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ABSTRACT

In this dissertation, I investigate processes of emission from free-standing
graphene and look at their differences to the emission from bulk materials.
Furthermore, I postulate that graphene can be used as an innovative substrate
in an investigation of materials via Secondary lon Mass Spectrometry (SIMS)
and Secondary Neutral Mass Spectrometry (SNMS). To achieve a thorough
understanding of the topic, I describe the emission of molecules from free-
standing graphene irradiated by keV energy cluster projectiles. My research
leads through investigation of emission from sole graphene substrates using
tullerene and argon-cluster projectiles, processes leading to uplifting of
individual phenylalanine molecules, and thorough description of sputtering
from the thin layer of organic molecules deposited on free-standing graphene
both in a regular SIMS setup as well as the “transmission direction”. All results
provide evidence on processes of emission that are unique to the graphene
substrate. Knowledge gathered in this dissertation — starting from graphene
having not enough atoms for the traditional models to be employed, through
unusually high rates of deformation and energy absorption, and ending up with
the separation of organic layer from graphene membrane and occurrence of
trampolining action — gives a clear notion of new and exciting phenomena

present in this field.
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STRESZCZENIE

W ponizszej rozprawie doktorskiej zajmuje si¢ badaniem proceséw emisji
z zawieszonego grafenu przy uzyciu pociskoéw klastrowych o energii rzedu keV
oraz roznicami tego ukladu w stosunku do emisji z grubego podloza.
Dodatkowo stawiam tez¢, ze grafen moze zosta¢ uzyty jako innowacyjne
podloze do badania materialéw z uzyciem spektrometrii mas jonéw wtérnych
SIMS oraz spektrometrii mas wtérnych czastek neutralnych SNMS.
W rozprawie opisuj¢ szereg badan: od emisji z samego podloza grafenowego
z uzyciem pociskow fulerenowych oraz klastrow argonowych, poprzez
zjawisko unoszenia pojedynczych molekul fenyloalaniny z powierzchni
grafenu, az do szczegdlowego opisu rozpylania z cienkiej warstwy molekut
organicznych osadzonych na grafenie w ujeciu tradycyjnej geometrii SIMS
a takze geometrii ,,transmisyjnej”. Wszystkie wyniki wskazuja na wystgpowanie
w badanych ukladach nietypowych proceséw emisji majacych miejsce jedynie
dla podlozy grafenowych. Przedstawione w rozprawie informacje jasno
wskazuja na nowe, ekscytujace zjawiska: od stwierdzenia, ze w grafenie jest
niewystarczajaca liczba atomoéw, zeby tradycyjne modele rozpylania mialy dla
niego zastosowanie, przez nadzwyczaj duze odksztalcenia i absorpcje energii
przez grafen, po zjawisko oddzielania si¢ warstwy organicznej od grafenowe;j

membrany i wystepowanie ,,efektu trampoliny”.
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STRUCTURE OF THE DISSERTATION

This doctoral dissertation focuses on a thesis that the process of emission from
graphene differs from the mechanism of emission described for bulk materials.
Furthermore, I postulate that graphene can be used as an innovative substrate
in an investigation of materials via Secondary Ion Mass Spectrometry and
Secondary Neutral Mass Spectrometry. To achieve a thorough understanding
of the topic, I describe the emission of molecules from free-standing graphene
irradiated by keV energy cluster projectiles. The dissertation is based on the
tollowing seven scientific publications published in international journals and

listed in the bibliography of the dissertation in the first seven positions [1-7]:

1. Golunski M. & Postawa Z. Effect of Sample Thickness on Carbon Ejection from
Ultrathin Graphite Bombarded by kel” Cg. Acta Physica Polonica A 132, 222-
224 (2017), doi:10.12693 / APhysPolA.132.222,

2. Gotlunski M., Verkhoturov S. V., Verkhoturov D. S., Schweikert E. A. &
Postawa Z. Effect of substrate thickness on ¢jection of phenylalanine molecules adsorbed
on free-standing graphene bombarded by 10 kel” Cyy. Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms 393, 13-16 (2017), doi:10.1016/j.nimb.2016.09.006,

3. Golunski M. & Postawa Z. Effect of kinetic energy and impact angle on carbon
gection from a free-standing graphene bombarded by kilo-electron-volt Cy. Journal of
Vacuum Science & Technology B, Nanotechnology and Microelectronics:
Materials, Processing, Measurement, and Phenomena 36, 03F112 (2018),
doi:10.1116/1.5019732,

4. Verkhoturov S. V., Golunski M., Verkhoturov D. S., Geng S., Postawa Z.
& Schweikert E. A. “Trampoline” ejection of organic molecules from graphene and
graphite via kel cluster jons impacts. Journal of Chemical Physics 148, 144309
(2018), doi:10.1063/1.5021352,

5. Verkhoturov S. V., Gotunski M., Verkhoturov D. S., Czerwinski B., Eller
M. J., Geng S., Postawa Z. & Schweikert E. A. Hypervelocity cluster ion impacts
on free standing graphene: Excperiment, theory, and applications. Journal of Chemical
Physics 150, 160901 (2019), doi:10.1063/1.50806006,
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6. Golunski M., Hrabar S. & Postawa Z. Mechanisms of particle ejection from free-
standing  two-layered graphene stimulated by fkel” argon gas cluster projectile
bombardment — Molecular dynamics study. Surface and Coatings Technology 391,
125683 (2020), doi:10.1016/j.surfcoat.2020.125683,

7. Golunski M., Hrabar S. & Postawa Z. Mechanisms of Molecular Emission from
Phenylalanine Monolayer Deposited on Free-standing Graphene Bombarded by Cg
Projectiles.  Applied  Surface  Science 539, 148259  (2021),
doi:10.1016/j.apsusc.2020.148259.

The dissertation consists of three parts, the introduction, the description of my
work, divided into five chapters, and appendices. In the first chapter I describe
the importance of this work and the methods I use. Three following chapters
are devoted to my research. In each of them, I shortly describe the most
important aspects of the topics of the chapters. Articles the chapters are based
on provide an in-depth report on the matters. The fifth chapter presents the
conclusions of the dissertation, followed by a bibliography. The last part of the
dissertation is a set of appendices in which I present reprints of articles this
dissertation is based on, a list of my additional achievements, and a section on

copyrights permissions.

I chose not to present my research chronologically but rather to cluster it into
separate topics. In my opinion, such an approach provides a clearer view of my
train of thought. Additionally, publishing schedules sometimes result in
publications getting mixed up from a chronological point of view; hence sorting
them by topics rather than the time of publication prevents an inevitable

confusion.
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1 INTRODUCTION

1.1 CLUSTER BOMBARDMENT

This dissertation focuses on the bombardment of material with cluster
projectiles. Bombardment refers to the process of hitting a sample with a stream
of energetic ions. Those ions, hitting the surface of a material, induce a number
of effects, including but not limited to, implantation, material mixing, and
emission of radiation and various types of particles. [8] These processes are
widely used, e.g., in doping of semiconductors in electronics (implantation), or
chemical analysis of materials (emission). The chemical analysis is the central
area of Secondary Ion Mass Spectrometry (SIMS) and Secondary Neutral Mass
Spectrometry (SNMS) techniques. [9] The dissertation provides information

that could be used particularly in the advancement of these analysis methods.

Both SIMS and SNMS work similarly. A sample is irradiated with a stream of
ions, leading to the emission of material from it. Ejected atoms, fragments,
molecules, and clusters are detected in a mass spectrometer. The difference
between those methods is that in SIMS we are detecting only material that got
ionised during irradiation, while SNMS is sensitive to neutral particles.
Detection in both cases is carried out using mass spectrometry but in SNMS
neutral elements go through a process of post-ionisation, meaning artificial
ionisation of material that has been already emitted from the sample. [9] SIMS
method is less complicated but is limited by ionisation processes leading to
ionisation of only a tiny fraction of the ejected material. [9] SNMS allows for
the acquisition of a much higher signal but requires a complicated post-
ionisation setup, making it much less accessible. Nevertheless, geometrically
both methods are similar. Usually, the detector is placed on the same side of
the target as the ion gun, and the sample consists of a metal or semiconductor

support with a relatively thick layer of investigated material deposited on it.

The team of Professor Emile A. Schweikert from A&M Texas University has
recently proposed a novel transmission configuration. [10,11] The analysed
material is placed on one side of an ultrathin substrate (few-layered free-
standing graphene is an ideal substrate of that kind), while the other side is
bombarded with an ion beam. The detector is on the other side of the sample

than the ion gun, as shown in Fig. 1. I collaborated with Prof. Schweikert’s team
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Fig. 1: Regular and transmission SIMS setups.

to investigate the possibilities of using a unique transmission geometry in SIMS.
This dissertation provides information on the usefulness of this new approach

and physicochemical processes leading to particle emission in this system.

There are four main types of projectile ions used in the ion bombardment:
individual atoms, small clusters consisting of a few atoms, medium-sized
clusters such as Cgo, and large clusters having many hundreds or thousands of
atoms or molecules. [8,9,12] Cluster projectiles are of high interest as they
proved to enhance the ejection of large intact organic molecules and reduce
ion-induced damage building up in the analysed organic material. [13,14] As the
emission of organic material is a substantial part of this dissertation, cluster

projectiles were a natural choice.

Processes leading to the emission of material from the bulk surface bombarded
with ions are well-described. In short, there are two main paths of emission.
[12] The first one is a linear collision cascade, depicted in Fig. 2a. [8,9,12] An
atomic projectile collides with one of the sample atoms, which gets knocked
out of its position. This atom collides with a subsequent atom which collides
with yet another atom, forming a cascade of collisions. The cascade may
ultimately result in a collision with an atom on the surface, leading to its ejection.
However, cluster projectile’s impact leads to another process of emission. [9,12]
In this process, it is not possible to discern individual collision cascades, but
rather the material is relocated in a concerted, mesoscopic fashion. Additionally,
the energetic pressure pulses develop and propagate into the sample after
impact, which is not present during the atomic projectile impact. The impact of

cluster projectile deposits energy in a volume much bigger but closer to the
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3) b) Ga Ceo

Fig. 2: a) Schematics of collision cascade process. Coloured dots represent colliding
atoms. The incoming atom is purple, primary recoil atoms are red, secondary recoils are
blue, and tertiary recoils are green. b) Simulations showing difference between single-
atom impact (to the left) and cluster impact (to the right) on the silver sample. Colours

denote atoms from different initial depths of the sample.

Images copyright: a) Wikimedia commons public domain, b) Reprinted with permission from J. Phys.

Chem. B 2004, 108, 23, 7831-7838. Copyright 2004 American Chemical Society.
surface, creating a shallower disturbance in the sample and providing more
opportunities for the gentle uplifting of molecules. [12] Fig. 2b presents
differences in craters and mixing of sample layers after both types of impact.
Nevertheless, neither of these descriptions can be used in ultrathin systems.
There is simply not enough material and volume present for collision cascade
or pressure pulses to develop. The following research focuses on finding the

processes leading to particle emission from samples a few nanometres thick.

As mentioned earlier, only ionised species can be detected in SIMS. In fact, only
a small fraction of sputtered material leaves a sample in an ionised state. 9]
Raising the ionisation rate could be one of the more potent ways of getting
higher sputtering signal. Unfortunately, ionisation processes during
bombardment are still not well-known, especially when dealing with organic
materials. Several models of ionisation exist, but none of them describes this
process thoroughly. They all have one characteristic in common, though — the
requirement of the to-be-ionised particle to be in an energetically excited state.
[9] This means that without delivering significant energy to the system, there
will be probably little to no ionisation of ejecta. This is especially important
when regarding slow projectiles as they provide lower amount of energy and
may not be suitable for SIMS experiments, even if processes leading to the

ejection are scientifically interesting.

At the beginning of my work, and at the time I was conducting my research,

there were very few theoretical publications available describing the cluster ion
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bombardment on graphene. Several simulations have been performed on the
Cs bombardment of graphene in the context of defect creation and evolution
[15-20]. Additionally, some works showed that ion impact could cause
vibrations of a graphite’s membrane-like structure that could also be present in
graphene. It was suggested that the interaction of these waves with molecules
adsorbed on graphene could stimulate the ejection of small, weakly bound
molecules. [11,21-24] A few experimental papers were published as well. Eller
et al. showed an emission of carbon from graphene in transmission direction
using gold nanoparticles as projectiles [10] while Verkhoturov et al. looked into
emission of carbon in transmission direction from graphene bombarded with
tullerenes [11]. They both stressed a high probability of carbon ionisation when
using their unusual experimental setup. Up to this day, several new articles
regarding simulations of ion irradiation of graphene were published [25-31], but
this topic is still highly underrepresented.

1.2 MOLECULAR DYNAMICS SIMULATIONS

Molecular dynamics (MD) is one of many techniques used to simulate the
movement and interactions of atoms. It can describe systems of sizes up to
a few million atoms. We can think of MD as a method in middle grounds
between ab initio methods such as DFT, which is much more accurate but can
only deal with small systems, and statistical methods such as Monte Carlo
simulations, that can work with much larger systems but represent reality with

lower precision. [32,33]

Atoms in the MD technique are defined as point particles, each having three
main properties: position, velocity and mass. Their movement is described by
classical Newtonian dynamics. [12,13,32] It means that to find the movement

of atoms, the solving of the following system of equations of motion is required:

a7, — .
miKZLZZEJ ,fOI‘l,]zl;---;N <1>

i<j

where N is a number of modelled atoms, m; is a mass of atom i, 7; is a vector
—

describing the position of atom i, t is time, and F is a force vector between

atoms [ and j. The sum presented in the equation above can be understood

simply as a net force acting on an atom .
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The main challenge is finding forces that act between atoms. In MD we do this
using so-called potentials. There are many potentials developed in the field of
computer simulations, each of them taking a slightly different approach, making
it useful in different situations. Additionally, potentials are constructed in such
way that they can be used with different parametrisations making it possible to
perform simulations of various groups of atoms in various conditions. As
molecular dynamics is a mature scientific method, there is a considerable
number of parametrisations for many different potentials already developed
that can be reliably used. The most notable potentials I used during my research

are as follows:

o Ziegler-Biersack-Littmark (ZBL) [34] — purely repulsive pair-wise potential
used in the description of short-distance interactions present during keV

bombardment,

e [ennard-Jones (L]) [35] — classical 6-12 potential useful for simulations

involving noble gasses,

e ReaxFF [36,37] — advanced many-body reactive potential allowing
formation and breaking of covalent bonds between atoms, used mainly in

simulations of organic molecules and graphene.

I should also mention another noteworthy many-body reactive potential —
AIREBO. [38§] It is on par with ReaxFF when regarding hydrocarbon systems,
including graphene, while providing better performance. [39] Unfortunately,
AIREBO cannot be used with atoms other than carbon and hydrogen. As my
goal was to observe the behaviour of biologically relevant organic molecules
composed of carbon, hydrogen, oxygen, and nitrogen atoms, I chose to use
ReaxFF in all my simulations. Because it is one of the more advanced potentials,
it has the significant drawback of being very taxing on computer processors. Its
computational complexity is several times higher than for most of the other
many-body potentials. [32,33] Nevertheless, the possibility of a direct
description of molecules’ and clusters’ fragmentation and formation during
bombardment as well as the availability of a wide range of elements, such as
hydrogen, carbon, nitrogen, and oxygen, is of much higher importance.
Therefore, it could be said that I sacrificed speed in favour of versatility and

accuracy.
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As the molecular dynamics method treats atoms as the basic particles, it does
not describe any electronic phenomena natively. It is essential to remember this
drawback when describing effects seen during SIMS experiments as MD cannot
simulate ionisation processes. All particles in the MD simulations are neutrals,
and we cannot distinguish between real neutrals and particles that would get
ionised. Some methods try to combine molecular dynamics with electron
calculations, for example, Ab Initio Molecular Dynamics [40], but their
computational cost is much higher. Even with the said flaw, classical molecular
dynamics can still provide much insight into processes happening during

a surface bombardment.
MD simulation itself consists of three main steps [12,32]:

1. The initialisation of a system by setting positions, masses, and initial
velocities of atoms.

2. Calculation of forces acting on atoms based on their positions and potentials
used.

3. Calculation of atoms’ movement by a numerical solution of Newton’s
equations ( 1) during a set timestep followed by updating their positions

and velocities.

Steps 2 and 3 are repeated until the stopping condition is met. The value of
a timestep used in step 3 has a significant impact on simulation precision and
the amount of time needed to finish it. The smaller the timestep, the more
precise the simulation is, but it also takes longer. The stopping condition most
often is chosen to be the specific simulation time (counted as from the point of

view of simulated atoms).

Even though the MD algorithm is straightforward, its technical implementation
can be challenging. Creating proper software could be especially tricky when
one takes into account all needs related to the speed, efficiency, and
parallelisation of computation. I decided to use a freely available specialistic
programme called Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS). [41,42] It is an open-source MD software that has been actively
developed for more than 25 years, implements a multitude of potentials, and
has excellent multi-processor computations possibilities making it highly viable
in a super-computer environment. Our group has modified this program to

describe a sputtering process better.
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Fig. 3: a) A cross-section through a hemispherical sample with typical rigid-stochastic

encapsulation. b) Breakwater-like design of a stochastic region used in simulations of

ultrathin graphene samples. In both pictures regions of a sample are marked as following:

I free-moving atoms, II stochastic region, I1I rigid region. Slight changes in colours are

artefacts from the rendering software.
Before starting an MD simulation, one has to create a sample that will represent
the real world. MD capabilities are limited to a few million atoms which allow
the creation of nanometre-sized samples. There are many possible ways of
defining the boundaries of the simulated sample. [12,43] The approach proven
to be well suited for bombardment with cluster projectiles, called rigid-
stochastic encapsulation, incorporates a division of a sample into three main
regions. [12,43] The central region consists of moving atoms that accurately
describe the evolution of a system. Around the centre there is a stochastic layer
that absorbs energy transferred to the sides of the sample, acting as an energy
sink and therefore allowing to mimic a real-scale system where this energy
would dissipate further along the material. On the outside of the sample, there
is a thin skin-like layer of rigid atoms that holds all atoms together in a specified
shape. When investigating cluster bombardment processes, the usual way is to
create a hemispherical sample with simple rigid-stochastic encapsulation type
boundaries (Fig. 3a). [12] However, ultrathin systems behave differently from
bulk ones, hence there is a need for alteration of a standard setup. I have chosen
a cylindrical sample with a very distinct design of the stochastic region. As
energy can be transferred very efficiently in the plane of graphene’s surface
[44,45], this leads to problems with creating an absorption layer that would
dampen this energy without raising reflections and therefore changing the
results of the simulation. I found out that using a breakwater-like design of the
stochastic region (as shown in Fig. 3b) eliminates the probability of the

occurrence of constructive interference from backscattered energy waves.
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2 BOMBARDMENT OF FREE-STANDING GRAPHENE

The first step in the evaluation of a system consisting of a substrate and organic
layer is to look at the substrate alone. Without knowing how the substrate
behaves, it is difficult to say anything about the complex sample. Therefore
I devoted three articles to studies of the bombardment of free-standing

graphene alone.

2.1 FULLERENE PROJECTILE

Section based on Act. Phys. Pol. A (2017) [1] and J. Vac. Sc. & Tech. B (2018) [3]

To fully describe the interactions between graphene and fullerene projectile,
I performed a number of simulations on systems with varying graphene
thickness (number of graphene layers), the projectile’s kinetic energy, and its
impact angle (measured as an angle between normal to the surface and
a direction of impact). As the graphene under consideration is free-standing,
there might be an ejection from both of its sides (contrary to the bulk sample
where atoms pushed into the sample would be buried inside it and stopped
there with no chance of ejection from the other side). Hence, I monitored

ejection in both transmission and sputtering direction, as depicted in Fig. 4.

Ceo projectile’s atoms lose integrity very fast after initial impact with graphene.
Even during the bombardment of merely one graphene layer, the fullerene
shatters into individual atoms just after passing through the sample’. Still
though, the projectile’s atoms interact collectively with the sample during the

impact.

f Transmission

ﬁ ' Sputtering
i

Fig. 4: Transmission and sputtering directions during bombardment of free-standing

graphene.

Image copyright: As stated in the permission granted for reuse of the article [3].

I See [1] Fig. 1 and [3] Fig. 4
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Fig. 5: Dependence of (a) the ejection yield and (b) the fraction of primary kinetic energy
carried away by particles emitted in the transmission (top) and sputtering (bottom)
directions on the thickness of the sample bombarded by 5, 10, 20, and 40 keV Cg
projectiles at normal incidence. Main graphs represent the atoms ejected from the sample,

while the insets depict projectile atoms. Fig. 2 in [3] and its discussion provides more
details.

Image copyright: As stated in the permission granted for reuse of the article [3].

Surprisingly, graphene absorbs a high amount of projectile’s kinetic energy. Part
of this energy is taken away by atoms emitted from the graphene, and a fraction
is absorbed by the graphene sheet and conveyed out of the impact point
through graphene acoustic oscillations. Just one layer of graphene can absorb
even 35% of the impact energy (for 5 keV 0-degree impact angle), out of which
around 20% is reemitted with substrate atoms, and 15% is accumulated in the
graphene sheet, as shown in Fig. 5". The amount of energy absorbed by
graphene changes with the primary kinetic energy of the projectile. As the
tullerene energy increases, the absolute amount of energy absorbed rises as well,
but the absorption percentage lowers. Compared to the previous example, one
layer of graphene, when bombarded with 40 keV projectile, absorbs around
15% (6 keV) of its energy compared to 35% (1.75 keV) for 5 keV impact. What
is also worthy of note, the amount of energy absorbed by the sample rises

rapidly with the number of graphene sheets. 8 layers of graphene absorb around

Il See [3] Fig. 2b
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Fig. 6: Example of dependence of the yields of carbon atoms ejected in the transmission
(left) and sputtering (right) directions from the 8-layers system bombarded by 10 keV
(solid line) and 40 keV (dashed line) Ceo projectiles on the projectile impact angle. Main
graphs represent the atoms originating from the sample, while the insets depict projectile’s

atoms. Fig. 3 in [3] provides more details.

Image copyright: As stated in the permission granted for reuse of the article [3].

90% (18 keV) of 20 keV of projectile’s energy, out of which 13 keV stays within
the sample (is not emitted with ejected sample atoms). In the case of 40 keV
impact, around 75% of its energy (30 keV) is absorbed by graphene, out of
which 18 keV dissipates in the graphene. These are remarkably vast amounts of

absorbed energy for such thin material.

If the projectile has enough energy to pierce the set number of graphene layers,
the system presents a substantial emission of the sample’s atoms in the
transmission direction. Its exact value depends on the impact conditions but
always displays a peak during a specific set of conditions. On the other hand,
the emission in the sputtering direction is minuscule, often more than an order

of magnitude lower than in transmission direction'”

. The sputtering emission
rises with raising the impact angle (Fig. 6), reaching its peak at high impact
angles and plummeting afterward. When near its peak value, the sputtering
direction emission can be comparable to the transmission direction emission
detected in the same conditions. Nevertheless, even in conditions highly
tavourable for the sputtering, it still emits less material than is emitted in the

transmission direction'”.

All observations lead to the conclusion that the substrate atoms’ yield is

determined by two factors: the amount of material available for ejection and the

I See [1] inset to Fig. 2a
IV See [3] Fig. 3
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amount of the energy stored near the surface from which the ejection occurs.
The first factor increases with the thickness of the sample and with the impact
angle as projectile can travel through a larger volume of graphene. The second
tactor behaves differently for each surface. For emission in transmission
direction, one should look at the energy stored near the “top” of the sample.
This energy rises with the projectile’s primary kinetic energy but diminishes with
the increase of the thickness of the sample and with the impact angle, as the
projectile loses more energy to travel through the sample to its “top” surface.
For emission in a sputtering direction, the “bottom” surface is essential. The
energy stored near this surface will rise with the sample’s thickness until we
reach the thickness equal to the depth of a volume from which atoms are
ejected. With further thickening of the sample, some of the energy is stored in
deeper layers, not contributing to an ejection in a sputtering direction, and the
yield saturates. Increasing the impact angle leads to a downwards shift of the
energy deposition profile providing more energy near the “bottom” surface but,
simultaneously, gives more opportunities for the back-reflection of the
projectile’s atoms. The latter process leads to the lowering of the energy transfer
into the sample as more energy is carried away by backreflected atoms leading

ultimately to a signal decrease.

Furthermore, the dynamics of the impact display interesting properties. During
the bombardment, graphene shows a great deal of vertical movement. Layers
in multi-layered graphene move in respect to each other getting closer and
further away from each other, allowing parts of the layers to bend. “Top”
surface bulges before breaking and further orchestrates the creation of surface
waves propagating outside from the point of impact. Top layers move in
a catapult-like fashion during the creation of the rim near the point of rapture,
as shown in Fig. 7. The exact evolution of graphene’s topography depends on
the impact conditions'. Nevertheless, all kinds of movements are especially
interesting in the context of the potential emission of molecules deposited on

the graphene surface.

Last but not least, I should briefly discuss the energetics of the emission. As
I described eatlier, graphene absorbs vast amounts of energy from the

projectile. However, for thin systems, carbon atoms coming from fullerene that

The in-depth description is provided in discussion of Fig. 1 in [1] and in Fig. 4 and Fig. 5 in [3].
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puncture the sample are still very energetic, as shown in Fig. 5. In the case of 2-
layered graphene, each transmitted atom has, on average, the kinetic energy of
70 eV for 5 keV impact and 100 eV for 10 keV impact. Likewise, the atoms
emitted from the sample carry a considerable part of the energy initially
absorbed by graphene. Considering the same example of 2-layered free-
standing graphene, each emitted atom has, on average, the kinetic energy of 14
eV for 5 keV impact and 60 eV for 10 keV impact. All these atoms, both coming
from the projectile and emitted from the sample, have energies that are several
times larger than average bond energy in an organic molecule. [46] By raising
the thickness of graphene (adding more graphene layers), we can lower the
kinetic energy of emitted and transmitted atoms. 10 keV impact onto 4-layered
graphene results in transmitted projectile atoms having, on average, 44.5 eV and
atoms emitted from the sample having 25 eV. Adding additional two layers of
graphene lowers the energies of the transmitted and emitted atoms to 13 eV
and 9 eV, respectively. Even though lowering the kinetic energy of transmitted
and emitted atoms is possible, these energies are still too high to collide with
organic molecules without breaking their bonds. For very thick graphene, it is
possible to achieve low enough emission energies. However, the number of
atoms emitted also becomes very low, meaning fewer possibilities of colliding
with investigated molecules and a lower probability of ejecting any material
from the sample. If our goal is to desorb intact molecules from the graphene
surface efficiently, it seems that the more promising are processes involving the
movement of its surface, as mentioned above, rather than a direct impact with

carbon atoms.

