejection. This conclusion is based on the observation that even in
the case of off-normal impacts, intact molecules are still ejected close to
the surface normal, as shown in Fig. 7a.

The data presented in Fig. 2 indicate that the bombardment process
in transmission and sputtering geometry may not be symmetrical. The
difference between these two impact geometries becomes especially
visible in the case of impacts with kinetic energy close to the threshold
energy needed to rupture the sample. The results obtained on a clean
two-layer graphene system bombarded with Cgo projectiles at normal
incidence show that about 63%, 46%, and 20% of the projectile kinetic
energy is deposited in this sample by 5 keV, 10 keV, and 40 keV Cg,
respectively [26]. After conversion into energy units, the energy
deposited in the sample is 3.1 keV, 4.5 keV, and 8 keV, respectively. The
data presented in Fig. 2c indicate that the analogous values obtained for
the current system are approximately 85%, 70%, and 35% or 4.3 keV, 7
keV, and 14 keV. A comparison of these numbers indicates that gra-
phene is the main absorber of deposited energy, especially during low-
energy impacts. In transmission geometry, the projectile collides with
graphene with original kinetic energy. The energy of the projectile in
contact with graphene in sputtering geometry is lower because some of
the energy is already lost in the organic overlayer. As a result, fewer
projectile atoms have a chance to penetrate through graphene in sput-
tering setup than in transmission geometry. For high-energy impacts,
projectile atoms coming into contact with graphene in transmission and
sputtering geometry also have different kinetic energy. In this case,
however, the projectiles have excess kinetic energy, which makes it
possible to penetrate the sample, regardless of impact geometry.
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5. Conclusions

The effect of the kinetic energy, angle of incidence, and geometry of
the projectile impact on the efficiency of particle ejection from
phenylalanine monolayer deposited on free-standing graphene is
investigated. It has been found that the signal increases with the primary
kinetic energy. However, more energetic impacts also lead to more
significant molecular fragmentation. For a given kinetic energy, there is
a specific angle of incidence, which leads to the most efficient molecular
emission. This angle increases with the increase of the projectile kinetic
energy. The interplay of three factors determines the shape of the rela-
tionship between the yield and the angle of incidence. The first factor is
related to the area of the sample energized by the projectile. With the
increase of the angle of incidence, the projectile may travel a longer path
inside the organic layer or energize a larger area of a graphene substrate.
Consequently, it can collide with and uplift a larger number of phenyl-
alanine molecules. The second factor is related to the component of the
projectile momentum perpendicular to the sample and the process of
projectile back-reflection. For off-normal impacts, this component is
reduced, and an increasing part of projectile kinetic energy is dissipated
by the back-reflected projectile atoms. Consequently, less energy is
available to stimulate molecular emissions. The third factor is related to
molecular fragmentation. In cases where the increase of the incidence
angle makes collisions less energetic, fewer molecules are fragmented.
As a result, the yield of intact molecules may increase at the expense of
the yield of molecular fragments.

The mechanism of molecular emission from phenylalanine mono-
layer deposited on free-standing graphene bombarded by keV Cg pro-
jectile bombardment are delineated. In general, molecules are emitted
by interaction with the projectile atoms and graphene substrate. The
main factor influencing the relative contribution of each of these two
phenomena is whether graphene is punctured. In the case that graphene
is not punctured and the projectile arrives from below the sample
(transmission geometry), the direct interaction between the substrate
and adsorbed molecules is the only process that leads to particle emis-
sion. The projectile interacts directly only with graphene, leading to its
deformation. The kinetic energy accumulated in this deformation is
subsequently transferred to the molecules. The ejection of intact mole-
cules is significant in this case, and the molecules are emitted near the
surface normal. If a projectile bombards the organic side of the sample
(sputtering geometry), the direct energy transfer between the projectile
and the organic molecules is entirely responsible for molecular emission.
Graphene plays the role of a non-penetrable membrane, redirecting
projectile momentum upwards. Also, in this case, mainly intact mole-
cules are emitted, but the emission is very low. Impact geometry has a
significant impact on the effectiveness of molecular emission for
bombardment along the surface normal. A robust molecular signal is
present in transmission geometry, while the emission is very low for the
sputtering configuration. However, this difference decreases with the
angle of incidence, and, for example, at 45°, the yields measured in
transmission and sputtering geometries are comparable.

In the event of impacts leading to the sample perforation, organic
particles are emitted through the joint action of projectile atoms and a
graphene substrate. The projectile kinetic energy deposited in graphene
leads to the ejection of substrate atoms and deformations of graphene,
especially near the rupture. The first phenomenon leads to the creation
of a hole in the substrate and fragmentation of molecules colliding with
these particles. Graphene bending acts like a trampoline and ejects
weakly bound molecules, especially in transmission geometry. Gra-
phene movement also leads to the temporary separation of the molec-
ular layer from the substrate. Direct collisions between projectile atoms
and the organic molecules cause a molecular fragmentation and emis-
sion of fragments. However, some of the energy deposited in the organic
overlayer also leads to the formation of a planar pressure pulse. This
pulse propagates in the overlayer and accelerates the molecules side-
ways. The process is not very energetic. However, in combination with
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the temporary separation of molecules from the substrate due to the
bending of graphene, it also leads to the emission of molecules. The flux
of particles ejected in directions close to the surface normal consists
mainly of molecular fragments, while intact molecules are emitted
predominantly at off-normal angles. Impact geometry does not affect the
efficiency of molecular ejection. We do not see molecular emission
stimulated by interaction with the acoustic waves generated in graphene
by the projectile impact.

Finally, a few comments on the possibilities of using graphene sub-
strates for SIMS analysis are given. Previous studies have shown that the
presence of graphene can increase the efficiency of negative organic ion
formation by 2 orders of magnitude [8]. This observation is the basis of
the suggestion that graphene would be an excellent substrate for
studying isolated small nano-objects and supramolecular assemblies.
The proposed mechanisms of ionization involve the tunneling of elec-
trons from the vibrationally excited area around the rupture to the
molecules, and/or a direct proton transfer exchange. If someone would
only be interested in achieving strong emission of intact neutral mole-
cules, as, in the case of Secondary Neutral Mass Spectrometry (SNMS),
the most preferable would be the application of transmission geometry
in combination with Cgo impacts that do not lead to sample perforation.
In this case, molecular emission is strong, and there is no chemical
damage build up in the bombarded sample. However, SIMS does not
register neutral particles, but ions. The probability of ionization will be
minimal for low-energy impacts. Higher kinetic energies are needed to
ensure effective ionization [8]. Our results indicate that high-energy Ceo
bombardment at off-normal angles is the most preferred configuration
for such analyzes because it leads to both high emission and ionization.
Our data also show that molecular emission is comparable in trans-
mission and sputtering geometries. This is an important observation
because the latter configuration is used in almost all SIMS and other
experimental systems using ion beams to analyze and modify materials.
As a result, no modification of the experimental system is needed to
implement graphene substrates.
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