Accordingly, we can infer that graphene is a viable option as a substrate for the
analysis of ultrathin organic samples in SIMS experiments. Primarily, graphene
is extremely thin, so only a small number of atoms is available to be sputtered
from the substrate. It means that tiny amounts of material deposited on the
graphene should be detected as there will be little to no interference from the
substrate signal. Unfortunately, direct collisions with projectile atoms and
atoms emitted from the graphene might be too energetic for the intact
molecules uplifting. On the other hand, the collective movement of top layers
of the graphene in a catapult-like fashion or the movement present during
bulging of the topmost layer can provide high amounts of energy and pass it

gently to the molecules deposited on graphene. This process can provide means
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Fig. 7: Example of a dynamics of a Cg projectile’s impact at a few-layered graphene
sample. Graphene atoms are depicted in black, projectile atoms are yellow. Yellow arrow
shows the direction of impact. A 1 nm slice through the system centred at the point of
impact is shown. Dashed lines in the back are spaced by 1 nm. Fig. 1 in [1] and Fig. 4 and

Fig. 5 in [3] provide more details into the process.

Image copyright: As stated in the permission granted for reuse of the article [3].

of emission of intact, organic molecules, especially in the transmission direction.
As mentioned in the introduction section, it has also been proposed that circular
acoustic waves generated during bombardment could lead to the ejection of
weakly bound molecules from the graphene. [11,23,24] In my research such
waves are also present, though their amplitudes are relatively small.
Nevertheless, they are still another possible option leading to ejection of

adsorbed molecules.

2.2 ARGON CLUSTER PROJECTILE

Section based on Surf. & Coat. Tech. (2020) [6]

As there are already experimental results available for C4 bombardment of
organic material deposited on free-standing graphene, which means I can check
and correlate my theoretical simulations with real-world data, the main
projectile I am considering in this work is Cg fullerene. Nevertheless, it is
beneficial to get a glimpse of the substrate’s behaviour under bombardment
with other projectiles. That way it is possible to check if these projectiles could
be useful for more complicated setups or do the fullerene projectiles have just
the needed properties that they are required specifically and no other projectiles
are viable. I chose to look at the interactions of argon clusters of different sizes
as there is considerable interest in large cluster projectiles consisting of
hundreds or even thousands of atoms. [47-49] Impacts of such projectiles lead
to the gentler, collective movement of the substrate and analysed material

favouring intact molecules’ emission even more than Cg projectiles.
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Additionally, at the time of writing the dissertation, there was no research
available in the literature on the emission from graphene stimulated by argon
clusters’ impacts. Most, if not all, works focused on the investigation of defects

and not on emission. [18,19]

I investigated different sizes and kinetic energies of projectiles impacting 2-
layered graphene at the O-degree impact angle. There are several similarities
between Cg and argon cluster projectiles. In both situations, graphene absorbs
a lot of projectiles’ energy, at least around 40% for 40 keV Ary and even more
for lower initial projectile’s energies or larger projectiles’’. As I showed in [3],
Ceo projectiles at 40 keV lose 20% of their energy. Similarly, the argon cluster’s
impact leads to the accumulation of a high amount of energy in the sample, the
creation of significant deformation of graphene, and substantial movement of
its topmost layer (I present an example in Fig. 8 where 10 keV Arjop impacts at
graphene). All these processes could result in the uplifting of large intact organic
molecules from its surface.”" The difference between Cq and Aty projectiles
in energy absorbed by graphene could result from the difference in their sizes.
Arg 1s around two times larger than Ceo, which means its energy is distributed
on the larger area of graphene, and, in consequence, more graphene atoms take

part in the absorption of the projectile’s energy.

Although the system with the argon cluster projectile is similar in many ways to
the one with the fullerene projectile, I discovered additional features worth
mentioning. I found that there are three categories of impacts based on the
kinetic energy per atom of the projectile”". This metric has been proposed
earlier as a universal metric describing ejection phenomena during interactions
of 3D systems with cluster projectiles. [50,51] Impacts in each of the categories
lead to ejection through different processes, therefore resulting in different
characteristics of the ejecta. An especially interesting situation is visible during
low energy impacts of large projectiles, which have sufficient momentum to
break through the graphene sheets but not enough energy to eject any carbon
atoms from it. Under such conditions, petal-like structures are formed through

the rapture of graphene, as shown in Fig. 8. Lookalike structures have been

VI See [6] inset to Fig. 1b

VIl Examples of graphene movement are shown in [6] Figures 4-8
VI In-depth discussion is presented in [6], in the text above Fig. 2
IX See also [6] Fig. 8
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Fig. 8: Example of a dynamics of the 10 keV Ario0 projectile’s impact at a two-layered
graphene sample. Graphene atoms are depicted in grey, projectile atoms are yellow. The
top row contains side views of the system obtained at various moments given by the
values at the top left corners. The lower row contains perspective view of the same
system. For a side view a 2 nm thick slice through the centre of the sample is shown. Thin
lines in the background denote the distance of 10 nm. Yellow arrow indicates the direction
of an incoming projectile. Figures 4-8 in [6] provide more details including dynamics of

impacts with other projectile’s sizes and other primary kinetic energies.

Image copyright: As stated in the permission granted for reuse of the article [6].

observed experimentally after the bombardment of multilayer graphene with
micro-scale projectiles. [52] Remarkably, we can observe similar shapes forming

during experiments in size scales that differ by several orders of magnitude.

My investigation of the argon cluster bombardment of graphene showed that
large argon clusters might be another interesting candidate for a projectile when
regarding desorption of large intact organic molecules. In some ways, argon
clusters are more suitable than fullerene. There is more energy accumulated in
the movement of the topmost graphene layer, the deformation of the graphene
sheet is more prominent, and the movement extends to a much higher lateral
distance from the point of impact. On the other hand, it is currently impossible
to make an ion beam composed of single-sized argon clusters. Argon cluster
beams are much less controllable than Cq sources, and there is always
a distribution of cluster sizes impacting the sample. [48,53] Furthermore, as
I mentioned earlier, there are already experimental results available for Cg
projectile, while no similar results exist for Ar, projectiles. Therefore I chose to

use Cq projectiles in my further research.
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3 UPLIFTING INDIVIDUAL ORGANIC MOLECULES

Section based on Nucl. Inst. & Meth. B (2017) [2]

Having an insight into the graphene substrate’s behaviour under bombardment
and having confirmation that the system has potential for the uplifting of
deposited organic material, I began an investigation of the processes stimulated
by cluster projectile impact at the sample with organic molecules deposited on
graphene. I chose phenylalanine molecules as they are small enough to be
teasible for computer simulations but, at the same time, big enough as a proof-
of-concept molecules for other, bigger compounds. Additionally, experimental
results are available for systems with thin layers of phenylalanine on free-
standing graphene [4,5], meaning I could compare my theoretical results with
reality.

Guided by the spirit of my workflow, which is taking one step at a time, I firstly
considered a graphene sample with only a few organic molecules deposited on
it. In this research, there are ten molecules placed on graphene at a growing
distance from the point of impact, as depicted in Fig. 9%. I performed
simulations with Cg projectile, the initial kinetic energy of 10 keV, and 0-degree
impact angle. Graphene substrate had a 2 to 16 layers thickness.

Fig. 9: Placement of phenylalanine molecules on graphene in a 10-molecules’ sample.

Black bars denote distance of 1 nm.

Image copyright: As stated in the permission granted for reuse of the article [2].

% See also Fig. 1 in [2]
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Fig. 10: Example of three regimes of a Cy projectile’s impact at a few-layered graphene
sample with phenylalanine molecules deposited on it. Graphene atoms are depicted in
green, projectile atoms are yellow, phenylalanine atoms have colours depending on the
atoms’ type. A 1.5 nm slice through the system centred at the point of impact is shown.
Dashed lines in the back are spaced by 1 nm. Big arrow shows the direction of impact
and small arrows depict movement directions of phenylalanine molecules in later stages

of the process. Fig. 2 in [2] and its discussion provide more details.

Image copyright: As stated in the permission granted for reuse of the article [2].

I have found that there are three regimes leading to the ejection of organic

molecules (Fig. 10 shows example of their dynamics)™":

1. The first one is present when considering a thin substrate, so when relatively
low amounts of energy are dispersed into graphene. In this regime, the
molecule at the point of impact gets shattered, which is understandable,
considering the energetics of such collisions discussed on page 12 of this
dissertation. We can also observe small acoustic waves (amplitude of 1 A)
forming on graphene, but they are not energetic enough to uplift any
molecule. As a result, no other molecule is emitted.

2. We can talk about the second regime for thicker samples but still thin
enough for the projectile to pierce it. In this situation, the molecule at the
point of impact still gets atomised, but the topmost graphene layer shows
much more movement. The molecule closest to the centre of the impact,
placed 22 A from the point of impact, is desorbed through catapult-like
movement. Molecules placed further away are displaced by the wave on
graphene, but the wave’s energy diminishes too fast to provide enough
movement for the uplifting of any other molecules.

3. The third regime is present when the sample is thick enough, so the
projectile does not penetrate it. In this case, graphene’s deformation is the
most substantial and, simultaneously, the most gentle. All molecules stay

intact, and three of them are uplifted. The first molecule, at the centre of the

XI' For more details see Fig. 2 in [2] and its discussion
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sample, the second one, placed 22 A from the centre, and even the third
one, placed 33 A from the point of impact. All of them get desorbed through
a concerted motion of the graphene membrane deforming under the force

of decelerating cluster projectile.

These results suggest that uplifting of intact organic molecules from graphene
in transmission direction is possible indeed. For most cases, the desorption of
intact molecules may occur from places located at a certain distance from the
point of impact, through the direct deformation of graphene. Such behaviour
was observed for metal substrates as well but for much smaller lateral distances.
[54] I observed circular acoustic waves, but their energy was never high enough

to uplift any molecule.

These results are intriguing in one additional aspect. The possibility of the
efficient desorption of intact molecules deposited so sparsely without additional
solvents could be an interesting approach to the matrix effect in SIMS. In short,
the chemical environment of the analysed material can have a drastic influence
on the intensities of detected ejecta. [55] There are several methods of lowering
the impact of this effect, mostly by diluting the analyte to the point that each
molecule is spatially separated from other molecules. The idea is simple: by
reducing the chemical environment, we could diminish the matrix effect as well.
[56,57] Free-standing graphene in a transmission SIMS geometry could be
a suitable substrate for such extremely diluted samples. It provides an efficient
way of desorbing intact molecules positioned very far from other molecules,

giving minimal signal from the substrate itself.

I should also note that the presented results relate to the sputtering of neutral
molecules while the SIMS method records ions. As described in section 1.2,
classical molecular dynamics is incapable of describing ionisation and
neutralisation processes. However, the description of structural modifications
of the system applies to both ions and neutrals. Having that in mind, we can try
some fortune-telling. Based on the energetics of the system, I predict that even
though third regime emission (no projectile penetration, emission only through
graphene movement) is the most efficient one, it will not lead to ionisation of
emitted organic molecules. As described in section 1.1, the ionisation process
requires particles to be in an energised state while third regime provides a low

amount of energy to the ejected molecules. This regime would be of much
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interest for the SNMS experiments but with little use for the SIMS
methodology. On the other hand, second regime impacts could result in the
emission of ions, especially negative ions. As described by Verkhoturov et al.
[5,11], as well as in the references in these articles, there is high emission of
electrons present while breaking graphene sheets. Electrons emitted from the
graphene can attach to fragments and molecules ejected from the graphene’s
surface, creating negative ions. This would make such conditions much more

compelling for the SIMS community.
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4 SPUTTERING FROM AN ORGANIC MONOLAYER

4.1 COLLABORATION WITH PROFESSOR SCHWEIKERT’S TEAM

Section based on J. Chem. Phys. (2018) [4] and J. Chem. Phys. (2019) [3]

Knowing how substrate behaves and if the uplifting of intact molecules is
possible, I started to look into the irradiation with Cgy projectile of a thin layer
of organic material deposited on free-standing graphene. In this research, I used
the sample with one layer of phenylalanine molecules, which is around 1.1 nm
thick, deposited on 2-layered graphene. To further elucidate the mechanism
present during the bombardment of such a system, I compared it with a bulk
phenylalanine sample (represented by 10 layers of phenylalanine placed on 2-
layered graphene) and a single layer of phenylalanine on graphite (computer
sample of one layer of phenylalanine on 30 layers of graphene), shown in Fig.
11.

As mentioned in the introductory section, this research was performed in
collaboration with a team from the Texas A&M University in the USA, led by
Professor Emile A. Schweikert, especially with Dr Stanislav V. Verkhoturov.
This group constructed a unique transmission SIMS system that can operate
both in traditional and transmission geometry, simultaneously, in a single
impact mode (they can detect ejecta from each Cq impact separately). [10,11]
To my knowledge, there was no other SIMS apparatus in the world with such
capabilities at the time of writing this dissertation. Thanks to this collaboration
we could pair up experimental results with computer simulations and provide
an extensive description of impacts on free-standing graphene. The articles [4,5]

resulting from this collaboration are much broader in their scope than this

Fig. 11: Samples used in the comparison of emission from thin layer of organic molecules.
From the left: one layer of phenylalanine on two layers of graphene, one layer of
phenylalanine on 30 layers of graphene, and 10 layers of phenylalanine on two layers of
graphene. Substrate atoms are green, organic layers are represented by dark mix of

colours. Black bar denotes distance of 10 nm.
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Fig. 12: Snapshots of the model system consisting of the single layer of phenylalanine
molecules deposited on two-layer graphene taken at various moments after 50 keV Cg
impact (cross-sectional view). The grey lines in the background are separated by 1 nm.
Graphene atoms are green, projectile atoms are yellow, organic layer is represented by
darker mix of colours. Yellow arrow depicts direction of projectile’s movement. Fig. 7

and Fig. 8 in [4], and Fig. 10 and Fig. 11 in [5] provide more details.

Image copyright: As stated in the permission granted for reuse of the article [5].

dissertation hence I will shortly describe only parts regarding simulations which
I performed, with a little bit of experimental background mentioned when

needed.

Both simulations and experimental results show that intact molecules are being
emitted from a single layer of phenylalanine. Interestingly, the experimental
vields of intact molecular ions ejected from a single layer and bulk organic samples
are comparable™. It is even more exciting as simulations showed at least 18-
times higher emission of neutral molecules from the bulk sample. This result
indicates that bombardment of extremely thin sample on free-standing
graphene results in two orders of magnitude higher ionisation rates as compared
to emission from a bulk sample, and is viable for use in various experiments

requiring minuscule amounts of sample material.

Of most interest to my work are the processes which lead to the emission of
intact molecules. Firstly, let us talk about the monolayer of phenylalanine on
graphene (Fig. 12 shows an example dynamics of such system). Projectile

impacts at the bottom of graphene pierces through it, and, similarly to the

X1 Further discussion in [4] at the beginning of part “Phenylalanine monolayer on graphene” and in
[5] at the beginning of part “IIl. Ejection and ionization of molecules via 50 keV Cg?* impacts on
thin molecular layers deposited on free standing graphene”

22 | Page



graphene-only system described eatlier, loses its integrity just after passing
graphene atoms. Despite losing structural integrity, fullerene atoms are still
acting on the organic layer together in a correlated manner. Molecules at the
point of impact become fragmented by collisions with high energy atoms.
Nevertheless, the phenylalanine layer is pushed to the sides, compressing
radially around the point of impact. This compression pushes the graphene
membrane down, which results in a separation between graphene and the
molecular layer. This step is crucial as the separation of layers causes the
weakening of organic molecules’ bonds to the substrate, making it easier to
uplift intact molecules. While separating from each other, the graphene
membrane bends and stretches when the organic layer keeps compressing and
starts forming a rim. After a few picoseconds, graphene starts to move upward
again, converting accumulated potential energy into kinetic energy of its
movement. This correlated movement provides additional energy to the organic
layer supporting the emission of intact molecules from the rim around the

impact site. The graphene acts like a trampoline for the organic molecules.

Interestingly, phenylalanine on the graphite sample provides a comparable
experimental yield of intact negative molecular ions as phenylalanine on
graphene (0.1 ions/impact and 0.15 ions/impact, tespectively). The process of
emission is similar though slightly different. Fullerene deposits its energy
around 5 nm deep into the graphite, leaving the organic layer at the surface
relatively intact. Graphite expands radially from the inside, pushing the topmost
layer upwards. Through this movement, graphite provides trampolining action

to the organic layer stimulating the emission of intact molecules.

Experimental emission of 0.13 ions/impact from the bulk sample is comparable
to phenylalanine on graphene as well. The sputtering process, in this case of
weakly bounded molecular solid, is already extensively described. [12,58,59] In
short, there are two distinct ways of emission of intact molecules from such
system. Firstly, a cluster’s collision leads to the creation of a highly energised

region that expands and stimulates high energy emission at off-normal angles

See [4] Fig. 7 and Fig. 8, and [5] Fig. 10 and Fig. 11
See [4] Fig. 10 and Fig. 11
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through fluid flow. Secondly, effusive-type motions in the later stages of crater’s

forming lead to the emission of low energy molecules over all angles.*”

The comparison of all three samples gives a clear notion that the graphene
system is unique and could be used to uplift intact molecules from extremely
thin organic layers. Trampoline-like movement after ion irradiation of graphene
has not been described eatlier, even though it is a crucial element of efficient
emission from such a thin sample. Moreover, a very high ionisation rate and
almost no interference from the substrate’s atoms (as mentioned in section 3)
make this setup highly promising in specialised detection techniques. Although
the graphite sample provides similar yields and ionisation rates, it emits much
higher number of substrate’s atoms together with the organic material leading

to high noise.

4.2 FURTHER INVESTIGATION

Section based on App. Sutf. Sci. (2020) [7]

As computer simulations allow for a much broader set of initial conditions than
experimental setups, I was able to test phenylalanine on graphene setup further.
In article [7] I employed various kinetic energies of the projectile and impact
angles. In addition, I evaluated the difference in behaviour between impacts
onto the graphene side of the sample and the side where organic material was

deposited, as shown in Fig. 13.

Based on the investigation of ejecta metrics, such as yields of intact molecules
and organic fragments, their mass spectra, angular distributions, as well as direct
analysis of impacts’ kinetics, I proposed a differentiation between two regimes
of impacts characterised by distinct mechanisms of ejection. The more

frequently observed regime is present during all impacts in sputtering geomettry,

a) Transmission géometry b) Sputtering geojmetry

Organic side ‘

Fig. 13: Impact directions in a) transmission and b) sputtering geometries.

XV More detailed description available in [4], in section “Bulk phenylalanine”

24 | Page


https://doi.org/10.1063/j.apsusc.2020.148259

as shown in Fig. 13b, and during impacts that can pierce through the sample in
transmission geometry, as depicted in Fig. 13a. The second regime can be
observed in transmission geometry when the projectile does not perforate the
sample. Fig. 14 provides example snapshots of the two regimes based on four

arrangements between bombardment direction and energy.

In the latter scenario, 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.
A short time after impact, graphene begins to return to its original position, but
energised molecules continue to move. As they are bound only by
intermolecular forces that are too weak to stop them, molecules continue their
movement out from the sample in directions close to the normal to the

surface.*""

In contrast, the process of emission of intact molecules during regime present
in the sputtering direction and piercing transmission direction is more
convoluted. Even though details of the interaction differ slightly between those
two situations, the essential process is the same as described earlier in the part
of section 4.1 devoted to irradiation of thin phenylalanine layer on graphene as

XVII

part of publications with S. V. Verkhoturov [4,5].

0.5 keV

& il

uﬁ%‘fw

Fig. 14: Example snapshots from the simulation of 0.5 keV and 10 keV Cg impacts along
the surface normal at phenylalanine monolayer deposited on free-standing graphene.
Only 2 nm wide cross-section 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. Graphene atoms are green, projectile atoms are yellow, organic layer is
represented by dark mix of colours. Fig. 6 in [7] provides more details.

Image copyright: As stated in the permission granted for reuse of the article [7].

XVI Described in more details in [7] Fig. 6a and c, and its discussion
XVII Detailed description in discussion of Fig. 6b and d in [7]
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What is especially surprising is that the molecules’ fragmentation is more
frequent in transmission than in sputtering geometry. The basic process of
tragmentation is due to direct collisions with projectile atoms. For this reason,
I would assume that the more energetic collisions occurring in sputtering
geometry, where the projectile collides with an organic overlayer still having its
original kinetic energy, will lead to higher fragmentation. For transmission
geometry, on the other hand, a significant part of the kinetic energy is lost
during graphene perforation, as shown in section 2.1. Contrary to my earlier
beliefs, transmission geometry results in more fragmentation than sputtering
geometry. The explanation is that in transmission geometry, Cgo projectile
breaks down when it collides with graphene. It is no longer a single object.
Instead, it creates a conglomerate of smaller, high energy particles moving
independently. They shatter all organic molecules on their path, acting in a
bigger radius than the intact fullerene would have. Additionally, in the
sputtering geometry, the collisions between projectile and organic molecules are
spatially and temporally correlated. As a result, they are more gentle, and fewer

molecules are destroyed.

Last but not least, I have found out that to describe changes in molecular
emission due to the change of the angle of incidence, three factors should be
considered: 1. area of the sample excited by the projectile, 2. the component of
the projectile momentum perpendicular to the sample and the projectile back-
reflection process, and 3. molecular fragmentation. Firstly, as the angle of
incidence increases, the projectile can move a longer path inside the organic
layer. As a consequence, it can collide with more molecules. The second factor
is reducing molecular emission. For off-normal impacts, the component of the
projectile momentum perpendicular to the sample is reduced. Moreover, an
increasing part of the projectile kinetic energy is carried by back-reflected
projectile atoms. Therefore less energy is available to stimulate molecular
emissions. The third factor is straightforward. If a collision is less energetic
because of an increase in the angle of incidence, fewer molecules become

fragmented and, subsequently, the yield of intact molecules increases at the

See Fig 4b and d in [7]
In-depth discussion available in [7] as a discussion to Fig. 6
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expense of the yield of molecular fragments. The interplay of these three

processes determines the shape of the yield versus impact angle dependence.

To summarise, I showed that emission of intact phenylalanine molecules from
extremely thin molecular layer deposited on free-standing graphene is possible
in a wide range of conditions. Simulations suggest that the most preferred
configuration for SIMS is a high-energy C¢y bombardment at off-normal angles
regardless of the impact’s geometry (transmission or sputtering). It provides
high yields of intact molecules, and we can assume that high energy impacts will
provide decent ionisation rates, especially when taking into account the results
described in section 4.1. On the other hand, if one would be interested in
achieving strong emission of intact neutral molecules, such as in Secondary
Neutral Mass Spectrometry (SNMS), the best choice should be the transmission
geometry in combination with fullerene impacts that do not lead to sample
perforation. These conditions give a very clear signal of intact molecules with
next to no fragmentation, but it is perhaps less probable for molecules to get
ionised. As molecular dynamics does not model ionisation processes, the
question of which regime is suitable for SIMS and which for SNMS cannot be

answered with certainty in this dissertation.

More details are available in discussion to Fig. 7 in [7]
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5 SUMMARY

In this dissertation, I provided a comprehensive investigation of processes
leading to the emission of organic material from a free-standing graphene

substrate irradiated by keV clusters.

I started my research by describing in detail the interactions of cluster projectile
with free-standing graphene alone. The research provided insight into the
astounding ability of graphene to absorb energy as well as unveiled the
substantial movement of the graphene layers. The graphene system also served
as an opportunity for comparing Cy fullerene projectile and various sizes of
argon cluster projectiles. Large argon clusters appear to be better suited for
gentle interaction with organic molecules deposited on the graphene.
Nevertheless, considering the availability of experimental data and properties
of currently developed argon clusters’ sources, I chose to focus on Cg

projectiles.

As a next step, I described the behaviour of individual phenylalanine molecules
placed on free-standing graphene that get targeted by fullerene projectile.
I showed that uplifting of intact organic molecules in such system is possible
and, in the right circumstances, the area of interaction leading to such uplifting
could be considerable. I also discussed briefly the possibility of using such
a setup as a method of mitigating the matrix effect in SIMS briefly.

Earlier parts lead to the analysis of fullerene projectile’s impact onto the sample
with a thin organic layer deposited on graphene. I confirmed that it is possible
to uplift intact phenylalanine molecules from its thin layer placed on free-
standing graphene. A significant component of this section comes from the
collaboration with Texas A&M University. We discovered that using graphene
as a substrate leads to the substantial enhancement of ionisation probability of
intact molecules and that the transmission SIMS could be an exciting choice for

detecting minuscule amounts of material in the sample.

I also described in detail the whole process of emission from the sample in
a much broader range of conditions than experimentally available. The most
important aspect is the trampolining action of graphene layers on
phenylalanine. The additional energy provided to the organic layer together with

separation between both types of layers provides a gentle and efficient way of
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desorption of intact molecules. What is also interesting, there is no apparent
advantage, from the point of view of molecular dynamics, of employing

transmission geometry over traditional sputtering geometry of impact.

All results provide evidence on processes of emission that are unique to the
graphene substrate. Knowledge gathered in this dissertation — starting from
graphene having not enough atoms for the traditional models to be employed,
through unusually high rates of deformation and energy absorption, and ending
up with the separation of organic layer from graphene membrane and
occurrence of trampolining action — gives a clear notion of new and exciting
phenomena. Therefore, my thesis that the process of emission from graphene

differs from the paths of emission described for bulk materials is confirmed.
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from Ultrathin Graphite Bombarded by keV Cg
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Institute of Physics, Jagiellonian University, S. F.ojasiewicza 11, 30-348 Krakéw, Poland

Molecular dynamics computer simulations are employed to investigate the effect of a sample thickness on the
ejection process from ultrathin graphite. The thickness of graphite varies from 2 to 16 graphene layers and the
system is bombarded by 10 keV Cgn projectiles at normal incidence. The ejection yield and the kinetic energy of
emitted atoms are monitored. The implications of the results to a novel analytical approach in secondary ion mass
spectrometry based on the ultrathin free-standing graphene substrates and transmission geometry are discussed.

DOT: 10.12693/ APhysPolA.132.222

PACS /topics: Computer simulations, sputtering, graphene

1. Introduction

In recent years cluster ion beams have attracted in-
creasing experimental and theoretical attention due to
their capacity to enhance the ejection of large intact
organic molecules in secondary ion mass spectrometry
(SIMS) [1, 2]. One of the most successful clusters used
in organic SIMS is Cgg fullerene [3]. In the typical SIMS
geometry the detector is located at the same side of the
target as the ion gun. Usually metal or semiconductor
supports are used to deposit the investigated material.
A novel SIMS configuration, using transmission orienta-
tion, has been proposed recently by a group from Texas
A&M University [4]. In this orientation, the analysed
organic material is deposited at one side of the ultrathin
substrate, while another side is bombarded by cluster
projectiles. It is argued that such geometry can be par-
ticularly attractive for the analysis of small amounts of
organic material, molecular nano-objects and supramo-
lecular assemblies.

So far only one simulation has been done for Cgy bom-
bardment of graphene system [4]. Most of the existing
simulations are performed on thick graphite [5-11]. Mo-
reover, many of these studies concentrate on defect cre-
ation in the bombarded system rather than on mate-
rial ejection. Theoretical studies of graphite sputtering
by keV Cgy projectiles show that the sputtering vield is
unexpectedly low |5, 6]. Krantzman et al. attribute this
fact to a low atomic density of graphite 5] while the effect
of layered structure of graphite was emphasised by Tian
et al. [6]. It has been also shown that the membrane-like
structure of graphite can be made to vibrate as a result
of a low-energy cluster impact [4, 9]. The mesoscopic
motion of created low-energy circular acoustic waves can
stimulate ejection of small weakly bound organic mole-
cules adsorbed at graphite. It has been found that large
molecules can be ejected from metal or semiconductor
substrates by simultaneous and correlated collisions with

*corresponding author; e-mail: zbigniew.postawa®uj.edu.pl

ejecting substrate atoms [12, 13] or by energetic defor-
mations occurring during crater unfolding |1, 14, 15]. We
would like to test if a similar phenomenon can be obser-
ved at the ultrathin graphite.

The goal of this paper is, therefore, to supply theo-
retical description of processes that occur in the ultra-
thin graphite systems of various thickness bombarded by
the keV Cgp projectile. We will concentrate on monito-
ring ejection of projectile and substrate atoms, testing
viability of ultrathin graphite as a substrate for organic
analysis.

2. Computer model

A detailed description of the molecular dynamics com-
puter simulations used to model cluster bombardment
can be found elsewhere [1]. Briefly, the motion of parti-
cles is determined by integrating the Hamilton equations
of motion. The forces among carbon atoms in our system
are described by a Reax-FF force field [16] splined at
short distances with a Ziegler-Biersack—Littmark (ZBL)
potential to properly describe high energy collisions. The
shape and size of the samples are chosen based on visual
observations of energy transfer pathways stimulated by
impacts of Cgo projectiles. As a result, cylindrical sam-
ples with a radius of 200 A are used. Samples with a
thickness between 2 and 16 graphene layers with a high
oriented pyrolytic graphite (HOPG) structure are bom-
barded by 10 keV Cgg projectiles that are directed at the
bottom of the sample. Rigid and stochastic regions are
used to simulate the thermal bath that keeps the sample
at required temperature, to prevent reflection of pressure
waves from the boundaries of the system, and to main-
tain the shape of the sample [1, 17]. The simulations are
run at 0 K target and extend up to 4 ps, which is long
enough to achieve saturation in the sputtering yield vs.
time dependence. Sixty four randomly selected impact
points located near the center of the sample are chosen
to achieve statistically reliable data.

3. Results and discussion

Cross sectional views of the temporal evolution of 2, 8,
and 16-layer systems bombarded by 10 keV Cgo projecti-
les are shown in Fig. 1. It is evident that Cgg clusters

(222)
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fragment into smaller pieces, almost immediately after
the impact. At the 2-layer (2L) sample almost all pro-
jectile atoms penetrate through the substrate, as shown
in Fig. 2a. Nevertheless, already a half of the primary
kinetic energy is transferred to the sample, as shown in
Fig. 2b. Most of this energy is carried away by the sub-
strate particles emitted in the transmission direction. No
sample atoms are sputtered. The projectile impact leads
to a creation of cylindrical acoustic waves that propa-
gate outward from the point of impact with a maximum
amplitude of 1 A

a) d b) c)
100 fs ."iﬁ; Transmitted
)
i |

last frame
4000 fs

Fig. 1. Cross-sectional view of the temporal evolution
of a typical collision event leading to ejection of atoms
due to 10 keV Cgp bombardment of a system composed
of (a) 2, (b) 8, and (c) 16 graphene layers. Bright (yel-
low) spheres indicate the projectile atoms. A 1.5 nm
wide slice of the system centred at the impact point is
shown. The dashed lines in the background are sepa-
rated by 10 A. The arrows indicate directions of the
primary beam, transmitted and sputtered atoms.

Much more dramatic alteration is observed for the 8L
system. Projectile is more efficiently decelerated, depo-
siting almost all its kinetic energy into the sample. As a
result, the energized cylindrical volume is created along
the projectile path. Bonds of many carbon atoms loca-
ted in this volume are broken which means that these
atoms are highly reactive. Soon after the projectile im-
pact sample integrity is compromised. Graphene sheets
are bent up in the direction of moving projectile and,
for a few hundred fs, they are even separated from each
other near the point of impact. Finally, cylindrical ope-
ning is formed in the sample. It is surrounded by an
elevated rim at the top surface of the sample. No rim is
formed at the bottom surface. The wall of the opening
is hardened by interlayer new bonds that form between
under-coordinated carbon atoms.
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Fig. 2. Dependence of (a) the number of transmitted

and sample-deposited projectile atoms and (b) the per-
centage of the primary kinetic energy carried by the
transmitted projectile atoms, ejected sample atoms, as
well as the energy deposited in the sample (projectile
deposited) on the number of graphene sheets for 10 keV
Cgo projectiles at normal incidence. Inset to part (a)
shows dependence of a number of sample atoms ejected
in the forward and sputtered directions on the sample
thickness.

All bombarded systems, except for 16-layer graphite,
are perforated by a Cgo projectile. The number of pro-
jectile atoms penetrating the substrate decreases with a
thickness of the sample, as indicated in Fig. 2a. At the
same time, the number of projectile atoms getting im-
planted in the sample increases in the inverse way, as fe-
wer than one projectile atom is backreflected on average.
The sputtering yield is almost zero for all investigated
systems, as shown in the inset to Fig. 2a. It has been
proved that the layered structure of graphite is mostly
responsible for a lack of sputtering [6]. Computer simu-
lations indicate that the energy transfer in graphite is
highly anisotropic and occurs predominantly along grap-
hene sheets. Not much energy is transferred in the verti-
cal direction. Consequently, energy that normally would
be directed towards the surface is now laterally channel-
led and does not contribute to particle ejection.

Despite a very low sputtering yield, the ejection of sub-
strate atoms in the transmission direction can be quite
significant. These particles are ejected by collisions with
the projectile atoms very soon after the projectile impact
before the deposited energy is effectively drained out of
the altered volume. As shown in the inset of Fig. 2a,
the dependence of the ejection yield on the substrate
thickness is non-monotonic. At first, the signal increases
as more carbon atoms become available for ejection when
the sample is getting thicker. However, at the same time
more primary kinetic energyv has to be sacrificed to pene-
trate through a thicker solid. As a result, less energy is
available near the surface from where the ejection occurs
and ultimately the overall signal decreases.

Our results indicate that such ultrathin graphite sub-
strates supports can have several advantages over the tra-
ditional metal or semiconductor substrates for analysis of
small amounts of organic material. Firstly, the extremely
small thickness of the support results in small amounts
of emitted substrate material. As a result, there is a
minimal interference between the substrate and the ana-
lyzed signal. From this point of view the 2L system is the
most optimal. In this system also a large portion of the
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primary kinetic energy can be transmitted to the organic
overlayer in the direction towards the detector, increasing
a chance that a small amount of analyte can be recorded.
However, the energetics of this transfer is also important.
In a 2L system both projectile and sample atoms ejected
in the transmission direction have high kinetic energies.
A rough estimate based on the data presented in Fig. 2
implies that the average kinetic energy of these atoms is
around 100 eV (= 5500 eV /58 atoms) for the projectile
and 60 eV (= 3000 ¢V /50 atoms) for the sample atoms.
These values are several times larger than a bond energy
in organic molecules. As a result, the molecules that will
be hit by these atoms will be fragmented. Apart from
ejection of atoms, there is not much movement present
in the 2L system. The energy of acoustic waves is admit-
tedly sufficient to eject small molecules but will not be
sufficient to eject a massive particle. All these arguments
indicate that 2L systems may not be the best choice.

Much more promising is the 8L system. As shown
in Fig. 1b, unfolding of the topmost graphene sheet can
work as a catapult that will hurl large molecules adsor-
bed in this region into the vacuum. Such phenomenon
is one of the processes responsible for ejection of large
molecules from the metal substrates where unfolding of
the crater rims serves as a catapult |1, 14, 15]. There is a
considerable amount of energy associated with this mo-
vement which means that even very large molecules can
be uplifted. However, in graphite this movement extends
to a much larger lateral distance from the point of im-
pact as compared to the analogous phenomenon present
in metals [1, 14, 17]. As a result, this mechanism will be
more effective in ultrathin graphite. A larger number of
adsorbed molecules can be ejected by a single projectile
impact making analysis of small amounts of organic ma-
terial viable. Catapult-like ejection of organic molecu-
les can be additionally enhanced by correlated collisions
with ejecting substrate atoms [12, 13]. As can be dedu-
ced for Fig. 2 many substrate atoms are ejected with the
average kinetic energy of 3 eV which is low enough not
to fragment molecules. As shown in Fig. 1c, perforation
of ultrathin graphite is not necessary to stimulate mole-
cular emission. The upper surface of the 16L substrate
buckles up during the projectile deceleration. This mo-
tion potentially can also cause ejection of large molecules
that are physisorbed at the upper surface.

4. Conclusions

Molecular dynamics computer simulations have been
performed to study the effect of the sample thickness
on the ejection efliciency of particles emitted from the
ultrathin graphene layers bombarded by 10 keV Cgy pro-
jectiles. The number of transmitted projectile atoms de-
creases with the thickness of the sample. All atoms that
are not transmitted are being implanted in the sample as
almost no backreflection is present due to a lack of verti-
cal motion in the system and strong covalent C-C bonds.
The dependence of a number of sample atoms ejected in
the transmission direction on the layer thickness has a

maximum at a four layer system. Such behavior can be
explained by an interplay between the amount of mate-
rial available for ejection and the energy available near
the surface from where ejection occurs. No sputtering is
observed which is attributed to a lower atomic density
and the layered structure of graphite. It has been shown
that ultrathin graphite can be an interesting support for
organic SIMS where a small amount of organic material
is probed.
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Molecular dynamics computer simulations have been employed to investigate the effect of substrate
thickness on the ejection mechanism of phenylalanine molecules deposited on free-standing graphene.
The system is bombarded from the graphene side by 10 keV Cgp projectiles at normal incidence and
the ejected particles are collected both in transmission and reflection directions. It has been found that
the ejection mechanism depends on the substrate thickness. At thin substrates mostly organic fragments
are ejected by direct collisions between projectile atoms and adsorbed molecules. At thicker substrates
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Graphene Spectrometry based on ultrathin free-standing graphene substrates and a transmission geometry are

Organic overlayers discussed.
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1. Introduction

In recent years, cluster ion beams have attracted increasing
experimental and theoretical attention due to their capacity to
enhance ejection of large intact organic molecules in Secondary
lon Mass Spectrometry (SIMS) [1,2]. One of the most successful
clusters used in organic SIMS is Cgsp fullerene [3]. In a typical SIMS
geometry the detector is located on the same side of the target as
the ion gun. Usually metal or semiconductor supports are used to
deposit the investigated material. A novel SIMS configuration,
using transmission orientation, has been proposed recently [4,5].
In this orientation, the analysed organic material is deposited on
one side of the ultrathin substrate, while another side is bom-
barded by cluster projectiles. It is argued that such geometry can
be particularly attractive for analysis of small amounts of organic
material, molecular nano-objects and supramolecular assemblies
[5].

There are several simulations performed on Cgy bombardment
of graphene and graphite [4,6-13]. However, most of these studies
concentrate on defect creation in the bombarded system rather
than on material ejection. Theoretical studies of sputtering of gra-
phite by keV Cgq projectiles show that the sputtering yield is low

* Corresponding author.
E-mail address: zbigniew.postawa@uj.edu.pl (Z. Postawa).

http://dx.doi.org/10.1016/j.nimb.2016.09.006
0168-583X/© 2016 Elsevier B.V. All rights reserved.

[11,13]. Krantzman et al. have attributed this fact to a low atomic
density of graphite [11], while the effect of the layered structure of
graphite was emphasised by Tian et al. [ 13]. It also has been shown
that the membrane-like structure of graphite can be made to
vibrate as a result of a cluster impact [4,8,9]. The mesoscopic
motion of created circular acoustic waves can stimulate ejection
of small weakly bound molecules [8,9]. Although this mechanism
may not be efficient for uplifting heavier molecules as it may not
provide enough energy, it has been postulated that vibrational
energy can be utilized to stimulate ionization [4]. Computer simu-
lations of bombardment of organic molecules deposited on metal
substrates show that intact molecules are emitted by low-energy
collisions with ejecting substrate or projectile atoms [14], and/for
by surface deformations occurring during crater formation [15].
As sputtering of graphite is different from sputtering of metals
[13,16] we would like to check if similar phenomena are present
for the ultrathin graphite. Furthermore, the only theoretical study
performed so far with Cgo impacts in transmission geometry was
done on a system of a constant thickness [4]. The goal of this paper
is, therefore, to investigate processes that lead to ejection of
organic molecules deposited on ultrathin free-standing graphene
of various thickness bombarded by 10 keV Cgo projectiles in a
transmission orientation.
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2. Computer model

A detailed description of the molecular dynamics computer
simulations used to model cluster bombardment can be found
elsewhere [1]. Briefly, the motion of particles is determined by
integrating Hamilton’s equations of motion. The forces among
atoms in the system are described by a Reax-FF force field [17]
splined at short distances with a ZBL potential to properly describe
high energy collisions. The shape and size of the samples are cho-
sen based on a visual observation of energy transfer pathways
stimulated by impact of Cgo projectiles. As a result, cylindrical sam-
ples with a diameter of 400 A are used. Substrates with a thickness
ranging from 2 to 16 graphene layers with a HOPG structure are
bombarded by 10 keV Cg projectiles that are directed at the bot-
tom of the sample. Ten phenylalanine molecules are deposited
on the top of the graphene substrate, as shown in Fig. 1. Molecules
are placed away from each other to mimic submonolayer coverage.
They are also located at different distance from the impact zone to
probe the influence of this parameter on the mechanism of ejec-
tion. Phenylalanine molecules are selected as they are important
amino acids, they are simple, yet consist of most elements that
are present in biomaterials. Particles ejected both in direction of
the primary beam (transmission direction) and in the opposite
direction (reflection direction) are collected. Rigid and stochastic
regions are used to simulate the thermal bath and to prevent
reflection of pressure waves from the boundaries of the system
[1,18]. The simulations are run at 0K target temperature in an
NVE ensemble and extend up to 10 ps, which is long enough to
achieve saturation in the ejection yield vs time dependence. Eight
impact points within the linear impact zone represented by white
line in Fig. 1 are chosen to achieve statistically more reliable data.

3. Results and discussion

Numbers of particles ejected from systems of various thickness
by 10 keV Cgp impacts are given in Table 1. While it is evident that
the yields depend on substrate thickness, the actual dependence is
different for different particles. The number of projectile atoms
penetrating the sample decreases with a thickness of the substrate.
Interestingly, almost no projectile atoms are backscattered even
from the thickest system, which means that non-ejected atoms
are implanted into the sample. The ejection yield of substrate

Fig. 1. The model system used to study ejection processes of phenylalanine
molecules deposited on free-standing graphene. Numbers indicate distance from
the centre of the system. The white line depicts impact points.
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atoms in the transmission direction depends non-monotonically
on the substrate thickness. At first, the signal increases as more
carbon atoms become available for ejection when the sample is
getting thicker. However, with the increase of the substrate thick-
ness more primary kinetic energy is sacrificed to penetrate through
a thicker solid. As a result, less energy is available near the surface
from where the ejection occurs, and, ultimately, the signal
decreases. Atoms originally located in all layers are recorded in
the ejected flux, although ejection from the topmost layer is dom-
inant. A similar dependence on the substrate thickness occurs for
atoms originating from phenylalanine molecules, however, the
reason of such behavior has to be different than for substrate
atoms as the number of molecules available for ejection is con-
stant. For substrates composed of up to 6 graphene layers predom-
inantly molecular fragments are ejected. For thick substrates
(=12L) the ejected flux is composed entirely from intact
molecules.

Cross sectional views of the temporal evolution of 2, 8 and 16-
layer systems are shown in Fig. 2 to identify processes responsible
for molecular ejection. In all systems Cgy projectiles decompose
into smaller pieces almost immediately after the impact. As indi-
cated in Table 1 at the 2-layer (2L) sample almost all projectile
atoms penetrate through the substrate. Nevertheless, even in this
system a projectile-graphene interaction is surprisingly strong, as
already a half of the primary kinetic energy is transferred to the
substrate. Most of this energy is carried away by ejected substrate
particles. Ejection of both projectile and substrate atoms is forward
directed. Ejecting atoms can collide with organic molecules caus-
ing their ejection. However, the average kinetic energy of ejected
projectile and substrate atoms is high. As a result, such collisions
lead to molecular fragmentation, as seen for molecule B in
Fig. 2a. The projectile impact also leads to a creation of cylindrical
acoustic waves that propagate in the graphene outward from the
point of impact with a maximum amplitude of 1 A. It was reported
that these waves are capable to uplift benzene and cumene mole-
cules [8,9]. However, no similar phenomenon has been observed in
our study.

A dramatic alteration of a substrate structure caused by Cgo
impact is observed at thicker systems, as shown in Fig. 2b for the
8L graphene. The projectile is more efficiently decelerated, deposit-
ing almost all of its primary kinetic energy into the substrate. Part
of this energy is used to eject substrate atoms in the forward direc-
tion. The remaining part is used to deform the substrate. Soon after
the projectile impact substrate integrity is compromised. Near the
point of impact graphene sheets become separated from each other
and bend up in a direction parallel to the movement of incoming
projectile. Finally, a cylindrical opening is formed surrounded by
elevated rim at the top surface of the sample,

While the average kinetic energy of ejected projectile and sub-
strate atoms is smaller than in the 2L system, it is still high enough
to fragment molecule B. However, the unfolding of graphene
sheets, which works like a catapult can also eject other molecules,
as visible for molecule C. As the process is gentle and occurs in a
coordinated fashion, the ejected molecules are not fragmented.
This process supplements molecular ejection by collisions leading
to an increase of the organic signal and to the appearance of intact
molecules in the sputtered flux. A similar mechanism was
observed during crater formation at the metal surfaces bombarded
by cluster projectiles [15]. However, surface deformation observed
in graphene extends to a much larger lateral distance making this
process much more efficient than in metals. It is also worth men-
tioning that catapult-like sheets movement is almost absent at
the surface directly hit by a projectile. This observation indicates
that a transmission geometry is a better choice for efficient ejec-
tion of adsorbed molecules, at least, for ultra-small coverages.
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Table 1

The total number of atoms ejected in transmission (Ejected) and reflection (Sputtered/Reflected) directions, and the average kinetic energy KE,,. of atoms ejected from a free-
standing graphene of various thickness bombarded by 10 keV Cgp projectiles. The term “organic atoms” relates to atoms of phenylalanine molecules. The numbers in round
brackets depict relative contribution of intact phenylalanine molecules in the ejected flux.

Number of substrate layers Projectile atoms

Substrate atoms “Organic atoms”

Ejected Reflected KEave [eV] Ejected Sputtered KEave [eV] Ejected
2 57+1 0.0 89 49+ 2 0.13+0.1 59 21 +4(0%)
4 46+ 1 0.2 44 155+ 4 1.1+0.5 24 39 +5(7%)
6 322 0.2 16 25945 09+06 10 49 + 4 (23%)
8 12+1 0.3 13 205+13 33210 3 60 +4 (62%)
12 0202 0.5 5 03+0.2 52 2 81 +5 (100%)
16 0.0 1.2 0 0.0 9+3 0 64 +5 (100%)

4000 fs

=

Fig. 2. Cross-sectional view of the temporal evolution of a typical collision event
leading to ejection of atoms due to 10 keV Cgy bombardment of a system composed
from phenylalanine molecules deposited on (a) 2, (b) 8 and (c) 16 graphene layers. A
slice 15 A wide of the system centred at the impact point is shown. The dashed lines
in the background are separated by 10 A.

The process of graphene unfolding becomes less efficient with a
further increase of a substrate thickness. As shown in Fig. 2c, the
16L substrate is too thick to be perforated by a 10 keV Cgp projec-
tile. In this case no unfolding is present. It is interesting to note that
all projectile atoms become implanted inside the substrate. Such
behavior is different than observed during Csp bombardment of
metals, where almost all projectile atoms are backscattered into
the vacuum [16,18]. There is also a big difference in sputtering
yields recorded from these two materials. The sputtering yield is
large for metals and low for graphite. For instance, a sputtering
yield of 41 +3 was reported for 20 keV Cgy impact on graphite
[13], while ejection of almost 500 atoms was observed from Ag
(111) at the same impact conditions [16]. Barely 9 carbon atoms
are sputtered on average, i.e. ejected in reflection direction, from
our thickest system bombarded by 10 keV Cgo. The different behav-
ior of implantation and sputtering processes is a consequence of a
different redistribution of the deposited energy in these two sys-
tems. In metals, Cgg is quickly decelerated depositing its Kinetic
energy close to the bombarded surface [1,16]. The density of
deposited energy is high and the energy is redistributed initially
by spherical pressure pulses. Atoms are relocated and a crater is
formed. Substrate atoms are ejected from the corona of the crater
by a fluid flow motion, which is supplemented at later time by
atom effusion from the inside of a formed crater [15,16,19]. Most

of impinging projectile atoms either immediately rebound into
the vacuum when colliding with heavier Ag surface atoms, or are
implanted inside the volume, where the crater will be formed,
and will be ejected during this process.

The behavior of graphite is different. Firstly, graphite has a low
number density which leads to a lower density of deposited
energy. As a result, both the number of carbon atoms taking place
in the flow and the strength of the outward pressure pulse is
reduced [11,19]. However, the most critical factor for sputtering
is the layered structure of graphite [13]. Computer simulations
show that the energy transfer is more efficient along the graphene
sheets than in the vertical direction [9,13]. Consequently, energy
that normally would be directed towards the surface and con-
tribute to particle ejection, is now laterally channeled away.
Finally, the binding between carbon atoms in graphite is stronger
than binding between C and Ag atoms. A stronger binding com-
bined with a lower efficiency of vertical movement is responsible
for the absence of backreflection of projectile atoms in graphite.

Although projectile atoms are not penetrating through the sub-
strate, the upper surface of the 16L system bulges outward during
projectile deceleration as shown in Fig. 2c. This motion is energetic
enough to stimulate ejection of physisorbed phenylalanine mole-
cules, as shown at the bottom panel. The efficiency of this process
depends on the substrate thickness. One may expect it to be the
most efficient for substrates where the largest fraction of the pri-
mary kinetic energy is delivered to the largest area of the topmost
graphene sheet. As the bulging process is gentle and no energetic
projectile or substrate atoms are ejected, only intact molecules
are emitted. The simulations presented here are done for a single
projectile kinetic energy. It would be interesting to verify how
the primary kinetic energy influences ejection processes. For
instance, is there a scaling effect of energy versus number of layers
for the cases shown in Fig. 2? This topic is currently investigated
and will be published elsewhere.

4. Conclusions

Molecular dynamics computer simulations have been per-
formed to study the effect of the sample thickness on the ejection
mechanism of phenylalanine molecules deposited on free-standing
graphene bombarded by 10 keV Cg,. The mechanism of molecular
ejection depends on the substrate thickness. For thin substrates,
which are perforated by projectile atoms, collisions between pro-
jectile/substrate atoms and adsorbed molecules is the main mech-
anism of molecular ejection. At thicker substrates the catapult-like
action of the unfolding graphene sheets becomes important. The
efficiency of this process depends on the substrate thickness reach-
ing the maximum for 8-layer system, at least, for 10 keV Cgp pro-
jectiles. When the graphite layer becomes too thick to be
perforated, the ejection of adsorbed molecules occurs due to a bul-
ging out of the surface. Although acoustic waves are created by the
Csp impact, interaction with these waves does not lead to ejection
of phenylalanine molecules.
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Based on our results a few comments can be made about appli-
cability of ultrathin graphite substrates for SIMS. Before doing this
it should be pointed out, however, that the data presented in this
paper relate to the sputtering of neutral organic molecules while
ions are recorded in SIMS, To simulate ion emission, ionization
and neutralization processes should be included into the model
calculations, which is still an unresolved problem. One should
refrain, therefore, from quantitative comparisons between emis-
sion enhancements of ions and neutrals. However, analysis of the
structural modifications of the bombarded system and its influence
on particle emission is applicable to the study of both ions and
neutrals. Our study confirms that graphene supports have several
advantages, as compared to traditional metal or semiconductor
substrates especially for analysis of sub-monolayer amounts of
analyte. Firstly, the extremely small thickness of the support
results in a small amount of emitted substrate material especially
for 2L or 4L systems. As a result, there is a minimal interference
between substrate and analyzed signal. Furthermore, the emission
processes favor ejection of molecules towards the detector improv-
ing detection efficiency.

Finally, it also should be stressed that our findings are valid for
sub-monolayer coverages. For thicker organic overlayers, a signifi-
cant portion of the primary kinetic energy will be directly depos-
ited inside the organic layer. The propagation of this energy
within the overlayer will lead to molecular ejection and, most
probably, will dominate ejection process. However, this phe-
nomenon will be examined in future work.
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Molecular dynamics computer simulations are employed to investigate the effect of the kinetic
energy and impact angle on the ejection process from a free-standing graphene of thickness
between 1 and 16 layers. The target is bombarded by Cg projectiles with kinetic energy between 5
and 40keV and the impact angle ranging between 0° and 80°. The yields, kinetic energies, and
ejection directions of atoms are monitored. Computer simulations are used to point to optimal con-
ditions when a soft ejection of unfragmented molecules may occur, which may be invaluable infor-
mation for the development of secondary ion mass spectrometry based on a transmission geometry.
Published by the AVS. https://doi.org/10.1116/1.5019732

I. INTRODUCTION

In recent years, cluster ion beams have attracted increasing
experimental and theoretical attention due to their capacity to
enhance the ejection of large intact organic molecules in sec-
ondary ion mass spectrometry (SIMS)."” One of the most
successful clusters used in organic SIMS is Cgo fullerene.’ In
a typical SIMS geometry, the detector is located on the same
side of the target as the ion gun. Usually, metal or semicon-
ductor supports are used to deposit the analyzed material. A
novel SIMS configuration, based on ultrathin free-standing
graphene substrates and a transmission geometry, was pro-
posed recently by a group from Texas A&M University.*” In
this approach, the analyzed organic material is deposited at
one side of the ultrathin substrate, while another side is bom-
barded by cluster projectiles. It is argued that such geometry
can be particularly attractive for analysis of small amounts of
organic material, molecular nano-objects, and supramolecular
assemblies. It has also been reported that the formation of
negative ions emitted from ultrathin organic films deposited
on a free-standing graphene”® or covered by a graphene sheet®
is enhanced.

While the experimental data showing the advantages of
graphene application to SIMS are convincing, much less is
known about the processes leading to material ejection from
this system. Only a few simulations have been performed so
far for Cgy bombardment of a free-standing graphene.*>"'°
Most of the existing simulations modeled projectile impact
at graphite."'™"® Moreover, many of these studies concen-
trate on defect creation in the bombarded system rather than
on material ejection. Theoretical studies of sputtering of
graphite by kilo-electron-volt Cg, projectiles show that the
sputtering yield is unexpectedly low.'”'® Krantzman et al.
attributed this fact to a low atomic density of graphite,"”
while the effect of the layered structure of graphite was
emphasized by Tian et al."® 1t has also been shown that the
membranelike structure of graphite can vibrate after a low-
energy cluster impact.*'® Similar vibrations have been

“Author to whom correspondence should be addressed: electronic mail:
zbigniew.postawa@uj.edu.pl
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observed in a single layer of graphene.'” It has been
argued that the energy stored in this process can be sufficient
to uplift molecules adsorbed on a graphite.'*'°

The effect of the graphene substrate thickness on the ejec-
tion process has been recently investigated for a single pri-
mary kinetic energy and a single impact angle.® In that study,
free-standing graphene substrates, 2-16 layer thick, were
bombarded by 10keV Cg projectiles at normal incidence. It
has been shown that the yield depends on the sample thick-
ness in a nonmonotonic way and the shape of this depen-
dence is a consequence of an interplay between the amount
of material available for ejection and the energy deposited in
the subsurface regions by impinging projectiles. The goal of
this paper is to investigate the effect of the kinetic energy and
the impact angle on the ejection processes.

Il. COMPUTER MODEL

The molecular dynamics (MD) computer simulations were
used to model cluster bombardment. Briefly, the movement
of particles is determined by integrating Hamilton’s equations
of motion. The forces among carbon atoms in the system are
described by the ReaxFF-lg force field,”" which allows for
the creation and breaking of covalent bonds. This potential is
splined at short distances with a Ziegler-Biersack-Littmark
potential22 to properly describe high energy collisions. A
detailed description of the MD method can be found else-
where." The shape and size of the samples are chosen based
on visual observations of energy transfer pathways stimulated
by impacts of Ce projectiles.” As a result, cylindrical samples
with a diameter of 40nm are used. Samples with a thickness
between 1 (IL) and 16 (16L) graphene layers with a highly
oriented pyrolytic graphite structure are bombarded by Cgo
directed at the bottom of the sample. The kinetic energy and
the impact angle of the projectile are changed to investigate
the effect of these parameters on the particle ejection process.
Particles ejected both in the direction of the primary beam
(transmission direction) and in the opposite direction (sputter-
ing direction) are collected, as shown schematically in Fig. 1.
Rigid and stochastic regions are used to simulate the thermal
bath that keeps the sample at required temperature, to prevent

Published by the AVS. 03F112-1
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Transmission

:éﬁ'

Sputtering

FiG. 1. (Color online) Schematic side view of the modeled system. The
bright (yellow) arrow indicates the impact direction. Black arrows show the
transmission and sputtering directions mentioned throughout this paper.

reflection of pressure waves from the boundaries of the system,
and to maintain the shape of the sample.'** The simulations
are run at a target temperature of 0 K in an NVE ensemble and
extend up to 10 ps, which is long enough to achieve saturation
in the ejection yield versus time dependence. Between 8 and
32 randomly selected impact points located near the center of
the sample are chosen to achieve statistically reliable data.
Simulations are performed with the large-scale atomic/molecu-
lar massively parallel simulator code®* which was modified to
better describe sputtering conditions.

lll. RESULTS AND DISCUSSION

The effect of the substrate thickness and primary kinetic
energy on the yield of carbon atoms ejected from free-
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standing graphene systems bombarded by Cgq projectiles at
normal incidence is shown in Fig. 2(a). The yield initially
increases with the increase in the surface thickness for sub-
strate atoms ejecting in both transmission and sputtering
directions. Subsequently, the yield decreases for atoms ejected
in the transmission direction and it saturates for sputtered
atoms. The primary kinetic energy does not influence the
shape of the yield versus thickness dependence. However,
bombardment by a more energetic projectile leads to a stron-
ger emission and shifts the position of the maximum in the
yield versus thickness dependence to thicker systems. Our
results demonstrate a direct proportionality between the posi-
tion of the maximum and the projectile kinetic energy.
Variation of the substrate thickness has a different impact
on ejection of projectile atoms. The yield decreases mono-
tonically with the sample thickness for atoms ejected in the
transmission direction. The yield of backscattered projectile
atoms is very low and does not exhibit a consistent depen-
dence on the substrate thickness. These observations indicate
that projectile atoms are being trapped inside the graphene
substrate. The magnitude of this process increases with the
sample thickness. More energetic projectiles are able to per-
forate thicker substrates. As a result, the yield versus thick-
ness dependence broadens for more energetic projectiles.
Almost all projectile atoms penetrate through a thin sub-
strate, as shown in the inset of Fig. 2(a). However, even in this
case, the projectile-graphene interaction is significant, espe-
cially for low-energy projectiles. For instance, for SkeV Cg,
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Fic. 2. (Color online) Dependence of (a) the ejection yield and (b) the fraction of primary kinetic energy carried away by particles emitted in the transmission
(top) and sputtering (bottom) directions on the thickness of the sample bombarded by 5, 10, 20, and 40keV Cgq projectiles at normal incidence. Main graphs
represent the atoms ejected from the sample, while the insets depict projectile atoms.
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almost 40% of the primary kinetic energy is deposited into
the one layer (1L) sample, as shown in the inset of Fig. 2(b).
Almost 70% of impact energy is deposited in the 2L system.
These numbers drop to 15% and 20% for analogous systems
bombarded by 40keV projectiles. Most of the deposited
energy is carried away by substrate atoms emitted in the
transmission direction. The energy carried away by sputtered
atoms is small and does not exceed 0.5% of the initial kinetic
energy. For a given primary kinetic energy, the amount of
deposited energy increases with the sample thickness.
Nevertheless, there is always an optimum thickness when the
largest portion of the primary kinetic energy is carried away
by ejecting atoms. This optimum thickness is not equal to the
thickness yielding the largest particle emission. For instance,
the largest fraction of primary kinetic energy is carried away
from a 2L system for SkeV Cg, projectiles, whereas the most
efficient ejection occurs from the 4L system at this impact
energy. The increase in the primary kinetic energy shifts this
optimal thickness to a higher value. Interestingly, the maxi-
mum fraction of the primary energy carried away by sub-
strate atoms does not depend on the kinetic energy of a
projectile. It is approximately 40% regardless of the value of
this parameter.

The effect of the impact angle on the ejection yield from
the 2L and 8L systems bombarded by 10 and 40keV Cgy
projectiles is shown in Fig. 3. The impact angle has a similar
influence on the yield of substrate atoms emitted in the trans-
mission and sputtering directions for both these systems.

03F112-3

First, the yield increases with the impact angle, and then, it
decreases. The position of a maximum shifts to a larger
impact angle and becomes more pronounced for more ener-
getic projectiles.

The impact angle also has a significant influence on a num-
ber of ejected projectile atoms. The functional form of this
influence is, however, different from the one observed for
substrate atoms. The number of projectile atoms penetrating
through the sample decreases monotonically with the impact
angle, whereas the yield of backreflected atoms increases for
more oblique impacts. For the 2L system, these yields are
almost complementary, which indicates that projectile atoms
can be either transmitted or backreflected. In other words,
projectile atoms cannot be trapped inside such a thin system.
The situation is different for the 8L system, especially when it
is bombarded by low-energy projectiles. In this case, many
projectile atoms are trapped inside the sample.

Cross-sectional views of the temporal evolution of the
bombarded systems can be used to gain insight into the
mechanism of particle ejection. As SIMS analysis with gra-
phene substrates is performed at high kinetic energy,*> we
limit our discussion to a 40keV bombardment. Cross-
sectional views of the 2L and 8L systems bombarded by
40keV Cg projectiles are shown in Figs. 4 and 5, respec-
tively. See supplementary material for animations of the
impac[s.29 The plots are made for impact angles which corre-
spond to a normal incidence, the incidence when ejection of
substrate atoms is the most efficient, and the impact angle
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Fic. 3. (Color online) Dependence of the yields of carbon atoms ejected in the transmission (top) and sputtering (bottom) directions from the (a) two and (b)
eight layer systems bombarded by ten (solid line) and 40keV Cg (dashed line) projectiles on the impact angle. Main graphs represent the atoms originating
from the sample, while the insets depict projectile’s atoms.
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FiG. 4. (Color online) Cross-sectional view of the temporal evolution of a typical collision event leading to ejection of atoms due to 40 keV Cgy bombardment
of a system composed of two graphene layers. Bright (yellow) spheres indicate projectile atoms. A 1 nm slice of the system centered at the impact point is
shown. The plots are made for impact angles, which correspond to a normal incidence, the incidence when ejection of substrate atoms is the most efficient,
and the impact angle when the yield of these atoms decreases. The dashed lines in the background are separated by 1 nm.

when the yield of these atoms decreases. These impacts
should lead to the widest range of phenomena stimulated by
projectile impact. From Figs. 4 and 5, it is evident that the
integrity of the Cg projectile is compromised almost imme-
diately after the impact. However, the projectile atoms
remain together and interact collectively with the sample.
For the 2L sample bombarded at normal incidence, all
projectile atoms penetrate through the substrate and an
almost circular nanopore is created, as shown in Fig. 6. Zhao
et al. have found that energetic clusters can be used to fabri-
cate nanopores in graphene in a controlled way by varying
the properties of the incident projectile.” They have found
that an impact energy of 11.4eV/atom is needed to create a
nanopore in a single layer of graphene when bombarded
with Cgy projectile at normal incidence.” This energy corre-
sponds to approximately 0.68 keV for the entire Cgq projec-
tile. Assuming that the same energy is necessary to perforate
additional layers, one can predict that approximately 5.4 keV
is needed to perforate the 8L system. This value is close to
the threshold energy observed in our simulations [see the top
inset of Fig. 2(a)]. The ejection process is very fast, and
most of the atoms are emitted within 200 fs after the projec-
tile impact. Regardless of a high projectile kinetic energy,

J. Vac. Sci. Technol. B, Vol. 36, No. 3, May/Jun 2018
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most of the substrate atoms are ejected from the topmost
layer in the transmission direction. In fact, approximately
75% from 42 atoms ejected in the transmission direction
originate from the topmost layer. The trend is opposite for
substrate atoms ejected in the sputtering direction. In this
case, ejection from the bottom layer dominates. Most projec-
tile and substrate atoms emitted in the transmission direction
are ejected at off normal angles. With the increase in the
impact angle, the nanopore becomes larger. However, its
size increases almost entirely along the impact azimuth. As a
result, it becomes ellipsoidal. The size of the nanopore
increases as the projectile impinging at the off normal angle
travels a longer path inside the layer and consequently can
interact with the larger amount of substrate material.
However, simultaneously, the normal component of the pro-
jectile momentum decreases, and it becomes more difficult
to perforate the substrate. As a result, a larger number of pro-
jectile atoms are backreflected from the sample and less
energy becomes available to stimulate ejection of substrate
atoms. At a certain moment, this process begins to dominate
over the increase in the substrate material excited by the pro-
jectile, and both the sputtering yield and the nanopore size
decrease. The projectile impact leads to the creation of
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60 fs a) 0 deg
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10 000 fs .

FiG. 5. (Color online) Cross-sectional view of the temporal evolution of a typical collision event leading to ejection of atoms due to 40 keV Cg, bombardment
of a system composed of eight graphene layers. Bright (yellow) spheres indicate projectile atoms. A 1 nm slice of the system centered at the impact point is
shown. The plots are made for impact angles, which correspond to a normal incidence, the incidence when ejection of substrate atoms is the most efficient,
and the impact angle when the yield of these atoms decreases. The dashed lines in the background are separated by 1 nm.

cylindrical acoustic waves that propagate outward from the
point of impact with a maximum amplitude of approximately
0.1 nm.,

More dramatic alteration is observed in the 8L system. In
this case, the ejection process requires more time to com-
plete. The projectile is more efficiently decelerated, deposit-
ing almost all its kinetic energy into the sample. Ejection of
substrate atoms in the transmission direction is the main
channel of material removal. The original location of ejected
substrate atoms is not restricted to the top layers, but it
extends deep into the sample. For instance, approximately
40%, 25%, 16%, 10%, and 5% of 603 atoms ejected in the
transmission direction originate from the first (topmost), sec-
ond, third, fourth, and fifth layers, respectively, which
explains a conical shape of the evacuated volume. The
remaining part of deposited energy is used to deform the
substrate. Near the point of impact, for a short time, gra-
phene sheets become separated from each other and bend up
in a direction parallel to the movement of incoming projec-
tile. Finally, a circular opening is formed surrounded by the
elevated rim at the top surface of the sample. No rim is
formed at the bottom surface. Bonds of many carbon atoms
located in the energized volume are broken, which means

that these atoms become highly reactive. Many of the decel-
erated projectile atoms bound with these atoms.

The evolution of a system bombarded at an impact angle
corresponding to the most efficient ejection of substrate
atoms is shown in the second column of Figs. 4 and 5. For a
2L system, this angle is approximately 75°, while an angle
of 60° is the most optimal for an 8L system. The 2L system
is perforated within 70 fs. The projectile integrity is compro-
mised again, but most of the projectile atoms preserve their
original movement direction. There is a lot of movement at
the edges of the created nanopore which now is elongated
along the impact azimuthal direction, as shown in Fig. 6.
Because the movement trajectory is now oblique, a larger
volume of the sample is energized. However, the component
of the projectile momentum perpendicular to the surface is
reduced. As a result, it is easier to reflect projectile atoms.

Again, a more dramatic action is observed for an 8L sys-
tem. The projectile atoms penetrate along the initial direction,
but soon they become decelerated by collisions with substrate
atoms. Most of these atoms become trapped inside the sample.
First, the opening at a bottom surface is created and the sub-
strate atoms are sputtered at oblique angles. Approximately
400 fs after the projectile impact, the integrity of the upper
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Fic. 6. (Color online) Top view of the 2L system bombarded by 40keV pro-
jectiles at several impact angles. Bright (yellow) balls depict projectile
atoms. The image is collected 1 ps after the projectile impact. The dashed
lines in the background are separated by 1 nm. Arrow indicates azimuthal
direction of the impacting projectile.

part of the sample is compromised, and the sample atoms start
to eject in the transmission direction. It is interesting to note
that regardless of a very large impact angle, most of these
atoms eject in directions close to the surface normal. Finally,
a cylindrical nanopore is created with openings of similar
dimensions. Strong deformations are observed near the point
of impact, which results in a graphene layer unfolding over a
larger area.

A further increase in the impact angle leads to a signal
decrease as shown in the third column of Figs. 4 and 5 for
bombardment at the 78 and 75° impact angles of the 2L and
8L systems, respectively. The normal component of the pro-
Jjectile momentum is now so low that it becomes difficult to
perforate even a 2L system. The 8L system is not perforated.
Almost all projectile atoms backreflect from the 2L sample,
while some of these atoms are trapped inside the 8L system.

J. Vac. Sci. Technol. B, Vol. 36, No. 3, May/Jun 2018
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Although the projectile atoms are not penetrating through
the 8L substrate, its upper surface bulges outward during
projectile deceleration.

Based on all observations, it can be concluded that the
yield of substrate atoms is determined by two factors. The
first factor is the amount of material available for sputtering.
This quantity will increase with the sample thickness and
with the impact angle, as projectile will travel a longer path
inside the layer. The second factor is the amount of energy
stored near the surface from where the ejection occurs. For
ejection in the transmission direction, the upper surface is
important. The energy stored near this surface will decrease
with the sample thickness and the impact angle as projectile
atoms have to sacrifice more energy to penetrate through the
layer. For conditions where the substrate is perforated, an
increase in the material available for ejection dominates and
the yield increases with the substrate thickness or impact
angle. However, ultimately less energy becomes available
near the upper surface and the yield drops. For ejection in
the sputtering direction, a bottom surface is important. The
energy deposited near this surface increases with the sample
thickness until the layer becomes thicker than a depth of a
volume from where particles are ejected. Subsequently, the
yield will saturate. The increase in the impact angle has also
a positive effect on the amount of energy stored near the bot-
tom surface, as the energy deposition profile is shifted down-
ward. However, the increase in the impact angle also
reduces the projectile momentum component perpendicular
to the surface. It becomes easier to backreflect the projectile
atoms, and more energy is carried away by these particles.
As a result, less energy is deposited near the bottom surface
and the yield decreases for too oblique impacts.

The yield of the projectile atoms ejected in the transmis-
sion direction is determined only by the capability of projec-
tile atoms to perforate the sample. This capability decreases
with the increase in both the layer thickness and the impact
angle. The yield of the projectile atoms ejected in the sput-
tering direction will be determined by the capability of the
sample to backreflect the projectile atoms. As already dis-
cussed, this capability increases with the impact angle.

The increase in the primary kinetic energy leads to the
deposition of a larger amount of this energy in the sample
and to a larger projectile range. Both these factors lead to a
stronger ejection of substrate atoms. A larger penetration
range increases the substrate thickness which can be perfo-
rated by the projectile. This factor leads to a shift of the
emission maximum toward thicker samples for a constant
impact angle or toward larger impact angles for a constant
thickness when the projectile kinetic energy is increased.
The increase in the primary kinetic energy also results in a
broader distribution for projectile atoms.

Finally, a few comments can be made about the applica-
bility of ultrathin graphene substrates for SIMS analysis of
organic overlayers. It is known that for a standard sputtering
geometry, collisions of adsorbed molecules with ejecting sub-
strate atoms or a concerted action of the unfolding of the cra-
ter rim are the main processes leading to molecular emission
from ultrathin organic layers deposited on solid substrates



03F112-7 M. Golunski and Z. Postawa: Effect of kinetic energy and impact angle on carbon ejection

bombarded by atomic and cluster projectiles, respec-
tively.l‘zs’28 Direct collisions between projectile atoms and
adsorbed molecules lead to molecular fragmentation.””®
From this point of view, strong ejection of substrate atoms is
a preferred experimental condition. The application of gra-
phene and a transmission geometry allows us to satisfy this
requirement. As shown in Fig. 2(a), ejection in the transmis-
sion direction is much stronger than that in the sputtering
direction. However, the energetics of collisions between
ejecting substrate atoms and the adsorbed molecules is also
important. From the point of view of this factor, the applica-
tion of a transmission geometry is less beneficial, as the
energy of substrate atoms ejecting in the transmission direc-
tion is higher than the energy of a typical bond. For instance,
in a 2L system bombarded by 5 keV projectile at normal inci-
dence, the molecules located immediately above the point of
projectile impact will collide with projectile atoms moving
with the average kinetic energy of almost 70eV per atom.
Even for substrate atoms, the average kinetic energy will be
close to 14 eV per atom. Collisions with such atoms will cer-
tainly lead to molecular fragmentation. Much more promis-
ing is a process of unfolding of the topmost graphene layer.
In this case, the graphene sheet acts as a catapult that can
gently hurl molecules into the vacuum. There is a consider-
able amount of energy associated with this movement, which
means that even very large molecules can be uplifted. In the
transmission geometry, this movement extends to a much
larger lateral distance from the point of impact, as compared
to a similar process present in metals or semiconductors, ™
As shown in Figs. 4 and 5, it may be even more advantageous
to bombard thicker samples and use the off-normal impact
angle to enhance the catapult action. Consequently, a larger
number of adsorbed molecules could be ejected by a single
projectile impact, making analysis of small amounts of
organic material viable. However, it should also be kept in
mind that ejection of electrons is necessary to stimulate for-
mation of negative icms,"_ﬁ which means that a certain
amount of kinetic energy must be present near the area of
molecular ejection to emit such electrons. From this point of
view, the application of thick substrates or bombardment at
large impact angles may not be optimal.

IV. SUMMARY

Processes responsible for particle ejection from graphene
substrates of various thicknesses bombarded by Cgq projec-
tiles in a wide range of primary kinetic energies and impact
angles were investigated. It has been observed that these
quantities have a significant influence on the yield and the
dynamics of particle ejection. For a given impact angle and
primary Kinetic energy, the yield of the substrate atoms
ejected in the transmission direction has a nonmonotonic
dependence on the sample thickness, with a pronounced
maximum. A similar shape of dependence is observed if the
impact angle is changed, while the primary kinetic energy
and the sample thickness are kept constant. The position of
the maximum in these dependencies shifts to thicker samples
for a constant impact angle and to a larger impact angle for a
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constant thickness, if the kinetic energy of a projectile is
increased. The yield of sample atoms ejected in the sputtering
direction saturates with the sample thickness for a given
kinetic energy and impact angle. The number of projectile
atoms ejected in the transmission direction decreases mono-
tonically with the increase in the sample thickness and impact
angle or with the decrease in the primary kinetic energy. All
these changes result in a decrease in energy deposited in the
top subsurface region. The yield of projectile atoms backre-
flected from the sample does not have a visible dependence
on the sample thickness, but it increases for more oblique
impacts, as it is easier to reflect atoms with a small compo-
nent of momentum perpendicular to the surface. The width of
these dependencies broadens with the increase in a primary
kinetic energy. All observed trends can be explained by an
interplay between the amount of material available for ejec-
tion and the amount of primary Kinetic energy being depos-
ited in the top and bottom subsurface regions of the sample.
Our study confirms that graphene supports and a transmis-
sion geometry have advantages over traditional metal or
semiconductor substrates for analysis of ultrathin materials.
First, the extremely small thickness of the support results in
small amounts of emitted substrate material. As a result, there
is a minimal interference between the substrate and the ana-
Iyzed signal. A large portion of the primary Kinetic energy
can be transmitted to the organic overlayer in the direction
toward the detector by the collective movement of the top-
most layer, increasing a chance that a small amount of ana-
lyte can be recorded. Our results confirm that the graphene
sheet can act as a catapult, leading to efficient soft ejection of
adsorbed organic molecules. However, ejection of secondary
electrons is also necessary to stimulate efficient ionization.
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We present the data on ejection of molecules and emission of molecular ions caused by single impacts
of 50 keV Cgp** on a molecular layer of deuterated phenylalanine (D&Phe) deposited on free standing,
2-layer graphene. The projectile impacts on the graphene side stimulate the abundant ejection of
intact molecules and the emission of molecular ions in the transmission direction. To gain insight into
the mechanism of ejection, Molecular Dynamic simulations were performed. It was found that the
projectile penetrates the thin layer of graphene, partially depositing the projectile’s kinetic energy,
and molecules are ejected from the hot area around the hole that is made by the projectile. The yield,
¥, of negative ions of deprotonated phenylalanine, (D8Phe-H)~, emitted in the transmission direction
is 0.1 ions per projectile impact. To characterize the ejection and ionization of molecules, we have
performed the experiments on emission of (D8Phe-H)~ from the surface of bulk D8Phe (¥ =0.13) and
from the single molecular layer of D8Phe deposited on bulk pyrolytic graphite (¥ = 0.15). We show
that, despite the similar yields of molecular ions, the scenario of the energy deposition and ejection
of molecules is different for the case of graphene due to the confined volume of projectile-analyte
interaction. The projectile impact on the graphene-D8Phe sample stimulates the collective radial
movement of analyte atoms, which compresses the D8Phe layer radially from the hole. At the same
time, this compression bends and stretches the graphene membrane around the hole thus accumulating
potential energy. The accumulated potential energy is transformed into the kinetic energy of correlated
movement upward for membrane atoms, thus the membrane acts as a trampoline for the molecules.
The ejected molecules are effectively ionized; the ionization probability is ~30x higher compared to
that obtained for the bulk D8Phe target. The proposed mechanism of ionization involves tunneling
of electrons from the vibrationally excited area around the hole to the molecules. Another proposed
mechanism is a direct proton transfer exchange, which is suitable for a bulk target: ions of molecular
fragments (i.e., CN7) generated in the impact area interact with intact molecules from the rim of this
area. There is a direct proton exchange process for the system D8Phe molecule + CN™. Published by
AIP Publishing. https://doi.org/10.1063/1.5021352
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at hypervelocities.™* The emissions referred to

Secondary ion mass spectrometry, SIMS, is well recog-
nized as a highly sensitive surface analysis technique.! The
secondary ion, SI, emission process is explained as the result
of the dissipation of the projectile kinetic energy via linear
collision cascades (atomic projectiles) or high density colli-
sion cascades in the case of cluster impacts.” The high density
cascades in turn generate correlated pulses toward the sur-
face around the impact crater promoting the sputtering of
neutral and emission of ionized species as atoms, molecules
and molecular fragments. The full development of the colli-
sion cascades assumes a solid of at least 100 nm in thickness.
However, in a departure from the conventional SIMS exper-
iment, we have observed abundant emission of small carbon
clusters, when bombarding free-standing graphene with Cgo>*

#Electronic mail: schweikert@tamu.edu

0021-9606/2018/148(14)/144309/11/$30.00

148, 144309-1

here are in a transmission (forward) direction. Further experi-
ments, where a single layer of Cgp deposited on free-standing
graphene was bombarded with 50 keV Cgp2*, showed that the
yield of Cgp~ emitted in the transmission direction is compa-
rable to that obtained from a monolayer of Cgy on pyrolytic
graphite, and even comparable to that from a bulk Cgy deposit.’
In the latter cases, bombardment was also with 50 keV Cgo*,
but the Cgp~ emission was measured in the conventional reflec-
tion direction. Clearly, the Cgp on the 2D substrate is ejected
and ionized with high efficiency, in a mode that differs from
the conventional SIMS process. Molecular dynamics (MD)
simulations of Cgy bombarding a monolayer of Cgo deposited
on two layers of free standing graphene show that intact Cgo
is ejected within a few ps from a “hot” vibrationally excited
rim around the impact rupture.’ The proposed mechanism of
ejection involves a combination of an “evaporation™ process
from the vibrationally excited area, with a Kinetic repulsion
process due to the graphene membrane oscillating around the

Published by AIP Publishing.
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impact hole. The high degree of ionization of the ejected Cg
may be explained as due to electron tunneling between the hot
graphene and the ejecta.

The question now arises if the efficient ejection-ionization
observed for Cg occurs also for organic molecules in mono-
layer deposit on graphene. We address this issue here with
a study on SI emission from monolayer deposits of pheny-
lalanine on graphene under Cgy bombardment. The obser-
vations are compared with data from monolayer and bulk
deposits of the same analyte on bulk graphite. For the addi-
tional insight, the findings are compared with MD simulations
run on equivalent samples and conditions.

EXPERIMENTAL
Instrumentation

The experiments were run with a custom-built cluster-
SIMS instrument consisting of two identical Cgy effusion
sources (Fig. 1). One cluster ion source generates 50 keV Ceo*
projectiles which impact the back side of a thin target (e.g.,
graphene) at an angle of incidence of 0° from normal. This
setup is used for the detection of secondary ions which are
emitted in the transmission direction. Another Cg source is
used for impacts on the front side of the bulk target at an angle
of incidence of 25° from normal. The secondary ions are emit-
ted/detected in the reflection direction. The SIMS instrument
is equipped with a 1.2 m linear time-of-flight mass spectrom-
eter, TOF-MS, and an electron emission microscope, EEM.%7
The EEM was used here solely to detect secondary electrons
for the ToF start signal. The data were acquired at the level of
individual Cg) impacts with a repetition rate of 1000 impacts/s.
This event-by-event bombardment-detection mode allows us
to select specific impacts, in the present case those involving
free-standing graphene,’® at the exclusion of signals from the
target holder and support. A detailed description of the com-
ponents and data acquisition processing scheme can be found
elsewhere.’

i Target 1

.,

Projectile
Molecular 50keV Cgp?*

layer

grophane “Target 2
FIG. 1. Schematic of experiment: (a) objective lens for secondary ions and
electrons, (b) magnetic prism for the redirection of electrons toward imaging
electron optics (¢), (c) imaging electron optics, (d) position sensitive detector
consisting of dual microchannel plate, phosphor screen, and CMOS camera,
(e) dual microchannel plate, and (f) 8 anode detector.
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Samples

A layer of deuterated phenylalanine (D8Phe) molecules
(Fig. 1) was vapor deposited on 2-layer graphene or pyrolytic
graphite. The graphene was supported by a lacey carbon film
on a copper TEM grid with 300 lines/in. (Ted Pella, Inc., Red-
ding, CA). The support was analyzed and the contribution of
the observed STs from the lacey carbon was found to be small.?
The pyrolytic graphite plate of thickness of 0.5 mm (Sigma
Aldrich, Inc.) has 99.99% purity.

The deposition of D8Phe was made in high vacuum with
a growth rate of the molecular layer of 50 nm/min. The time
of deposition was controlled with a shutter placed in front of
the sample. A one second exposure time resulted in a single
molecular layer of ~1 nm thickness.

Homogeneity test

The uniformity of the D8Phe layer was tested using
event-by-event bombardment-detection mode.® The method
allows us to detect the (D8Phe-H)™ ions that are co-emitted
with the D™ ions and compute the correlation coefficients of
co-emission®
~ Yo pne

YpYepe'
where Yp and Ypy, are the yields (the number of emitted ions
that are detected per projectile impact) of (D8Phe-H)™ ions
and D~ ions, respectively, and ¥p pp. is the yield of co-emitted
(D8Phe-H)™ and D™ ions.

For the homogeneous surface, the ions are emitted inde-
pendently from any point of the impacting area.® Thus, for the
homogeneous surface, K, = 1.

The measured yields are given by

(1)

n

Ypne = Iphe/Neg, (2)
Yp = Ip/N.y, 3
YD.Phe = ID,H:{*I’NL'ﬁ"s (4)

where Ipy,. is the number of detected (D&8Phe-H)™, I, is the
number of detected D, Ip pp. is the number of detected co-
emitted ions and N, is the effective number of impacts on the
area of the target, which is covered by the molecular layer.
Using the expressions (1)—(4), one can obtain Ng,

Nefp = ——. (5

If the molecular coverage of the surface is incomplete, the
effective number of impacts is less than the total number of
impacts, Ny,

Ngﬂ' < Np. (6)

To compare the quality of the D8Phe layers deposited on dif-
ferent substrates, the degree of coverage can be written in the

form as
@ (100%) = Neg
No

The degree of coverage, a, the yields of (D8Phe-H)™, ¥pj. and
other measured ions for the different targets are presented in
Table I.

The degrees of coverage, presented in Table I, show that
the Targets I and II are well covered by D8Phe molecules. The

100%. (7
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TABLE I. Degree of coverage, a, yield of (D8Phe-H)™, Ypy,, and the yields
of some atomic and fragment negative ions measured for different targets.
(Target I) 2-layer graphene coated by ~1 nm layer of D8Phe. The projectiles
impact graphene first; the emitted ions are detected in the transmission direc-
tion. (Target II) Bulk pyrolytic graphite coated by ~1 nm layer of D8Phe.
(Target IIT) Thick layer (~500 nm) of D8Phe deposited on pyrolytic graphite.
A thickness of 500 nm is enough to consider this target as bulk D8Phe. For
the Targets 1I and III, the projectiles impact first the D8Phe layer; the emitted
ions are detected in the reflection direction. The standard deviation is better
than +5% for all values of the experimental .

a(%) Yppe Yo Yo Yoo Yoo Yop Yo

Target I 89 0.10 010 0.5 031 004 002 0.12
Target 1T 86 015 006 003 022 002 001 0.04
Target 111 100 013 011 004 023 003 001 004

thickness of the layer is ~1 nm (50 nm/min deposition rate
with an exposure time of | s). The coverages were 89% and
86% for the Targets I and II, respectively.

Molecular dynamics simulations

The molecular dynamics (MD) computer simulations
were used to investigate processes leading to material ejection
from a graphene substrate covered with a phenylalanine over-
layer bombarded by Cgq projectiles. Briefly, the movement of
particles is determined by integrating Hamilton’s equations of
motion. Targets consisting of one layer of phenylalanine (Phe)
deposited on 2 layers and 30 layers of graphene are shown
in Fig. 2. A detailed description of the MD method can be
found elsewhere.” The cylindrical samples are selected based
on visual observations of energy transfer pathways stimulated
by impacts of Cg projectiles. The sample diameter was chosen
to minimize edge effects associated with the dynamic events
leading to ejection of particles. The graphene substrates had
a circular shape with a radius of 20 nm and a thickness of
approximately 0.34 nm and 5.1 nm, containing 92 162 and
1 382 430 carbon atoms, respectively. The phenylalanine
monolayer, consisting of 5013 molecules or 115 299 atoms,
was deposited on graphene and re-equilibrated to achieve

a)

CeCeCoHeOeN
40 nm

FIG. 2. Visualization of the atomic system used in simulations.

J. Chem. Phys. 148, 144309 (2018)

a configuration with minimal potential energy. This proce-
dure resulted in a monolayer approximately 1.11 nm thick.
The phenylalanine multilayer was represented by 10 layers of
phenylalanine deposited on two layers of graphene. This sys-
tem consisted of 50 317 molecules or 1 157 291 atoms. One
should note that in MD simulations, the Phe molecules are
not deuterated. The slight difference in bond strength between
D8Phe and Phe is of no concern here. Reactive force field
(ReaxFF) potential splined at a short distance with the Ziegler-
Biersack-Littmark (ZBL) potential to properly describe high
energy collisions was used to describe interactions among all
atoms in the system.'”

Rigid and stochastic regions around the edge of the sam-
ple were used to preserve sample shape and prevent back
reflection of the waves generated by the projectile impact
from back reflection from the system boundary.!" We found
that the tooth-sawtooth shape of the stochastic zone (like in
breakwaters) is more effective for eliminating constructive
interference of energy waves that reflect from the boundaries
than a simpler cylindrically shaped zone. The Cgy projectile
is situated “below” the sample in a “transmission” setup for
a 2-layer graphene substrate [Fig. 2(a)]. Thus the detected
molecules are ejected on the other side of the sample than
the side that is hit by a projectile. The projectile is located
above the substrate in a “reflection” configuration for a 30-
layer graphene system [Fig. 2(b)]. In this case, molecules are
emitted in the direction opposite to the initial projectile move-
ment. The atoms in the target have initially zero velocity. The
atoms in the Cg projectile have initially no velocity rela-
tive to the center of mass motion. The Cgo projectiles with
a kinetic energy of 50 keV are directed along the surface
normal.

The simulations are run in a NVE ensemble and extend
up to 60 ps, which is long enough to achieve saturation in the
ejection yield vs time dependence. Nine randomly selected
impact points located near the center of the sample are chosen
to achieve statistically reliable data. Simulations are performed
with the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) code,'? which was modified to better
describe sputtering conditions.

RESULTS AND DISCUSSION

The mass spectra of negative ions emitted from different
targets (Targets I-111) are shown in Figs. 3-5, respectively.

All mass spectra of emitted negative ions contain peaks of
D8Phe fragmentions of C,,C,H™,C,D™ (n < 10),OH, 0D,
and O~ (Figs. 3-5). The presence of O~ and C, H in the spectra
also implies that the graphene as well as pyrolytic graphite is
partially oxidized and has contaminants due to exposure in air
prior to the experiments in a vacuum.”

While the mass spectra of all targets appear to be similar,
there are a few notable differences. The first difference is the
high yield of C;~ in the transmission experiments (Target I),
which is in part attributed to fragmentation and atomization
of the projectile after impact followed by the ionization of the
projectile’s carbon atoms. Indeed, the yields of C;™ measured
for the reflection direction (bulk targets II and III) are much
lower due to fewer recoiled projectile atoms. For Target I,
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Molecular FIG. 3. Mass spectrum of negative ions emitted from the
ayer, Target I (2-layer graphene coated by the molecular layer
graphene of D8Phe). The directions of bombardment and emission
are shown in the sketch presented on the right-hand side
of the figure.
Projectile
50keV Cgo?*
& FIG. 4. Mass spectrum of negative ions emitted from the
Target II (bulk pyrolytic graphite coated by the molec-
Molecular ular layer of D8Phe). The directions of bombardment

layer and emission are shown in the sketch presented on the
araphite right-hand side of the figure.
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the shape of the C;~ peak has an extended tail toward the
low mass range, which indicates the presence of ions with
high kinetic energies (discussed below). A further difference
is the shape of the peak of (D8Phe-H)~, which depends on
mechanism/s of molecule ejection and ionization (discussed
below).

The shape of the C; ™ peak can be converted into the kinetic
energy distribution. Details of the measurement of the kinetic
energy distributions are given in the supplementary material
of Ref. 3.

The kinetic energy distributions of C;~ are different for
transmission and reflection experiments (Fig. 6). For the trans-
mission experiments, the Kinetic energies of C,~ extend up to
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1/60 (833 eV) of the projectile energy. This energy corre-
sponds to the energy of projectile C atoms, or to the energy of
C atoms, which are knocked on in a direct collision between
projectile C atoms and C atoms of the D8Phe+graphene film.
For the bulk target, the kinetic energies of C,~ extend up to
~60-75 eV. These energies correspond to the energies of the
C recoils, which are generated via collision cascades.”

Phenylalanine monolayer on graphene

A key finding is the abundant emission of deprotonated
molecular ions of D8Phe from the molecular layer of D8Phe
deposited on 2-layer graphene. The yield of 0.1 ions/impact

Projectile
50keV Cgo?*

FIG. 5. Mass spectrum of negative ions emitted from the
Target III (bulk D8Phe). The directions of bombardment
and emission are shown in the sketch presented on the

multilayer right-hand side of the figure.
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FIG. 6. Kinetic energy distributions measured for the atomic ions C; ~ emitted
from the single molecular layer of D8Phe deposited on 2-layer graphene (green
color, Target I), the single molecular layer of D8Phe deposited on pyrolytic
graphite (red color, Target IT) and bulk D8Phe (blue color, Target III).

is comparable with the yield for (D8Phe-H)™ emitted from
the bulk target (0.13 ions/impact). As noted earlier, projectile

Time|(ps): 0,0
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impacts on bulk matter result in high density collision cas-
cades, which are an efficient source for sputtering of intact
molecules.”

In the case of 50 keV Cgy™* impacts on graphene covered
with a monolayer of D8Phe, the C atoms of the projectile col-
lide with those of the target. The knocked-on atoms carry a part
of the kinetic energy of the projectile atoms. Another part of
the kinetic energy is deposited into the rim around the impact
site. MD simulations show that the molecules are ejected from
this area (Figs. 7 and 8) (Multimedia view). Figure 7 (Mul-
timedia view) shows the cut view and Fig. 8 (Multimedia
view) shows the side view of the processes of Phe+graphene
evolution and molecule ejection. The critical process, which
regulates the abundance of the ejecta, is the separation of the
molecular layer from graphene. The molecular layer evolves
as a collective movement of Phe molecules and simultane-
ously the graphene oscillates downward/upward. The key step
of molecule ejection occurs within first 2 ps after impact.
The initial atom-atom interactions stimulated by the projectile
impact are transformed into a collective radial movement of
atoms of Phe molecules, which compresses the molecular layer

FIG. 7. Snapshots of the model system consisting of
the single layer of phenylalanine molecules (1.1 nm)
deposited on 2L graphene taken at various moments
after 50 keV Cgp impact—cross-sectional view. The
corresponding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.1
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FIG. 8. Snapshots of the model system consisting of
the single layer of phenylalanine molecules (1.1 nm)
deposited on 2L graphene taken at various moments
after 50 keV Cgy impact—side view. The cor-
responding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.2

radially from the hole [Fig. 7 (Multimedia view), screenshots
for times 0.1 and 0.3 ps]. At the same time, this compression
pushes the graphene membrane down. The molecular layer
and graphene membrane are separated [Fig. 7 (Multimedia
view), screenshots for times 0.6, 0.9, and 1.1 ps]. The pushed
down graphene membrane is bent and stretched around the
hole, thus accumulating potential energy. The result of the
bending and stretching is an elastic movement of the mem-
brane upward [Fig. 7 (Multimedia view), screenshots for times
1.5, 2.3, and 3.1 ps]. The accumulated potential energy is
transformed into the kinetic energy of a correlated movement
upward for membrane atoms. The membrane atoms interact
with the atoms of Phe molecules and transfer the correlated
momenta to them. Thus, the molecules eject without destruc-
tion. In other words, the membrane acts as a trampoline for
the molecules. The ejection of molecules is clearly observable
from the side view [Fig. 8 (Multimedia view)]. The screenshot
for the time 1 ps [Fig. 8 (Multimedia view)] shows the strong
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bending of the graphene membrane followed by the abundant
trampoline ejection (1 ps—10 ps) of molecules and molecu-
lar clusters. Note that the emission/ejection of molecules is
not effective in the reflection direction (impact on molecules
first). This is due to the impact stimulated damage of molecules
prior to the radial compression. This effect was investigated in
Ref. 3 (MD simulations and experiments) for the single layer
of Cgp deposited on graphene.

A top view of the impact (Fig. 9) shows the evolu-
tion of the surface molecules around the impact site. This
point evolves into a small graphene rupture of ~2 nm (time
0.1 ps after impact). The size of this rupture is reduced (self-
healing effect'?) within ~20 ps. The evolution of the area
around the rupture shows a clearing of the graphene sub-
strate by the processes of molecule ejection and radial com-
pression. At the end of the ejection/compression, the area
of graphene that is cleared of Phe molecules is ~6 nm in
diameter. That area (at least in theory) corresponds to the
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probing surface area for a single impact of 50 keV Cgo
projectile.

Phenylalanine monolayer on graphite

For comparison, we consider now molecule ejection
and molecular ion emission from a single molecular layer
deposited on pyrolytic graphite (Fig. 4). The yield of

J. Chem. Phys. 148, 144309 (2018)

FIG. 9. Snapshots of the model system
consisting of phenylalanine molecules
deposited on 2L graphene taken at vari-
ous moments after 50 keV Cgg impact—
top view. White circle marks dimension
of the area cleared of organic molecules.

0.15 ions/impact is comparable to the yield of (D8Phe-
H)™ emitted from the monolayer deposited on graphene (0.1
ions/impact). The MD simulations show that the critical pro-
cess, which regulates the abundance of the ejecta, is a corre-
lated upward movement of topmost graphite layers (Figs. 10
and 11) (Multimedia view). Figure 10 (Multimedia view)
and the corresponding movie show the cut view, and Fig. 11
(Multimedia view) shows the side view.

FIG. 10. Snapshots of the model system consisting of
the single layer of phenylalanine molecules (1.1 nm)
deposited on graphite taken at various moments after
50 keV Cgp impact—cross-sectional view (slice 10 A
wide centered at the projectile impact point). The
corresponding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.3
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The detailed scenario is as follows: After impact [Fig. 10
(Multimedia view), screenshots for times 0.3 and 0.6 ps], the
projectile atoms and fast recoiling atoms deliver the energy
into the depth of graphite without strong damage to the sur-
face layers of the analyte and graphite due to the latter’s layer
structure.

The result of the energy deposition is a high density col-
lision cascade to a depth of ~5 nm (~15 graphite layers). The
matter at this depth expands radially as seen in the deformation
of the periphery graphite layers [Fig. 10 (Multimedia view),
screenshots for times 1.1 and 1.5 ps]. At the same time, the
expanding volume stimulates the collective movement of the
topmost graphite layers upward. This movement transfers the
correlated momenta to surface molecules, which eject without
destruction [Figs. 10 and 11 (Multimedia view), screenshots
for times 1.5, 2.3, and 3.1 ps].

The actual ejection mechanisms are similar for molecu-
lar layers on graphite or graphene. The graphene membrane
as well as the topmost graphite layer acts as a trampoline for
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FIG. 11. Snapshots of the model system consist-
ing of the single layer of phenylalanine molecules
(1.1 nm) deposited on graphite taken at various
moments after 50 keV Cgy impact—side view. The
corresponding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.4

the Phe molecules. The main difference is the initial projec-
tile energy deposition for graphite and graphene prior to the
molecule ejection. In the case of graphite, the high density col-
lision cascade reaching the depth of ~5 nm stimulates in-depth
radial expansion. The graphene evolution prior to the molecule
ejection (more details are given above) does not involve a
collision cascade.

In the case of bulk phenylalanine, the yield (0.13) of
(D8Phe-H)™ (Target III, Fig. 5) is again similar to the yields
measured for ~1 nm layer of D8Phe deposited on graphene and
graphite substrates (Figs. 3 and 4) despite the very different
mechanisms of ejection/sputtering.

Bulk phenylalanine

For the bulk targets of organic molecules (weakly bonded
molecular solids),'* the sputtering process has been exten-
sively investigated.>*'%16 The abundant sputtering arises from
the high density collision cascades that develop a crater in
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the weakly bonded solid. The projectile impact at the surface
creates an energized region primarily composed of molecu-
lar fragments.? Expansion of this region stimulates molecu-
lar desorption at off-normal angles and high kinetic energy
by means of fluid flow."> Upon expansion of the region,
molecules with low kinetic energy begin to desorb over all
angles due to effusive-type motions.®'> The periphery of the
crater is responsible for the abundant sputtering of molecules
and molecular clusters.? Indeed, despite the similar yields
(Targets I-I1I, Figs. 3-5), the shapes of the peaks of (D8Phe-
H)~ are different. The right part of the peak (Fig. 5) has an
extended tail, which is due to the fragmentation of molecular
clusterions.'” The vibrationally excited parent molecular clus-
ter ion of phenylalanine (for instance Phe dimer) undergoes a
unimolecular fragmentation'® into a daughter Phe ion and a
neutral molecule.

The fragmentation of the parent molecular cluster ions
occurs in the electrostatic field between the target and the
extraction electrode and hence leads to a lesser daughter ion
acceleration. The deficit in kinetic energy of a daughter ion
when apparent as a peak tail indicates that the fragmenta-
tion process is a frequent de-excitation pathway for the parent
molecular cluster ions.

The situation is different in the case of a monolayer
deposited on graphite, here the small number of molecules
limits the formation of molecular clusters in the ejection area
[Target 11, Fig. 4 and Figs. 10 and 11 (Multimedia view)].
Indeed, there is no extended tail (Fig. 4). Interestingly, molec-
ular cluster fragmentation is observed in the peak obtained
from a single layer of molecules deposited on graphene
(Fig. 3). The effect is due to the radial compression of the
molecular layer, when the molecules are agglomerated into
the thick rim [Figs. 7 and 8 (Multimedia view)]. The MD
simulations of 50 keV Cgy impacts on 10 layers of Phe
molecules deposited on graphene demonstrate that this sys-
tem can be considered as an analog of the bulk Phe crys-
tal. The total yield of Phe molecules computed for this case
(165 molecules as separate entities, plus 190 molecules as
molecular clusters) is significantly larger than the yield of
Phe molecules from 1 layer of Phe deposited on graphene
(9 molecules/impact).

Kinetic energy distributions

The shape of the low mass side of the (D8Phe-H)™ peak
corresponds to the initial kinetic energy distribution of ejecta.
Using the procedure referred to earlier, the peak shapes were
converted into the kinetic energy distribution for all targets
(Fig. 12). The distributions show that most of the molec-
ular ions have low kinetic energies (0.01-0.1 eV range).
This feature corroborates the mechanisms of a gentle ejec-
tion described above. However some molecular ions still have
high kinetic energies (~10 eV), which are higher than the
bond energies in the organic molecules. The molecular ejecta
can acquire high translational velocities and survive, if the
atom’s momenta are correlated during the ejection. An oscil-
lating membrane experiences up/down movement with frontal
acceleration/deceleration, thus the membrane provides the
correlated momenta (trampoline mechanism) that give some
molecules an energetic push. The number of ejected molecules
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FIG. 12. Kinetic energy distributions measured for the molecular ions
(D8Phe-H)™ emitted from: the single molecular layer of D8Phe deposited on
2-layer graphene (green color, Target I), the single molecular layer of D8Phe
deposited on pyrolytic graphite (red color, Target IT) and bulk D8Phe (blue
color, Target III). The energy distributions at the high energy tails (>10 eV)
are not shown as they are distorted by an overlap with the small peaks of
(D7Phe-H)™ ions. A small amount of D7Phe molecules are generated during
the molecule deposition at the graphene surface.

atthe peak velocity of the system molecule/membrane is small.
Their probability of ionization though should be high as fast
molecular ions pass the critical distance of electron tunnel-
ing within shorter time from ejection, thus having a lower
probability of neutralization."

Again most molecules have low kinetic energy, thus the
low translational velocities do not increase the ionization prob-
ability. The high ionization probability of these molecules can
be explained with the model of thermalized excitation.?

lonization

The ionization probability of molecules can be estimated
from the experimental yields of ions and yields of neutral
molecules from MD simulations as follows:

e Yl?he x
where Yohe is the yield of emitted (D8Phe-H)™ ions (measured
experimentally), the is the yield of ejected Phe molecules
(MD simulations) and x = 0.5 is the transmission/detection
efficiency of the mass-spectrometer.

The yield of intact neutral molecules of Phe computed by
MD is 9 molecules/impact for the Target I (the molecular layer
of D8Phe deposited on graphene). Taking into account that the
measured yield of (D8Phe-H)™ is 0.1, we infer an ionization
probability (PI) of ~0.02. A high PI = 0.2 is observed for the
molecular fragment CN™. The ionization probability for the
Target III (bulk Phe) is significantly smaller. The measured
yield of (D8Phe-H)™ is 0.13, and the computed by MD total
yield of Phe is 355 molecules/impact, thus the PI ~ 7 - 107*
only.

We have shown previously that for the emission of carbon
cluster ions from 4-layer graphene® as well as for the emission
of Cep™ from a single layer of Cg deposited on graphene,* the
relevant mechanism of ionization is that of electron tunneling.
The vibrationally excited graphene has an average electron

P(exp] _ Y;he . l (8)
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temperature of 3700 K at the rim at the time of the tunneling
process.” We can estimate within the framework of the adia-
batic limit of the thermalized excitation model,'? the ionization
probability of the Phe molecules

Z ("P*A 76[(')
(T _
Pope = (E)GXP ‘—]’

F(kT,)

where T, is the average electron temperature of the rim around
the graphene hole at the time of the tunneling process, ;. is
the image charge correction factor (set to zero here) and Z~
along with Z° are the partition functions of emitted C ions
and neutrals at 7,. The work function of the rim is unknown.
As an estimate, we can take the value of the work function of
the free standing pristine graphene (¢ = 4.5 eV). The electron
affinity of the Phe molecule is in a range 3.2-3.5 ¢V,*" thus
taking the value of T, = 3700 K from Ref. 3 one can estimate
the ionization probability as Pi("?r;zl ~ 0.02 — 0.04. These val-
ues are consistent with the experimental value of 0.02, After
ionization, the Phe™ molecule experiences a prompt fragmen-
tation into the deprotonated negative ion, (D8Phe-H)~,2!-*2
thus the mass spectra contain (D8Phe-H)™ only. The formation
of deprotonated negatively charged amino acids has previously
been observed in the studies on the dissociative electron attach-
ment.”?">* The difference with the experiment presented here
is the nature of electrons involved in the ionization (free elec-
tron capture versus electron tunneling from graphene to Phe).
The particular mechanisms of the prompt deprotonation of
negatively charged amino acids are under discussion®=>* (out
of scope of the present study).

Another possible mechanism of ionization is a direct
proton transfer exchange: The ions of molecular fragments
(i.e., CN7) generated in the impact area interact with intact
molecules from the rim. The proton exchange for the system,
Phe molecule + CN7, is energetically favorable (the energy of
15.2 eV for CN~ protonation® toward the energy of 14.75 eV
for Phe molecule deprotonation).”® The CN ions themselves
are ionized by the tunneling mechanism mentioned above
(EAcn ~3.9eV), as well as by an electron exchange with inter-
acting molecular fragments within the hot area of the impact,
where the density of the fragments is high.

The ionization via proton exchange between Phe
molecules and negative ions of small fragments should be
relevant for the molecular ion emission from bulk molecu-
lar matter. A different path via electron exchange between
the sputtered molecules is unlikely given the high activa-
tion energy barrier (~12 eV—sum of Phe molecule electron
affinity?! and ionization potential?’). One should note that
the electron tunneling process between the molecule and
the graphene/graphite layer is different due to the metallic
bond structure (free electrons in the conduction band) of the
graphene/graphite. The barrier for tunneling is only ~1 eV
[Eq. (9)]. The hypothesis of the proton exchange mechanism
for bulk Phe is supported by the evidence of a large number of
the daughter molecular ions, which originate via fragmenta-
tion of the molecular cluster ions (Fig. 4 and discussion above).
The neutral molecular clusters have a large cross section of
interaction with CN~. The ionized molecular ion clusters (pro-
ton exchange with CN7) are, at the same time, sufficiently
vibrationally excited (low energy bonds between molecules) to

9)
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fragment within the short times (ns-ms interval).'” The daugh-
ter molecular ions appear as prominent fragmentation tails of
(D8Phe-H)~ (Fig. 4).

CONCLUSION

The efficient emission of molecular ions stimulated by
impacts of 50 keV Cgo** on phenylalanine molecules deposited
as a single molecular layer on graphene was investigated
experimentally. The abundant ion emission can be explained
with insight from MD simulations showing a radial compres-
sion of the deposit combined with an oscillating movement
of the graphene. The result is a “trampoline-like” ejection
of molecules and molecular fragments. MD simulations con-
firm the experimental observation of emission of high kinetic
energy molecular ions via the trampoline effect. We show
that graphene enhances a probability of ionization for ejected
molecules. We postulate that the high rate of negative ion-
ization is due to electron tunneling from graphene to pheny-
lalanine. A recently developed laser post-ionization, LPI, was
applied on organic molecules of guanine and coronene, which
were sputtered by 40 keV Cgo* bombardment from bulk tar-
gets®®2% The LPI approach has yielded experimental positive
ionization probabilities of ~ 1072 which may be compared with
the 7 x 10~* estimated for the molecules sputtered from bulk
phenylalanine reported here. It will be interesting to compare
on a broader range of compounds the experimental ionization
probability measurements via LPI with the estimate involving
data from MD simulations.

The trampoline ejection combined with efficient ioniza-
tion generates molecular ion yields from monolayers of pheny-
lalanine on graphene or graphite similar to those from a bulk
analyte target. The similarity may be a fortuitous outcome of
our experimental conditions. To advance our insight into the
differences of projectile energy deposition in 2D and 3D tar-
gets, we plan experiments with varying projectile impact ener-
gies. Our observation shows that the deposition of energy into
the 2D-like electron-rich atomic layer enhances the analyte ion
yield, a critical issue for secondary ion mass spectrometry. Put
differently, the physical properties of the substrate are the key
for maximizing ejection-ionization of monolayer deposits of
weakly bonded moieties. The prime condition though, is that
of the energy density that must be delivered in a sub-ps interval
into the 2D solid. Future experiments focusing on projectile
energy loss should provide insight into the energetics required
for trampolining-ionization.
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ABSTRACT

We present results from experiments and molecular dynamics (MD) simulations obtained with Cso and Auggp impacting on free-standing
graphene, graphene oxide (GO), and graphene-supported molecular layers. The experiments were run on custom-built ToF reflectron mass
spectrometers with Caso and Au-LMIS sources with acceleration potentials generating 50 keV CZ; and 440-540 keV Aujj,. Bombardment-
detection was in the same mode as MD simulation, i.e., a sequence of individual projectile impacts with separate collection/identification of
the ejecta from each impact in either the forward (transmission) or backward (reflection) direction. For C¢ impacts on single layer graphene,
the secondary ion (SI) yields for C; and C4 emitted in transmission are ~0.1 (10%). Similar yields were observed for analyte-specific ions
from submonolayer deposits of phenylalanine. MD simulations show that graphene acts as a trampoline, i.e., they can be ejected without
destruction. Another topic investigated dealt with the chemical composition of free-standing GO. The elemental composition was found to
be approximately COHz. We have also studied the impact of Auygo clusters on graphene. Again SI yields were high (e.g., 1.25 C” /impact).
90-100 Au atoms evaporate off the exiting projectile which experiences an energy loss of ~72 keV. The latter is a summation of energy
spent on rupturing the graphene, ejecting carbon atoms and clusters and a dipole projectile/hole interaction. The charge distribution of the
exiting projectiles is ~50% neutrals and ~25% either negatively or positively charged. We infer that free-standing graphene enables detection
of attomole to zeptomole deposits of analyte via cluster-SI mass spectrometry.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5080606

I. INTRODUCTION with free-standing graphene has so far received limited attention.

Yet, the interaction exhibits many unusual aspects not present in

A number of studies have dealt with the interaction of energetic bulk materials. The 2D target material occupies a niche between

ions (mostly atomic ions) with graphene deposited on substrates a gas and a solid, and the collision process occurs under extreme
(e.g., Refs. 1-3). However, the collision of hypervelocity particles dynamic conditions.

J. Chem. Phys. 150, 160901 (2019); doi: 10.1063/1.5080606 150, 160901-1
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We refer here to experiments and molecular dynamics
(MD) simulations detailing graphene’s response to impacts of
single atomic ions, clusters, or nanoparticles with velocities of
1-30 km s It has been reported that impacts with nanometer
diameter particles initiate peculiar track mechanisms that can lead
to the formation of nanopores.””” The result is a molecular siev-
ing membrane combining unmatched mechanical strength with a
low transport resistance and a high flux rate.'’ Bombardment with
larger (> micrometer diameter) projectiles has shown that multilayer
graphene has spectacular mechanical strength in the ballistic regime
due to a highly efficient mode of energy absorption.'' The straining
and rupturing of graphene under bombardment are accompanied
by ultrafast processes with characteristics modulated by those of the
projectiles. For instance, a single highly charged ion passing through
free-standing graphene causes within femtoseconds emission of a
burst of electrons corresponding to an astounding current density
in an excess of 10 A cm™>."* This observation opens prospects
for graphene-based ultrafast high current-electronic applications.
Another intriguing finding is a sizable energy loss experienced by
medium and large cluster projectile passing through free-standing
graphene.”” Further, bombardment combined with mass spectro-
metric identification of the ejecta showed a dramatic increase in the
ionization probability of organic molecules deposited on graphene.’
Akin to this observation are reports of enhanced ionization in sec-
ondary ion mass spectrometry (SIMS) experiments where samples
were covered with graphene."”’

This paper is not a comprehensive review but an introduc-
tion to a key aspect of hypervelocity projectile-graphene interac-
tions, namely, the characteristics of the ejecta which in turn should
provide insight into the mechanisms of energy dissipation. The
focus is on the ejecta from free-standing graphene, graphene oxide
(GO), and graphene-supported molecular layers under impact of a
2D (Cgo) or 3D (Auggo) massive cluster projectiles at impact veloc-
ities of 1-30 km s~'. The directly relevant literature is sparse and
consists mainly of MD simulations with attention on defect creation
in the graphene rather than on the ejection of matter.” We focus here
on observations from experiments and MD simulations run under
equivalent conditions on like-targets.

A schematic of the experimental setup is provided in Fig. 1.
A detailed description is provided in Refs. 4, 14, and 15, Briefly,
the emitted secondary ions and ionized fragments of projectiles are
detected as time-of-flight mass spectra.” The applied experimen-
tal setup allows the separate recording of the emitted ions from
each collision. The event-by-event bombardment-detection mode
allows for the selection of specific impacts, i.e., those involving free-
standing graphene at the exclusion of signals from the target holder
and support. The instrument has two ion sources and a single mass
spectrometer, allowing a direct comparison of mass spectra mea-
sured in either transmission (graphene) or reflection (bulk target)
experiments.

The graphene targets referred to herein consist of graphene
or graphene oxide layers placed on a lacey carbon structures itself
placed on a 300 mesh Cu grid.

As noted, we combine experimental observations with molecu-
lar dynamics (MD) computer simulations of cluster bombardment.
In this approach, the movement of particles is determined by inte-
grating Hamilton’s equations of motion. A detailed description of
the MD method can be found elsewhere.'” The forces among atoms

PERSPECTIVE scitation.orgljournalljcp

bulk Target 1
o
" ng;
I’4
Projectile "
Cluster lon Secondaryions
& = I

a €%

Target1 or2

S ""'I"argel 2
FIG. 1. Schematic of the experimental setup: (a) objective lens for secondary
ions and electrons, (b) magnetic prism for redirection of electrons toward imag-
ing electron optics (c), (c) imaging electron optics, (d) position sensitive detec-
tor consisting of dual microchannel plate, phosphor screen, and CMOS camera,
(e) dual microchannel plate, and (f) 8 anode detector.

in the modeled system are described by the AIREBO'” (C-C inter-
actions in earlier simulations’) or by ReaxFF-lg force fields.”’ Both
these potentials allow for the creation and breaking of covalent
bonds; however, the ReaxFF-lg force field is more advanced. It gives
predictions that are more accurate and is able to describe interac-
tions between C, H, N, O atoms. The forces between Au atoms are
described by the embedded atom model (EAM) potential,”’ while a
purely repulsive Ziegler-Biersack-Littmark (ZBL) potential is used
to model Au-C interactions.” Electronic energy losses are ignored
due to a low velocity of moving projectile atoms. The shape and size
of the samples are chosen based on visual observations of energy
transfer pathways stimulated by impacts of Cs and Augen projec-
tiles. As a result, cylindrical samples with a diameter of 40 nm are
used. Rigid and stochastic regions are applied to simulate the ther-
mal bath that keeps the sample at required temperature, to prevent
reflection of pressure waves generated by cluster projectile impacts
from the boundaries of the system, and to maintain the shape of the
sample. "’ Samples with a thickness between 1 (1L) and 16 (16L)
graphene layers with a highly oriented pyrolytic graphite structure, a
monolayer of phenylalanine (Phe) deposited on a 2L graphene sub-
strate, and a bulk system of Phe molecules are probed. The kinetic
energy and the impact angle of the projectile are changed to inves-
tigate the effect of these parameters on the particle ejection pro-
cess. Particles emitted both in the direction of the primary beam
(transmission direction) and in the opposite direction (sputtering
direction) are collected. The simulations are run at a target tem-
perature of 0 K in an NVE ensemble and extend up to 20 ps for a
clean graphene, up to 40 ps for a monolayer of Phe molecules, and
up to 80 ps for a bulk Phe system. These values are long enough
to achieve saturation in the ejection yield versus time dependence.
Between 8 and 32 randomly selected impact points located near
the center of the sample are chosen to achieve statistically reliable
data.

Returning to the topic of this perspective, the challenge here
is to gain insight into the mechanism(s) of ejection and ionization.
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molecular fragments.'” Expansion of this volume stimulates sput-
tering of energetic molecules at off-normal angles by means of fluid
flow."™** Upon a further expansion of the volume, molecules with
low kinetic energy begin to desorb over all angles due to effusive-
type motions.'™”" The development of the both linear collision cas-
cade and spike requires a 3D medium, which is at least a few tens of
nanometers thick. There has to be a certain number of atomic colli-
sions to randomize a linear collision cascade or form a high-density
core in spike. For 2D targets, the amount of material is not suffi-
cient and sputtering-ionization does not originate from fully devel-
oped collision cascades. We examine four cases below to probe pro-
cesses taking place in 2D targets: Cgo impacts on graphene, graphene
oxide, molecular layers deposited on graphene, and Auy impacts
on graphene. We summarize here the relevant literature describing
experiments and MD simulations as well as recent new observations
dealing with the characterization of ejecta as well as the evolution of
graphene.

Il. Ceo IMPACTS ON FREE STANDING GRAPHENE

Let us consider the interaction of 50 keV Cg, at normal inci-
dence with graphene step by step.” As shown in Fig. 2 (Multimedia
view), even for a monolayer graphene, there is complete atomization
of Cyo projectile. The C atoms of projectile and most of knocked-on
atoms of graphene travel in the transmission direction.

In the 1L graphene case, the colliding/atomizing Cg projectile
(diameter 0.7 nm) spends approximately 10 fs to pass the graphene
plane. The presence of a conglomerate of C atoms at a distance of
~1.5 nm from the graphene at 30 fs indicates that most of projec-
tile atoms retain high velocity as a consequence of a low collisional
energy loss. The latter increases with the thickness of graphene as
illustrated with the case of 2L and 4L graphene [Figs. 2(b) and
2(c) (Multimedia view)]. In the 4L graphene case, the 30 fs snap-
shot shows that the atoms of the projectile barely exit the graphene,
which indicates that they efficiently transferred the kinetic energy to
the knocked-on atoms of graphene. This aspect will be discussed in
more details later.

A second phase of the interaction lasting picoseconds is char-
acterized by an abundant ejection of C atoms and clusters from the
rim area around the primary graphene rupture (Fig. 3)."

FIG. 2. MD simulation (cut and top view) of 50 keV Cg on (a) 1 layer, (b)
2 layer, and (c) 4 layer graphene at a time of 30 fs after impact. A 1 nm
slice of the system centered at the impact point is shown. The gray lines in
the background are separated by 1 nm. Only fragment of the bombarded sys-
tem is visualized. The corresponding movie files are here. Multimedia views: (a)
https://doi.org/10.1063/1.5080606.1; (b) https://doi.org/10.1063/1.5080606.2; and
(c) https://doi.org/10.1063/1.5080606.3

a) ) 0.1 ps 0.3 ps

[ e ol . |

e Y R

FIG. 3. MD simulation (cut view) of 50 keV Cg; on (a) 1 layer, (b) 2 layer, and
(c) 4 layer graphene at 0.1 ps, 0.3 ps, and 1 ps after impact. A 1 nm slice of the
system centered at the impact point is shown. The gray lines in the background
are separated by 1 nm. Only fragment of the bombarded system is visualized. The
corresponding movie files are as for Figs. 2(a)=2(c).
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The radial movement of C atoms around the rupture initiated
by the first fast phase is transformed into collective movements,
which develop a wavelike vertical oscillations and radial planar com-
pressions. Similar phenomenon also has been observed on a graphite
surface bombarded by Cgp.””" The vibrationally exited rim is the
source of the C ejection (see the movies in the supplementary mate-
rial of Refs. 4 and 9). One should note that although the energy
accumulated around the hole is small (a few percent of the total
energy), it is sufficient for the ejection of carbon atoms and clus-
ters due to the confined energy dissipation in the 2D material. This
process clearly differs from the sputtering induced by impacts on a
bulk material. "

As visible in Fig. 3, the ejection efficiency depends on the
substrate thickness. To probe this phenomena more accurately,
the yield of carbon atoms ejected in the transmission and reflec-
tion/sputtering directions are plotted as a function of the substrate
thickness and primary kinetic energy. The results are shown in
Fig. 4(a). For particles ejected in the transmission direction, the yield
vs thickness dependence has a maximum, which shifts to thicker
systems with the increase in the projectile kinetic energy. For sub-
strate atoms ejected in the sputtering direction, the yield initially
increases but ultimately saturates. Variation of the substrate thick-
ness has a different impact on ejection of projectile atoms. The
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yield decreases monotonically with the sample thickness for carbon
atoms ejected in the transmission direction. The yield of backscat-
tered projectile atoms is very low and does not exhibit a consis-
tent dependence on the substrate thickness. The last two obser-
vations indicate that projectile atoms are being trapped inside the
graphene substrate due to a strong covalent interaction with the
surrounding medium. The occurrence of this process is also seen
in Fig. 3. The magnitude of this process increases with the sam-
ple thickness. Projectiles that are more energetic are able to per-
forate thicker systems, which explain broadening of the yield ver-
sus thickness dependence with the increase in the primary kinetic
energy.

Almost all projectile atoms penetrate through a thin substrate,
as shown in the inset of Fig. 4(a). However, even in this case,
the projectile-graphene interaction is significant, especially for low-
energy projectiles. For instance, for 5 keV Cgo, almost 40% of the
primary kinetic energy is lost during penetration of the one layer
(1L) sample, as shown in the inset of Fig. 4(b). Almost 70% of impact
energy is lost in the 2L system. These numbers drop to 15% and
20% for analogous systems bombarded by 40 keV projectiles. Sub-
strate atoms emitted in the transmission direction carry most of the
deposited energy away. The energy carried away by sputtered atoms
is small and does not exceed 0.5% of the initial kinetic energy. For a
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FIG. 4. Dependence of (a) the ejection yield and (b) the fraction of primary kinetic energy carried away by particles emitted in the transmission (top) and sputtering (bottom)
directions on the thickness of the sample bombarded by 5, 10, 20, and 40 keV Cgp projectiles at normal incidence. Main graphs represent the atoms ejected from the sample,
while the insets depict projectile atoms. Reprinted with permission from M. Golunski and Z. Postawa, J. Vac. Sci. Technol. B 36, 03F112 (2018).
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given primary kinetic energy, the amount of energy deposited in the
solid increases with the sample thickness.

The kinetic energy distributions of C ions (Ref. 1, Fig. 5) ejected
in the transmission direction obtained experimentally and of C
atoms computed by MD simulations” are similar, showing that most
atoms/ions have kinetic energies in the eV range. However, some
C atoms/ions have much higher kinetic energy. The latter corre-
sponds to atoms originating from the projectile or/and substrate
atoms ejected via direct elastic atom-atom collisions. The MD sim-
ulations show that some of projectile atoms residing at the front
of the impinging cluster gain additional kinetic energy during pro-
jectile deceleration and deformation. These atoms gain additional
kinetic energy from atoms located at be back of the projectile,
when these particles collide. Thus, theoretically, after collision, the
kinetic energy of few atoms can be higher than the kinetic energy of
projectile atoms (50 keV/60 atoms = 833 eV, Fig. 4).

The evolution of the graphene in the first phase (¢ < 10 fs) is
characterized by the generation of a round shaped rupture (diameter
~ 1 nm) and a fast planar wave of collective radial movements of
the graphene atoms [Fig. 2 (Multimedia view) and Fig. 3, top view].
The atoms around the rupture (hole) are displaced radially breaking
of the atom-atom bonds. This process initiates the formation of a
vibrationally exited rim around the rupture.”””

The flux of emitted particles is composed of single atoms
and clusters. The experimental yields of the emitted cluster ions
(ions/projectile impact) and the yields of the neutral clusters
obtained by MD simulations are shown in Tig. 5 for 50 keV Cgp**
impacts at 4L graphene.”

In both cases, ejection of single C atoms is the dominant ejec-
tion channel. However, the most interesting observation is an abun-
dant ejection of negative ions. The calculated ionization probabilities
are shown in Fig. 6. It is evident that the ionization process is much

Threshold energies: | —=417ev 833 eV
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FIG. 5. Kinetic energy distributions of C, ~ emitted by impacts of fullerenes. The
distributions show that doubling of the energy of Cgy projectile from 25 keV to
50 keV doubles the maximum energy of the emitted C, ~ ions.”
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FIG. 6. Yields of neutral (MD) and negatively charged carbon clusters (experiment)
emitted via 50 keV CZ; impacts on 4L graphene (left Y axis); ionization probabilities

(right Y axis).”

more efficient than observed in analogous experiments performed
on clean metals, semiconductors and organic samples.” """

The abundant ion emission prompts the issues of ionization
mechanism(s). The ionization mechanisms in the case of sputter-
ing of bulk matter have been a subject of extensive investigations
over decades.””"" In the case of sputtering of the surface of con-
ductive matter (metal or metal-like materials),” the main ioniza-
tion mechanism is that of electron tunneling from a bulk surface to
the sputtered species. The relevance of this mode for ion emission
from graphene was evaluated in Refs. 4 and 5. Briefly, the follow-
ing mechanism was proposed: the knocked-on carbon atoms, along
with those from the shattered projectile and the ejected clusters
from the rim of the hole, undergo of electron exchange processes
before they escape beyond the critical distance for electron tunneling
(~1 nm). The electron tunneling from the vibrationally and elec-
tronically exited rim, and, i.e., the ionization probability, P,, can
be explained with the thermalized excitation model.”’ The adiabatic
limit of this model can be expressed as

(1) {(p—EA—&:)
(Gl ) o

where T, is the average electron temperature of the rim around the
graphene hole at the time of the tunneling process, §;. is the image
charge correction factor (set to zero in Refs. 4 and 5), and Z~ and
Z" are the partition functions of emitted C ions and neutrals at T,.
The work function of the rim is unknown. For estimation, we may
take the value of the work function of the free standing pristine
graphene, @ = 4.5 eV, The values obtained for the adiabatic elec-
tron affinities of carbon clusters from Ref. 34 are shown in Table I.
An approximation of the experimental ionization probabilities by
the thermalized excitation model gives an average electron temper-
ature of 3700 °K at the rim at the time of the tunneling process.
One should note that the tunneling mechanism is applied here for
the negative ionization of ejecta, which involves an electron transfer
from graphene to ejecta. It means that the electron must be provided
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TABLE . Yields and experimental ionization probabilities of carbon clusters as a function of cluster size. The data were

obtained for 50 keV Cgo?* impacts on 4L graphene.

Yield of Yield of Experimental ionization
Y-
Carbon cluster EA (eV) ion,Y - neutral,Y o probability,% =Peyp
. " @
Cy 1.26 0.21 228 0.0015
Ca 2.82 0.13 58.5 0.004
Cs 1.53 0.06 14.8 0.007
Cy 3.52 0.10 323 0.052
Cs 249 0.062 0.77 0.136
Ce 4.16 0.063 0.23 0.452

by the conductive band of graphene. For the case of emission of
positive ions, generally, the electron tunneling is not the only mecha-
nism of ionization. The molecular/cluster ejecta, being vibrationally
exited, undergo thermionic emission of electrons.”

All experimental and computational data discussed so far have
been obtained at a normal incidence angle. The effect of the impact
angle on the ejection yield from the 2L and 8L systems bombarded
by 10 and 40 keV Cgy projectiles is shown in Fig. 7." The results
obtained by MD simulations demonstrate that the impact angle has
a similar influence on the yield of substrate atoms emitted in the
transmission and sputtering directions for both these systems. As

in the case of substrate thickness, dependence of the yield of emit-
ted substrate atoms has a maximum. The position of this maximum
shifts to a larger impact angle and becomes more pronounced for
projectiles that are more energetic. The shape of the plot obtained for
sputtered atoms is particularly interesting as it is different from the
yields reported for bulk solids bombarded by medium cluster projec-
tiles, like Cso, where the signal decreases with the impact angle.
Such different behavior can be attributed to the limited thickness of
the bombarded free-standing graphene.

The impact angle also has a significant influence on a number of
ejected projectile atoms. Again, the functional form of this influence
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FIG. 7. Dependence of the yields of carbon atoms ejected in the transmission (top) and sputtering (bottom) directions from the (a) two and (b) eight layer systems bombarded
by ten (solid line) and 40 keV Cgy (dashed line) projectiles on the impact angle. Main graphs represent the atoms originating from the sample, while the insets depict
projectile’s atoms. Reprinted with permission from M. Golunski and Z. Postawa, J. Vac. Sci. Technol. B 36, 03F112 (2018).
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is different from the one observed for substrate atoms. The num-
ber of projectile atoms penetrating through the sample decreases
monotonically with the impact angle, whereas the yield of backre-
flected atoms increases for more oblique impacts. For the 2L system,
these yields are almost complementary, which indicates that projec-
tile atoms can be either transmitted or backreflected. In other words,
projectile atoms are not trapped inside such a thin system. The situ-
ation is different for the 8L system, especially when it is bombarded
by low-energy projectiles. In this case, many projectile atoms are
trapped inside the sample. Based on all observations, it can be con-
cluded that the yield of graphene atoms is determined by two factors.
The first factor is the amount of material available for ejection. This
quantity will increase with the sample thickness and with the impact
angle as the projectile will travel a longer path inside the substrate.
The second factor is the amount of energy stored near the surface
from where the ejection occurs. For ejection in the transmission
direction, the upper surface is important. The energy stored near
this surface will decrease with the sample thickness and the impact
angle as projectile atoms have to sacrifice more energy to penetrate
through the layer. For conditions where the substrate is perforated,
there is an increase in the material available for ejection, and the
yield increases with the substrate thickness or impact angle. How-
ever ultimately, less energy becomes available near the upper surface
and the yield drops. For ejection in the sputtering direction, a bot-
tom surface is important. Both the amount of material available for
emission and the energy deposited near this surface increase with the
sample thickness, until the layer becomes thicker than a thickness of
a volume from where particles are ejected. Subsequently, the yield
saturates because emission does not benefit from further increase in
the sample thickness. The increase in the impact angle has also a pos-
itive effect on the amount of energy stored near the bottom surface
as the energy deposition profile is shifted downward and the pro-
jectile can interact with a larger volume of material. However, the
increase in the impact angle also reduces the projectile momentum
component perpendicular to the surface. It becomes easier to back-
reflect the projectile atoms, and more energy is carried away by these
particles. As a result, less energy is deposited near the bottom sur-
face and the yield decreases for too oblique impacts. The yield of the
projectile atoms ejected in the transmission direction is determined
only by the capability of projectile atoms to perforate the sample.
This capability decreases with the increase in both the layer thick-
ness and the impact angle. The yield of the projectile atoms ejected
in the sputtering direction will be determined by the capability of
the sample to backreflect the projectile atoms. As already discussed,
this capability increases with the impact angle. The increase in the
primary kinetic energy leads to the deposition of a larger amount
of this energy in the sample and to a larger projectile range. Both
these factors lead to a stronger ejection of substrate atoms. A larger
penetration range increases the substrate thickness, which can be
perforated by the projectile. This factor leads to a shift of the emis-
sion maximum toward thicker samples for a constant impact angle
or toward larger impact angles for a constant thickness when the
projectile kinetic energy is increased. The increase in the primary
kinetic energy also results in a broader distribution for projectile
atoms.

It is known that for standard sputtering geometry, the sub-
strate plays a major role in the ejection of intact molecules from
ultrathin organic layers deposited on solid substrates.”’ Direct
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collisions between projectile atoms and adsorbed molecules lead to
molecular fragmentation.”*’ Collisions of adsorbed molecules with
ejecting substrate atoms or a concerted action of the unfolding of
the crater rim in the substrate are the main processes leading to
molecular emission from systems bombarded by atomic and clus-
ter projectiles, respectively.”"" " The application of graphene com-
bined with a transmission geometry exhibit a significant contribu-
tion from both these processes. For instance, as shown in Fig. 4(a),
ejection of substrate atoms in the transmission direction is much
stronger than that in the sputtering direction. As visible in Fig. 2,
the impact of Cgo results in a viable collective motion of graphene
sheets near the rim area. The effective processes of ejection and
ionization of ejecta convey the idea of using of graphene as the sup-
port for the small amounts of molecules or nano-objects, which can
be ejected/analyzed via cluster projectile impacts. This concept is
addressed below.

l1l. EJECTION AND IONIZATION OF MOLECULES VIA
50 keV Cgp** IMPACTS ON THIN MOLECULAR LAYERS
DEPOSITED ON FREE STANDING GRAPHENE

To date, there are experimental data and MD simulations for
three targets: single layers of molecules of phenylalanine (Phe), sin-
gle layers of deuterated phenylalanine (D8Phe), and Cey molecules
deposited on 2L graphene.” "' The experiments show emission of
molecular jons with yields comparable to the yield of ions emitted
from the bulk targets (multilayers of molecules). For instance, the
yield of negative ions of deprotonated phenylalanine, (D8Phe-H)™,
emitted in the transmission direction is 0.10 ion per projectile
impact for the target of 2 layer graphene coated by molecular layer
of D8Phe (Fig. 8). This yield is comparable to a yield of 0.13 for
a bulk target (Fig. 9) measured for secondary ions emitted in the
reflection/sputtering direction.

These results raise the question of the mechanism(s) of organic
molecule ejection and ionization from the graphene substrate. As
noted earlier, the mechanism of molecule sputtering valid for bulk
targets of organic molecules (weakly bonded molecular solids) " is
not applicable for the target of the molecular layer on graphene.

Indeed, the experimental data show notable differences
between ion emission from single molecular layer+2L graphene and
bulk D8Phe. The first difference is the high yield of C; ~ for graphene
(0.15 ions/impact), which is attributed in part to fragmentation and
atomization of the projectile after impact followed by the ionization
of the projectile’s atoms. The yield of C;~ measured for the bulk
target is much lower (0.04 ions/impact) due to less recoiled pro-
jectile atoms. In the case of graphene, the shape of C;~ peak has
an extended tail toward the low mass range. In the experimental
range of sensitivity, these ions of high kinetic energies extend up to
1/60 (833 €V) of the projectile energy.” A further difference is the
shape of the peak of (D8Phe-H)~, which depends on the mecha-
nism/s of molecule ejection. In the case of emission from graphene,
the shape of (D8Phe-H)™ peak has an extended tail toward the high
mass range (I'ig. 6). This extended tail is due to fragmentation of
molecular cluster ions.”""" The vibrationally excited parent molec-
ular cluster ion of phenylalanine (e.g., Phe dimer) undergoes an
unimolecular fragmentation” into a daughter Phe ion and a neu-
tral molecule. Indeed, the total yield of Phe molecules computed
for this case (165 molecules as separate entities, plus 190 molecules
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as molecular clusters) is significantly larger than the yield of Phe
molecules from 1 layer of Phe deposited on graphene (9 molecules
per impact).” The MD simulations [Figs. 10 and 11 (Multimedia
view)] show that the collision process for the latter case evolves in
2 steps. In a first phase (t < 50 fs), there is projectile atomization
via atom-atom collisions. Interaction of these energetic atoms with
the organic overlayer leads to molecular fragmentation and emis-
sion of fragments.” "' A second phase (~3 ps) is characterized by
a post-collision collective process of molecular interaction with the
vibrating rim. A notable emission of electrons was also observed
(~3 electrons/impact).

The critical process, which regulates the abundance of the
ejecta, is the separation of the molecular layer from graphene.
As a result, the molecules are bound only by weak intermolecu-
lar interactions and are easy to eject. The molecular layer evolves
as a collective radial movement of Phe molecules, and simulta-
neously the graphene oscillates downward/upward. The pushed
down graphene membrane is bent and stretched around the hole,
thus accumulating potential energy. The result of the bending
and stretching is an elastic movement of the membrane upward
(Fig. 8, screenshot for time 3.1 ps). The accumulated potential
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energy is transformed into the kinetic energy of a correlated move-
ment upward for membrane atoms. The membrane atoms interact
with the atoms of Phe molecules and gently transfer the correlated
momenta to them. Thus, the molecules eject without destruction. In
other words, the membrane acts as a trampoline for the molecules.
The ejection of molecules is clearly observable from the side view
[Fig. 11 (Multimedia view)]. The screenshot for the times 0.6 and
3.1 ps [Figs. 10 and 11 (Multimedia view)] shows the strong bend-
ing of the graphene membrane followed by the abundant trampo-
line ejection of molecules. Graphene not only provides the effective
trampoline ejection but also enhances the probability of negative
ionization for ejected molecules. We postulate that the high rate of
negative ionization is due to electron tunneling from graphene to
phenylalanine. The mechanism of ionization is the same as for the
emission of C clusters from graphene [Eq. (1) and discussion above].
The yield of intact neutral molecules of Phe computed by MD is
9 molecules/impact for the molecular layer of D8Phe deposited on
graphene. Taking in account that the measured yield of (D8Phe-H)~
which is 0.1, the ionization probability (PI) is estimated as ~0.02. The
ionization probability of Phe molecules sputtered from a bulk Phe
target is ~30x smaller.

Projectile

50keV Cgy2*

FIG. 9. Mass spectrum of negative ions
emitted from the target of bulk D8Phe.
The directions of bombardment and
emission are shown in the sketch pre-
sented on the right side of the figure.

Molecular
multilayer
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0.0 ps 0.04 ps

FIG. 10. Snapshots of the madel system consisting of the single layer of pheny-
lalanine molecules (1.1 nm thick) deposited on 2L graphene taken at vari-
ous moments after 50 keV Cg impact—cross-sectional view. The gray lines
in the background are separated by 1 nm. Only fragment of the bombarded
system is visualized. The corresponding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5080606.4

This difference is due to the distinct mechanism of ionization
for emission from a bulk molecular matter. The difference was dis-
cussed in Ref. 7. The relevant mechanism is the ionization via proton
exchange between Phe molecules and negative ions of small frag-
ments. This is a two-step process, when (a) small molecular frag-
ments (e.g., CN), which have a high electron affinity, capture elec-
trons via interactions in the sputtered volume of exited fragments;

0.0 ps 0.04 ps

FIG. 11. Snapshots of the model system consisting of the single layer of phenylala-
nine molecules (1.1 nm) deposited on 2L graphene taken at various moments after
50 keV Cgq impact—side view. The gray lines in the background are separated by
1 nm. Only fragment of the bombarded system is visualized. The corresponding
movie file is here. Multimedia view: https://doi.org/10.1063/1.5080606.5
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and (b) those negative fragments experience proton exchange with
neutral Phe molecules or molecular clusters. The ionization proba-
bility depends mostly on the cross section of fragment/fragment and
fragment/molecule interaction in the sputtered medium.” The ion-
ization probability is sufficient for the case of bulk molecular matter
but 30x smaller than that for electron tunneling from graphene to
molecule.

One should note that for the case of “Phe on graphene,” the
pre-existing Phe molecules obtain additional kinetic energies via
a trampoline effect.” The kinetic energies may result in enhanced
ionization probability due to the molecule’s fast escape from the
tunneling distance.”

Thus, the physical properties of the substrate are key for maxi-
mizing ejection-ionization of monolayer deposits of weakly bonded
moieties. The prime condition, however, is that of the energy den-
sity that must be delivered in a subpicosecond interval into the 2D
solid in a way to generate collective motion of the substrate atoms.
Future studies (experiments and simulations) focusing on projectile
energy loss should provide insight into the energetics required for
trampolining-ionization.

IV. TEST OF ELEMENTAL AND CHEMICAL
COMPOSITION OF FREE STANDING GRAPHENE
OXIDE (GO)

We turn now to Cep impacts on free standing graphene oxide,
GO. GO has promising applications in many fields, including
nanolectronics, nanocomposites, as well as in biotechnology and
environmental science.”" " A first issue is the chemical composi-
tion of GO. The degree of oxidation (relative elemental concen-
tration of C, O, and H) affects the relative presence of functional
groups (epoxy, hydroxyl, and carboxyl). The stoichiometry of GO
is a subject of recent investigations.”" For instance, elemental
combustion analysis of oxidized flakes (thickness ~1.8 nm) shows
a variation of composition from C,0;0sHoss for regular GO to
C10354Hz 16 for a so-called graphene acid (GA) state.”” XPS anal-
ysis performed on the same GO and GA shows lower O contents
due to the possible contribution of adsorbed water in the case of
combustion analysis. XPS also showed different C to O ratios for
GO samples from different commercial sources."” The accurate ele-
mental composition of GO flakes remains a challenge.® The assay
of free standing GO is fraught with further complications. For
instance, elemental analysis via XPS is likely impaired due to con-
tributions from the sample support (lacey carbon nets or quantifoil
grids).

We show here that the elemental analysis of free standing GO
can be performed with the technique of single cluster impacts of
keV Cgo*", which stimulate the emission/detection of secondary ions
from GO in the transmission direction (Fig. 1 and discussion above).
The measurements were performed on free standing 2-layer GO film
made from a graphene film by a proprietary oxidization process.
Figure 12 shows the mass spectrum of negative secondary ions emit-
ted from this sample via single impacts of 50 keV Cg®*. The mass
spectrum contains peaks of H, 7, C, 7, and O, [Fig. 12(a)].

The relative abundances of these ions (peak areas) do not cor-
respond to the relative atom concentrations due to the different
ionization probabilities of H, C, and O. Atomic ions of H,", C,,
and O;” have long tails on the low mass side. The tails are due
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FIG. 12. Mass spectrum of negative ions emitted via impacts of 50 keV Cgy?* from free standing 2-layer GO film. The relevant data are shown in three mass segments

[(a)—(c)]. The assignments of the peaks of molecular clusters are shown in (d).

to high energy knocked-on ions which are ionized by direct atom-
atom collisions in the 2D material." The peak of C;~ consists also
of ions originating from projectile atomization via collisions with
C and O atoms of graphene.”” The low energy ions emitted from
the rim around the rupture are, as noted earlier, likely due to elec-
tron tunneling from the hot rim.” Thus, the complex picture of
the ejection/ionization complicates (even makes impossible) an esti-
mation of the relative concentrations of H, C, and O from abun-
dances of the atomic ions. By contrast, the relative concentrations
of H, C, and O can be estimated from the emission of molecular
clusters.

The spectrum in the high mass range [Figs. 12(b)-12(d)]
consists of molecular cluster ions of the type (a) [Con (H2O)ons1
(COsH)]™ (n=3,...,8)and (b) [Can (H20)2, (C203H5)]” (n =1,
2, ..., 8). These ions have as main constituents clusters such as
Con (H20)2n+1 and Capy (H20)2y, which are bonded to the moieties
CO3H (mass 61 amu) and C,03Hs (mass 77 amu). These molecules
have high electron affinities of 3.68 eV and 4.08 eV, respectively;

thus, the molecular clusters (a) and (b) are efficiently ionized. The
core composition of the molecular clusters implies that the rela-
tive concentration of H, C, and O is approximately C,0,H; for the
free standing 2-layer GO film (PELCO® film from Ted Pella, Inc.).
Surprisingly, the main constituent of the cluster is a carbohydrate
[Fig. 12(d)]. The presence of carbohydrates indicates that the func-
tional groups for GO are epoxy and hydroxyl and unlikely carboxyl.
The absence of carboxylic groups supports data from GO flakes
analyzed by Magic Angle Spinning NMR Spectroscopy. ™’

The GO film is hydrophilic and will absorb water when exposed
to air prior to insertion into the vacuum chamber of the mass spec-
trometer. Indeed, some H;O in (a) and (b) may be water molecules
recombined to that molecular cluster ions. To explore the hydra-
tion of GO, we tested oxidized carbon nanotubes with the method
of single impact SIMS using keV Cgy>*."” The sample was a sponge-
like 3D nanostructure made from onionlike carbon nanotubes with
a porosity of ~97%." This spongelike hydrophilic nanostructure
was completely filled with deuterated water prior to insertion into
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FIG. 13. Mass spectrum of negative ions emitted from hydrophilic spongelike 3D
nanostructure made from onionlike carbon nanctubes with a porosity of ~97%.
The sponge was filled with deuterated water prior to insertion into vacuum.

vacuum for the mass spectrometry experiment. The sample was in
high vacuum for ~10 min prior to the MS experiment. The mass
spectrum of negative ions emitted via 50 keV' Ceo™" impacts (Fig. 13)
does not contain water molecules. The only evidence of the pres-
ence of water before evaporation is the peak of D™ and probably
peak of C,D~, which indicate a substitution of hydrogen by deu-
terium. Thus, under vacuum the water was removed from the carbon
nanostructure.

The oxidation process'” oxidized only the surface of the nan-
otubes, without oxidation of the inner shells of the onionlike

a)
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nanotubes. As a result, the mass spectrum of the 3D nanotube struc-
ture has dominant peaks of C, and C,Hy, clusters ions. The 2D GO
case is different. The concentrations of O and H are high for free
standing 2L GO, which as noted earlier as C;0,H:. The method
demonstrated on 2D GO can be applied for any functionalized
graphene films.

V. Aug0®* CLUSTERS IMPACTS ON FREE-STANDING
GRAPHENE

We contrast now the 2D projectile impacts with 3D ones,
specifically Augg** (of 440-540 keV or 33-36 km/s) again at the
level of individual events.” The Au atoms undergo atom-atom colli-
sions, which are different from those occurring with Cso. First, Auago
projectile is a 3D object composed from atoms filling up the entire
volume, Cg projectile has a shell 2D structure, in which carbon
atoms are located at the surface of the projectile. It will be much eas-
ier disrupt such structure. Second, Au atoms are much heavier than
C atoms. The mass difference will result in a less efficient energy
transfer in Au-C collisions as compared to C-C interactions present
during Ce impact. It will be also more difficult to change movement
trajectories of the heavy Au atoms. Auggp will mostly deform when
meeting a network of C atoms in graphene rather than disintegrate
as the latter requires efficient trajectory deflection of individual gold
atoms. Finally, the 500 keV Auag projectile will have a much larger
momentum as compared to 50 keV Ceg due to larger mass of Au
atoms and a larger number of atoms composing Auggg cluster. Most
of carbon atoms scatter off the surface of Aus, a few may experience
collisions in the vicinity of Ausgg.

Thus, at any moment, each C atom residing in the interaction
area experiences a gentle correlated action of many Au atoms. A
pressure exerted by a single object rather than by individual col-
lisions punctures the graphene layer. Consequently, the projectile
pushes through graphene as a deformed but single entity. Figure 14

0.1 ps

FIG. 14. Snapshot (MD simulations) of
the 1 layer graphene taken at (a) 0.1 ps

and (b) 0.2 ps after 500 keV Auy*
impact at a monolayer of graphene at
normal incidence.
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shows the MD simulations of 500 keV Auggo™ impacting on 1 layer
graphene at first 0.1 ps and 0.2 ps. During the passage through
graphene (~0.1 ps), the projectile makes a round shaped rupture of
~2 nm in diameter. C atoms, which are knocked on from the rup-
tured area, are spread into the space around the transmitted projec-
tile. The zone raptured by the impinging projectile is much less that
the punched area observed experimentally. This discrepancy will be
discussed below.

In punching a hole, the projectile experiences a strong asym-
metric atomic disorder in its top hemisphere. Thus, a part of the
kinetic energy of the projectile is transferred into the excitation of its
electronic system. 7" The exited Auago is for a short time (0.2 ps)
present in the vicinity of the hole in the graphene, with a rim area
which is also electronically exited." We posit that this excitation
in part is spent on electromagnetic interaction between A4 and
the graphene hole (discussed below). The remainder of excitation is
by electron-phonon coupling,””* transformed into the vibrational
excitation of the isolated Au cluster (time >0.2 ps after impact). The
vibrationally excited clusters undergo fragmentation, as observed
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FIG. 15. Negative (a) and positive (b) ion spectra of 540 keV and 440 keV Augge*
projectile impacts (—15kV and +10 kV target bias) on graphene in the transmission
direction.
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experimentally.””"" The massive emission of atomic and C cluster
ions (negative and positive) from the rim of the raptured graphene
is also documented.”

Figure 15(a) shows the mass spectrum of negative ions detected
in the transmission direction.” The mass spectrum was obtained
with ~10° impacts of 540 keV Aug** on 1-layer graphene. The tar-
get bias was set to —15 kV. The main features of the mass spectrum
are the C,,~ ions (n = 1-10) followed by C,Hy, ~ ions. These ions have
high ST yields (e.g., 1.25 ions per impact for C,7). In the higher mass
range, there are peaks due to the Auyg projectiles and projectile frag-
ments of Auj_3~ ions. These peaks are broad and centered at lower
m/z, indicating that these ions have shorter flight times and have
initial kinetic energy distributions that come from the hypervelocity
Auggo projectiles.

When the target bias was set to +10 kV, the positive ion mass
spectrum consisted of Cy ' (n=1-7) and C,Hy, " ions in the low mass
range, and Au;.3" and Augg projectile peaks in the high mass range
[Fig. 15(b)]. Fragmentation via evaporation of atomic or cluster ions
is possible if the parent cluster has a high charge state. The detection
of both Auy.3~ and Auy.3" verifies that the projectile can indeed be
charged negatively or positively after passing the graphene.

As the projectile approaches the graphene at a distance shorter
than that of electron tunneling, it is neutralized by electron exchange
with the target. At the moment of passage, the projectile and the
rim around the hole are electronically excited. Upon exiting, the
projectile undergoes electron exchange with the rim. The non-
adiabatic interaction allows the projectile to carry a random charge
(discussion below).” The charge state of Augy regulates the num-
ber of Au ions that evaporate.” Approximately 50% of atomic
Au is charged positively or negatively. Most evaporated Au is
singly or doubly charged with a small number carrying multiple
charges. Another 50% of the transmitted projectiles or fragments are
neutral.

3[ — o Au:

Normalized Distribution

0.01 4 \
] .

1E-3 ¥ T g T — T v T
8

Number of lons/Impact

FIG. 16. Normalized (area under distribution is unity) distributions of the number of
Aus* ions evaporated from a single Auggp. Number of evaporated ions correlate
with the charge state (negative-neutral-positive) of Ausgp passing graphene.
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An analysis of the rates of evaporation” shows that A carries
an internal energy of ~450—500 eV which is dissipated in a multi-
fragmentation process resulting on average in the evaporation of
~90 - 100 atoms, regardless the charge state of Ausg. The internal
energy is similar for projectiles with different charge states (positive,
negative, or neutral). Figures 16 and 17 illustrate the experimen-
tal data on the evaporation process. Mostly, the fragmentation via
evaporation takes place after randomization of the excitation energy
(>0.2 ps), when the classic statistical approach of internal energy
fluctuations among the clusters degrees of freedom applies.”" The
fragmentation was measured in the experimental time range from
to=02pstot=0.1pus.

Another important characteristic is the size of the graphene
rupture. MD simulations [Fig. 12(b)] show that the diameter of the
rupture is comparable with the diameter of the projectile (~2 nm).
However, the experimental data show larger ruptures.

Impacts of a sequence of single projectiles on single layer
graphene are shown in the transmission electron micrograph in
Figs. 18(a) and 18(b). Round holes surrounded by an amorphized
graphene are evident. They are distinct in size and shape from
the significantly larger holes attributed to defects in the graphene
film [Fig. 18(b)]. The holes caused by 480 keV Ausp’ impacts
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FIG. 17. Sketch of the evaporation of Au fragment ions from the projectiles in
acceleration region (top). Negative ion mass spectrum (black) of 540 keV Auggo*
projectile (—15 keV target bias) impacting on graphene in the transmission direc-
tion. The peaks of Auy3~ have the fragmentation tails, which overlap and extend
up to the parent projectile peak. The red line is for guiding the eye. Mass spectrum
(green) of 480 keV Augge™* projectile only (0.2 KV target bias) does not contain
the secondary ions and Au fragments due to the low target bias. This spectrum
shows clearly the sufficient projectile kinetic energy loss after impact.

PERSPECTIVE scitation.orgljournalljcp

on graphene have a size distribution with a mean diameter of
9 + 2 nm. Interestingly, the mean diameter of the holes is indepen-
dent of the number of layers of graphene in the sample (1, 2, or 4
layer graphene).™

The density of round shaped holes corresponds to the dose of
projectiles. The scanning electron microscopy (SEM) micrograph
[Fig. 18(c)] shows a large area of the ruptured graphene. The scale of
this SEM image is too coarse to show the correct image of the holes;
however, the density of the randomly distributed holes (~120/um?)
can be counted. Note, that both micrographs [transmission elec-
tron microscopy (TEM) micrograph and SEM] show also the rare
mechanical ruptures, which are approximately two times larger the
round shaped holes [Figs. 18(b) and 18(c)]. These ruptures are not
round shaped. Graphene is contaminated by CuCl nanoparticles,
which are visible in micrograph as black small spots of a size of
~2 nm [Figs. 18(a) and 18(b)]. The presence of these particles is
due to the process for producing the graphene. The density of CuCl
particles is very low. One can speculate that direct impacts on the
CuCl nanoparticles are responsible for the generation of large holes.
However, their low density and the low probability of direct impacts
suggest that the generation of large holes from impacts on the CuCl
nanoparticles is negligible.

It must be noted that 50 keV Cgo>* impacts produced no visible
holes suggesting a self-healing process.”

To explain the effect of large holes, we postulate that a neu-
tral or charged cluster undergoes a dipole interaction with the rim
of the rupture. The A4 projectiles, after passing through graphene,
are partially neutral (~50%) and partially negatively (~25%) and pos-
itively (25%) charged. Charged Auggo are not only singly charged;
the charge distribution (Fig. 16) shows that high charge states (8+
and 5-) were detected. The charge is distributed evenly over the
Auygg surface after passing the critical distance for electron tunneling
(1 nm, t > 0.1 ps). The time evolution of Ausp was discussed in detail
in Ref. 6. Let us consider first the multicharged Ausgo, which passed
the graphene and is aligned with the rupture at distance >1 nm
(critical distance of electron tunneling.” ' Charged Auyg induces the
opposite charge at the surface area around the rapture. The electric
field lines between the projectile and the rim of the rapture result in
a dipole. The electric field of the dipole is strong due to the short dis-
tance and high charge. One can estimate the field of the dipole at the
surface of the projectile as follows:

1 Q x i f[ BU)y ]dy’ @

v 480717‘()_2' 2&0 (%2 +yz)3/2

where Q is the charge of the nanoparticle, ry is the radius of
the nanoparticle and the initial puncture in the graphene, S(y)
is the radial density of the charge around the primary hole, and
x is distance between the surface of nanoparticle and the hole
plane. The boundary condition for the charge around the hole is
fn:““ B(y)dy = Q, where r.f is the effective radius of the charge area
around hole. Assuming that re & ro, the solution of Eq. (2) for the
field strength at the surface of the projectile is

__Q(__x L
E, = 4neo((x2 P + mz). (3)
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Due to the strong bonding of the poles of the dipole (field of ~1 V/A),
the movement of the multicharged projectile (one side of dipole) will
bend and stretch the graphene around the hole. The projectile will
experience an energy loss, when a part of projectile kinetic energy is
transferred to the rim via the electrostatic interaction of the dipole
poles. The graphene membrane accumulates the strain energy very
effectively due to its high Young modulus (~1 TPa). The average
energy loss of the projectile of ~72 keV is higher than the energy,
which the projectile spends on rupturing the graphene and on the
carbon ejecta (~53 keV) via atom-atom collisions only.” We infer
that part of the additional energy loss is due to the dipole projec-
tile/hole rim interaction, and this energy is accumulated into the
stretching of the graphene. The stripping of carbon atomic and clus-
ter ions due to the strong field of the dipole can be considered as a
mechanism of the enlargement of the hole size. Thus, the charged
nanoparticle-graphene dipole interaction may explain the experi-
mental observations of (a) high kinetic energy loss of the projectiles;
(b) charge distribution of projectiles; (c) abundant emission of Co¥;
and (d) large size of holes made by projectile impact, which are
9 +2nm.

The most intriguing part of A4 graphene interaction occurs
within t < 0.1 ps. The Au*" projectile approaching the graphene
surface (t = 0) is neutralized by electron tunneling with graphene;
thus, the actual impact makes a neutral system of Ausg connected
to graphene. Indeed, the electronic processes are fast; thus, the sys-
tem has a joint Fermi level and a small potential gradient due
to the different work functions of Auyg and graphene (6 eV and
4.5 eV, respectively). After impact, a unique self-organized system is
obtained (F'ig. 14). MD simulation show that Augg being deformed

PERSPECTIVE scitation.org/journalljcp

FIG. 18. Transmission electron
microscopy image [(a) and (b)] of single
layer graphene after irradiating with
480 keV Augge” projectiles in a 3 mm
diameter area (scale bar 20 nm). The
small black particles correspond to
copper chloride nanoparticles produced
from the manufacturing process as
indicted by the manufacturer. Scanning
electron microscopy image (c) shows the
graphene attached to the lacey carbon
frame. The density of the randomly
distributed holes is ~120/um?.

via interaction is aligned axially within the hole in graphene made
by the Auygo. The deformation is observed in the top semi-sphere
of A4 only, indicating that electrical contact (joint Fermi level) is
lost, when the second half of A passes the hole. The diameter
of the hole (Fig. 14) is slightly larger than the diameter of Augp.
The difference in the work functions is limited, and the induced
charge on Ausy cannot be above +1.”" However, the projectile
located in the hole is electronically exited due to deformation via
impact.

A correct model of time evolution of the electronically exited
nanoparticle located in the graphene hole is a subject for future
work, but some important features of the behavior of this system
can be already discussed. The case of metallic nanovolume electron-
ically excited via keV cluster impact was theoretically examined in
Ref. 51. It was noted that fluctuations of the local electron density
should be taken in account to describe the transfer of a kinetic energy
of projectile into the electronic subsystem. In this case, fast elec-
tron density fluctuations, which are generated and then quenched
multiple times, characterized the deformed Ausg, where the dis-
placed atoms are reorganized during the time of passage of ~0.1 ps
(Fig. 14).

The fluctuations of the local electron density of Ausg within
the hole stimulate the production of local random dipoles between
Auyyy and the rim of the hole. The random dipoles are gener-
ated by electron density fluctuations and are quenched by electron
exchange with graphene during the time of passage. The force of
this electrostatic interaction should be always attractive between the
Agoo and the hole, regardless of the dipoles polarities. Moreover,
even if the average charge of the projectile is zero, an attractive
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force will be generated. As a result, the hole works as a trap for
the electronically excited metal cluster. The strength of this force
can be described formally by Eq. (2) where instead of the charge
of Ay, the fluctuations of local electron density are applied. The
non-adiabatic electron exchange between Augy and graphene may
describe the exotic charge distribution of the projectile after inter-
action (~50% of neutrals, ~25% of negatively, and ~25% positively
charged Auyp). Again, a more detailed model of the electronically
excited nanoparticle located in the graphene hole remains to be
developed.

VI. CONCLUDING REMARKS

MD simulations of fullerene impacting free standing graphene
at ~0.8 keV/atom agree well with the experimental observa-
tions. This is not the case for impacts with gold nanoparticles at
~1.2 keV/atom. This interaction has drastic consequences for the
emerging projectile in terms of energy loss and evaporation of
atoms. Remarkable effects caused by a single layer of graphene!

Setting aside the fate of the projectile, the collision regimes con-
sidered here involve distinct ejection-ionization mechanisms. The
abundant ionization of atoms, molecular fragments, and entities
can be explained with ultrafast cooperative motion and electronic
projectile-target interactions. They evolve as the target thickness
increases into ultimately the well described process occurring in
projectile-bulk matter impact.

We infer from the observations reported here that free-standing
graphene is an interesting candidate as a substrate for a chemical
analysis of atto/zeptomole samples via cluster-SIMS in the transmis-
sion mode. First, the extremely small thickness of the support results
in small amounts of emitted substrate material. As a result, there is a
minimal interference between the substrate and the analyzed signal.
A large portion of the primary kinetic energy can be transmitted to
the organic overlayer in the direction toward the detector by gentle,
collective movement of the graphene layer. Such concerted action
of substrate atoms increases a chance that intact molecules can be
recorded. These observations confirm the feasibility of detecting of
attomole to zeptomole amounts of analyte. Deposition of such small
amounts of material opens the potential capability to perform quan-
titative analysis by SIMS in the way proposed in the so-called storing
matter technique.”” In this approach, SIMS analysis is performed
on deposit which is sufficiently dilute not to give rise to matrix
effects.

The present report focuses on negative ion emission from
graphene impacted with 2D and 3D projectiles of comparable
velocities. Other target and bombardment conditions remain to
be explored for a broader understanding of the effects of pro-
jectile characteristics, impact angle/target thickness on the nature,
and abundance of the ejecta. A more nuanced insight into fasci-
nating motional and electronic processes will require experiment
paralleling MD simulations. In particular, an exploration of lower
momentum of impacts should be useful to assess prospects for sur-
face analysis. Here, the observations of ionized ejecta should be
complemented with detection of neutrals via postionization. The
postionization technique”’ can potentially explore the very effective
“direct trampolining” of large intact molecules from the graphene,
in the case when the energy of projectile is not enough for graphene
rupturing.
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Molecular dynamics computer simulations are employed to investigate processes leading to particle ejection
from free-standing two-layered graphene irradiated by keV argon gas cluster projectiles. The effect of the pri-
mary kinetic energy and the projectile size on the ejection process is investigated. It has been found that both
these parameters have a pronounced influence on the emission of particles. The interaction between argon
projectiles and graphene is strong regardless of graphene's minimal thickness. A significant portion of the pri-
mary kinetic energy is deposited into the sample. Part of this energy is used for particle emission, which is
substantial. As a result, circular nanopores of various dimensions are created depending on the bombardment
conditions. A major part of the deposited energy is also dispersed in a form of acoustic waves. Different me-
chanisms leading to particle ejection and defect formation are identified depending on the projectile energy per
atom. The implications of the results to a novel analytical approach in Secondary Ion Mass Spectrometry based

on ultrathin free-standing graphene substrates and a transmission geometry are discussed.

1. Introduction

Two-dimensional crystals have been a subject of extensive studies
for some time due to their unique properties [1]. One of the most in-
spiring 2D materials is graphene. Due to its exceptional electric prop-
erties, high intrinsic strength, and stiffness, this material entered many
fields of engineering, for example electronics, composite materials, and
photovoltaics, just to name a few [2,3]. Despite the already conducted
extensive studies, still much effort must be spent to better understand
various aspects of graphene and graphene-like materials [4].

There are numerous methods used for graphene preparation, char-
acterization, or alteration. Some of them are relying on ion beam
bombardment [5]. Two of the less apparent forms of using the ion beam
are cleaning the graphene surface from contaminations and uplifting of
deposited material for further chemical analysis. Kim et al. considered
the cleaning of suspended graphene with argon clusters [6], while few
others worked on the subject of using these projectiles for cleaning of
graphene supported on the surface [7-10]. Verkhoturov et al. proposed
to use free-standing graphene as a substrate for chemical analysis by
Secondary Ion Mass Spectrometry (SIMS). In this approach, a so-called
“transmission geometry” is used in which the analysed organic material

Abbreviations: MD, molecular dynamics; SIMS, Secondary Ion Mass Spectrometry

* Gorresponding author at: ul. Lojasiewicza 11, 30-348 Krakow, Poland.

is deposited on one side of the ultrathin substrate, while another side is
bombarded by cluster projectiles [11,12]. It is argued that such geo-
metry can be particularly attractive for the analysis of ultra-small
amounts of organic material, molecular nano-objects, and supramole-
cular assemblies [11,12].

Cluster ion beams are a natural choice to uplift the organic mole-
cules. Impacts of these projectiles lead to more gentle, collective
movement of the substrate and analysed material, which favours the
emission of intact molecules [13,14]. Although one of the most suc-
cessful clusters used in organic SIMS is Cep fullerene [15], there is a
significant movement towards larger clusters, such as argon gas clusters
consisting of hundreds or even thousands atoms [16-18]. Bombard-
ment of free-standing graphene by Cg, projectiles has already been
investigated [11,19-24]. However, there is no analogous work avail-
able for larger clusters, even though these projectiles are more optimal
for the analysis of materials consisting of large organic molecules
[13,14]. As a result, not much is known about processes that will lead to
a material ejection in this case. Most of the existing theoretical works on
the projectile-graphene interaction focuses on the ion beam-induced
creation of defects in graphene [25,26]. Much less is known about
processes that cause removal of carbon atoms from this material,
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leading to creation of defects, particularly when large cluster projectiles
are used. The objective of this paper is, therefore, to describe the dy-
namics of the energetic argon gas cluster bombardment of free-standing
graphene. The results are used to provide insight into phenomena
leading to the ejection of atoms from the bombarded system.

2. Computer model

The molecular dynamics (MD) computer simulations are used to
model cluster bombardment. Briefly, the movement of particles is de-
termined by integrating Hamilton's equations of motion. The forces
between carbon atoms in the system are described by the Charge
Implicit ReaxFF (CI-ReaxFF) force field [27], which allows for the
creation and breaking of covalent bonds. While preserving the accuracy
of the original ReaxFF potential, this force field is several times faster
and has an appropriate repulsive wall to describe high energy collisions
properly. Forces between argon atoms and between argon and carbon
atoms are described by the Lenard-Jones potential [28] splined with
KrC potential [29] for high energy collisions. A more detailed de-
scription of the MD method can be found elsewhere [30]. The gas
clusters consisting of 60, 100, 366, and 1000 argon atoms are chosen as
projectiles. These clusters have diameters of approximately 1.4 nm,
1.6 nm, 3 nm, and 4 nm, respectively. The kinetic energy and number of
argon atoms in the projectile cluster are changed to investigate the
effect of these parameters on the particle ejection process. Impacts of
Arg, AT100, ATzss, and Arygop projectiles with kinetic energy between 1
and 40 keV are investigated. All impacts occur along the surface
normal. The shape and size of the samples are chosen based on visual
observations of energy transfer pathways stimulated by the impacts of
argon clusters. As a result, cylindrical samples are used. For Argg, Aryqo,
and Arsgg projectiles samples have a diameter of 40 nm. Substrates with
a diameter of 80 nm are used for the Ar,goo projectile. Samples consist
of a double layer of graphene with a highly oriented pyrolytic graphite
structure. They contain 92,126 and 368,564 atoms, respectively. Rigid
and stochastic regions are used to simulate the thermal bath that keeps
the sample at the required temperature, to prevent reflection of pres-
sure waves from the boundaries of the system, and to maintain the
shape of the sample [30,31]. The simulations are run at a target tem-
perature of 0 K. Most simulations extend up to 10 ps, which is long
enough to achieve saturation in the ejection yield versus time depen-
dence. Only simulations for Ar;ggp with kinetic energy below 15 keV
are run for 80 ps to investigate the massive deformation of graphene,
which occurs in these systems over a prolonged time. Twenty-five im-
pact points randomly selected near the centre of the sample are chosen
for each combination of projectile size and primary kinetic energy to
achieve statistically reliable data. Simulations are performed with the
large-scale atomic/molecular massively parallel simulator code
(LAMMPS) [32], which has been modified to describe sputtering con-
ditions better. In principle, particles ejected in the direction of the
primary beam (the transmission direction) and in the opposite direction
(the reflection direction) are collected. However, as emission in the
reflection direction is minimal, only the data for the transmission di-
rection are presented in this paper.

3. Results and discussion

Dependence of the total sputtering yield and of the fraction of
projectile atoms penetrating through the sample on the primary kinetic
energy is presented in Fig. 1. The yield initially increases with kinetic
energy but saturates for higher energies in the investigated range for
the same projectile. For each projectile, there is a minimum kinetic
energy required to eject substrate particles or to perforate graphene.
These energies are presented in Table 1. Threshold energy shifts to-
wards larger values with the projectile size. Furthermore, the ejection
of graphene atoms requires higher kinetic energy than the emission of
argon atoms. The latter is an indicator of graphene perforation.
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Fig. 1. The effect of the projectile kinetic energy E and size n on a) sputtering
yield S, and b) fraction of transmitted projectile atoms for various Ar clusters.
The inset to panel a) shows the data normalized to the number of projectile
atoms. The inset to panel b) shows the fraction of the primary kinetic energy
lost by the projectile.

Table 1

Values of the threshold energy Ey,, threshold energy per atom E,/n, threshold
momentum (My,), and threshold projected momentum M, for substrate par-
ticle emission (_s) and graphene perforation (_p).

Argo Aryg0 Arass AT1000

Eun s (keV) 1.5 2.4 5.0 10.0
Ehp (keV) 1.4 2.0 4.7 9.0
Ewns/n (eV) 25 24 13 10

Egp p/n (eV) 23 20 12 9

My, (kg *+ m/s) « 1077 0.6 1.0 2.8 6.5
My, p (kg # m/s) s 107 0.6 0.9 2.7 6.2
My 5 (kg * m/s/m?) * 10% 4.0 5.0 3.9 5.2
Myt p (kg * m/s/m?) 102 3.9 4.6 3.8 49

Difference between these two thresholds increases with the projectile
size. This means that it is easier for a large projectile to penetrate
graphene without emission of carbon atoms.

It has been shown that the relation between the sputtering yield S
and parameters of the cluster projectiles can be significantly simplified
if the data are presented in a special form [33-35]. Such representation,
sometimes called “universal”, is shown in the inset to Fig. 1a [33,34].
Indeed, at the high E/n region, data points for all projectiles are located
at the same line, and the dependence between S/n and E/n is linear,
where E is the projectile’s kinetic energy, and n is the number of pro-
jectile atoms. At low E/n value, the data points cannot be placed on a
single line, and the S/n vs E/n dependence becomes nonlinear, as re-
ported previously [33,34]. The onset of the nonlinear region depends
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strongly on the cluster size, shifting it to the lower kinetic energy per
atom as the size of the cluster projectile increases. The same trend has
been observed previously [33,34]. Our results indicate that the uni-
versal representation implemented for the sputtering of thick samples is
valid also for systems with limited dimensionality. Popok et al. [35]
proposed another approach aimed at simplifying the relation between
projectile range and projectile parameters. In this approach, the effect
of projectile size and its kinetic energy was unified by using the pro-
jectile momentum [35]. The effect of the application of all these ap-
proaches to our threshold energy data is shown in Table 1. It is evident
that expressing the ejection onsets by the projected momentum seems
to be the most universal. The projected momentum is calculated by
dividing the projectile momentum by the area of the projectile's pro-
jection on the graphene surface, as proposed in Ref. [35].

The yield of ejected carbon atoms increases with the projectile size
when the primary Kkinetic energy is constant. There is a significant
particle emission from the bombarded sample, especially for large high-
energy projectiles. Almost all projectile atoms penetrate through an
ultrathin sample. Only below approximately 5 keV for Arg, Arygo,
10 keV for Arsgs, and 15 keV for Arjgoo penetration efficiencies are
significantly reduced, as shown in Fig. 1b. It is evident that a significant
fraction of the primary kinetic energy is lost by a projectile regardless of
the minimum thickness of the sample, as indicated by the data pre-
sented in the inset to Fig. 1b. For instance, for 10 keV projectiles, more
than half of the primary kinetic energy is lost when penetrating through
graphene layers. This fraction decreases as the kinetic energy increases
for a given projectile size. It also increases as the projectile size de-
creases for a given primary kinetic energy, particularly at low kinetic
energy. It is interesting to note that the projectile loses its kinetic energy
even in cases where no ejection of substrate atoms occurs. This ob-
servation indicates that graphene sheets consume a part of the primary
kinetic energy.

The primary kinetic energy also influences the relative contribution
of various species in the ejected plum, as presented in Fig. 2. Numbers
in the bottom-right corners of individual spectra indicate the kinetic
energy per projectile atom, which is proposed as the universal metric to
characterize ejection phenomena stimulated by cluster projectile
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impacts [33,34]. This quantity is proportional to a square of the pro-
jectile velocity. For energetic projectiles, mainly carbon monomers
populate the plum. The most abundant ejection shifts to larger frag-
ments with a decrease of the projectile energy per atom. At the same
time, a relative ejection of carbon monomers decreases. At certain
conditions, carbon trimers are the most abundant species in the ejected
flux, as seen, for instance, for 20 and 40 keV Ar;qqp projectiles (20 and
40 eV/n respectively). For these impacts, the emission of carbon
monomers is almost absent. This is a surprising observation, as in a
typical sputtering experiment the emission of monomers is a dominant
channel of particle removal [36]. Based on the similarities in the mass
spectra, we divide all investigated impacts into three categories, as
indicated in Fig. 2. Impacts leading to the significant ejection of carbon
monomers are classified as category A. This category contains impacts
of the projectiles with the largest kinetic energy per atom used in our
study. Impacts leading to a dominant emission of larger fragments are
marked as category B. This category includes medium energy impacts.
Finally, impacts resulting in no emission of substrate particles are
grouped in category C. This category contains impacts of the projectiles
with the lowest kinetic energy per atom investigated in our study.
Differences in the particle emission process caused by impacts as-
signed to categories A, B, and C are even more pronounced in velocity
distributions of the ejecta. In Fig. 3, we present velocity distributions of
C, C,, and Cj; fragments ejected from graphene in the transmission di-
rection. The spectra are normalized to their maxima, because in the
following reasoning we will be interested only in their shape. For ca-
tegory A impacts, the ejecta have broad velocity distributions. The
shape and the peak position of spectra for each fragment type are dif-
ferent. Carbon monomers are, on average, the fastest-moving particles.
Larger fragments move with lower velocity, which is typical behaviour
observed for sputtering experiments [36]. Much more interesting are
the velocity spectra of particles ejected by impacts classified as category
B. These spectra are narrower than earlier distributions. Surprisingly,
they have almost identical shapes for all three types of the emitted
species at the same impact conditions. Moreover, the velocity corre-
sponding to the most abundant emission correlates with the initial ve-
locity of a projectile. These features are different from a typical

2 ¢, Category A
Ar,
60
C‘ Cs CSS eVin 166 eV/n 333 eVin 667 eVin
I 5 1 1
Ar
100
© 50 eV/n 100 eVin 200 eVin 400 eVin
.9 1 1 | 1 | I L
> Category C Category B
Ar
366
14 eVin 27 eVin 55 eVin | 109 eVin
1 1 I i L
Ar
1000
5.0 eVin 10 eVin 20 eVin ‘ | 40 eVin
‘ 1 I L
Mass

Fig. 2. Mass spectra of particles ejected in the transmission direction for 16 impact conditions corresponding to 4 projectile sizes and 4 primary kinetic energies.
Graphs are grouped into three categories A, B, and C based on similarities of the spectra features (see text). Projectile atoms are not shown.
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Fig. 3. Velocity distributions of 16 incidence conditions corresponding to different projectiles and primary kinetic energies. Different lines show velocities dis-
tributions of emitted C atoms (black solid line), C dimers (red dashed line), and C trimers (blue dotted line). Vertical lines denote the initial velocity of a projectile. All
spectra are normalized to their maxima. Initial projectile velocity for the 40 keV Arg, impact is outside of the velocity scale. Numbers at the bottom right corner of
each spectrum depict the kinetic energy per projectile atom. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

sputtering experiment, where the shape of the velocity spectra does not
depend on the primary kinetic energy, at least in the linear cascade
regime, and are usually different for various ejected species [36]. These
differences can be expected, as there is no time and space for the linear
collision cascade to develop in our samples. Nevertheless, the ejection
of various fragments with the same velocity spectra is still puzzling.
There are no velocity distributions in Fig. 3 for the impacts of category
C, as no particles are ejected in this case.

The temporal evolution of studied systems is investigated to identify
processes responsible for the particle ejection and explain the observed

trends. The results are shown in Figs. 4, 5, 6, 7, and 8, as well as in
Animations 1, 2, 3, and 4. An example of temporal snapshots for ca-
tegory A impacts is shown in Fig. 4, and in Animation 1. The data are
obtained for 40 keV Arg projectile, which is the fastest projectile in-
vestigated in our study. The integrity of the projectile is compromised
almost immediately after it passes through the graphene. However,
during the impact, the projectile atoms stay together and interact col-
lectively with the sample. After the collision, all projectile atoms pe-
netrate through the substrate. The ejection of both projectile and sub-
strate atoms is forward directed. Only a few substrate atoms are emitted

0.1 ps 04ps’ 0.7 ps 10 ps
.o L U= R @ 1 o L

Fig. 4. Temporal snapshots from the simulation of a 40 keV Arq, impact at graphene. The top row contains side views of the system obtained at various moments
given by the values at the top left corners. The lower row contains perspective view of the same system. For a side view only 2 nm thick slice through the centre of the
sample is shown. Carbon atoms are depicted as grey balls while argon atoms are yellow. Thin lines in the background denote the distance of 10 nm. Arrow indicates
the direction of an incoming projectile. (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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Fig. 5. Temporal snapshots from the simulation of a 40 keV Aryqq, impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.

in the reflection direction. Atom removal leads to a formation of in-
itially almost circular nanopore. Zhao et al. have found that energetic
clusters can be used to fabricate nanopores in graphene in a controlled
way by varying the properties of the incident beam [20,37]. They have
found that impact energy of 11.4 eV per projectile atom is needed to
create a nanopore in a single layer of graphene when bombarded with
Cgo projectile at normal incidence [20,37]. This value is smaller than
the threshold energy for the nanopore formation by Arg projectiles, as
shown in Table 1. This difference is expected, as Argp has a different
mass than Cgo, and two-layered graphene is bombarded in our case.

The structure of a newly created nanopore is dynamic. We observe,
for instance, that new bonds are created in this area. The radicals cre-
ated by the impact are highly reactive and tend to form new bonds
instantly. Some of these bonds are also formed between carbon atoms
located in different layers. Again, similar behaviour was reported for
Cgp bombardment of graphene [20,37], and Cg and Ar, bombardment
of fullerite [38]. These new bonds lead not only to a hardening of the
rim but also to a partial self-healing of the created nanopore.

As already discussed, a significant fraction of the primary kinetic
energy is transferred to the sample. Most of this energy is carried away
by circular acoustic waves that propagate outward from the point of
impact. For the Areo bombardment, these waves have a maximum
amplitude of approximately 0.1 nm. The process is very effective as
graphene planes can efficiently transfer kinetic energy. It has been
shown, for instance, that this property is responsible for an unusually
small sputtering yield observed from pyrolytic graphite bombarded by
Ceo [39].

The analysis of Animation 1 indicates that two processes lead to the
emission of carbon particles. Initially, carbon atoms are ejected by a

0.2 ps 0.3 ps

direct interaction with a projectile. Because the projectile is energetic,
the collisions are violent, and a lot of energy is transferred between Ar
and C atoms. Original bonds between carbon atoms are easily broken,
which leads predominantly to the emission of monomers, The presence
of a conglomerate of Ar and C atoms at a distance of ~1.5 nm from the
graphene already at 100 fs, as seen in Fig. 4, indicates that most of the
carbon atoms ejected in this phase have high velocities. The second
process leading to particle ejection occurs later and may last for several
picoseconds. The rim is energized during projectile penetration. Some
of this energy can be used to eject carbon particles. These particles are
ejected along various polar angles with lower kinetic energy than atoms
emitted by a direct interaction with the projectile. However, there is
also a significant vertical and radial movement in this area. The vertical
movement initially leads to a temporary separation of the layers near
the rim area. It has been shown that this process can be used to sti-
mulate efficient emission of intact organic molecules from layers de-
posited on graphene substrate [12,24]. Later, the vertical movement
combines with correlated radial displacements of C atoms around the
rupture and is transformed into collective movements, which develop
wave-like vertical oscillations and radial planar compressions. A similar
phenomenon also has been observed on graphite and graphene surfaces
bombarded by Ceo [12,21,40,42]. Approximately 20% of the primary
kinetic energy transferred from the projectile to the sample is carried
away by ejected substrate atoms for a 40 keV Argy bombardment. The
remaining part is carried away by outwardly propagating waves.

The projectile has a lower kinetic energy per atom during category B
impacts as compared to the category A bombardment, as shown in
Fig. 3. It means that it moves slower. Examples of category B impacts
are presented in Fig. 5 (Animation 2) and in Fig. 6 for a 40 keV Ar;qgp

1ps 10 ps
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o
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=

Fig. 6. Temporal snapshots from the simulation of a 5 keV Argo impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.
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Fig. 7. Temporal snapshots from the simulation of a 5 keV Aryggo impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.

and 5 keV Arg, respectively. Just like in the case of category A impacts,
projectiles are being compressed and flattened. However, the extent of
flattening is more significant now. After approximately 0.2 ps for 5 keV
Argg and 0.4 ps for 40 keV Ar;g00 graphene becomes perforated. A large
pore is formed for Aryg00. However, even for 5 keV Argq projectiles, the
orifice has a larger diameter as compared to the 40 keV Arg, impact, as
the 5 keV Arg, projectile expands laterally before penetrating through
the graphene layers. As shown in Figs. 5 and 6, and in Animation 2,
carbon atoms located initially directly above the impinging projectile
are removed collectively from the sample. They remain in almost ori-
ginal lattice, as they are entrained as one entity by Ar projectiles.
Consequently, these atoms have similar velocities as the propagating
clusters. This velocity is lower than the initial projectile velocity be-
cause a part of the primary kinetic energy is already consumed to
perforate graphene. Carbon atoms entrained by the projectile are se-
parated later when the projectile disintegrates, forming various frag-
ments. However, they preserve their velocities. This observation ex-
plains why these particles have similar velocity distributions.
Furthermore, the process is gentle and spatially correlated. Conse-
quently, not only monomers but mostly larger fragments of the original
lattice survive the ejection process. As a result, the peak in the mass
spectra shifts towards larger fragments as compared to the mass spectra
of category A impacts. The effect becomes more pronounced for larger
projectiles. These observations account for the main features of the data
shown in Figs. 2 and 3. Just like in the case of category A impacts, a
fraction of the primary kinetic energy is deposited in graphene sheets,
which leads to a formation of acoustic waves. Because the projectile is
moving slower, there is more time for interactions between projectile
atoms and atoms residing near the rim of the formed nanopore. More

1.3 ps

{

— l0nm —— — 10 nm ——

energy is transferred from the projectile to the sample. However, there
is also more time to drain this energy away from the nanopore. Simu-
lations indicate that this process is fast. Consequently, more acoustic
waves with higher amplitudes are created, but the density of the de-
posited energy near the rim area is small. As a result, the rim is less
energized, fewer carbon particles are emitted from this area, and
carbon entrainment becomes the primary mechanism of particle ejec-
tion.

Finally, the impacts of category C should be discussed. These im-
pacts do not lead to carbon ejection from the sample. However, gra-
phene is still disturbed. In fact, the substrate can be more significantly
altered than in previously discussed cases for the impacts of large
projectiles. Our simulations identify two possible scenarios. In the first
case, both the projectile momentum and its kinetic energy are not
sufficient to perforate the sample. This scenario is illustrated in Fig. 7
and in Animation 3 for 5 keV Ar;gpg. For these impact conditions, the
projectile is almost entirely decelerated. During deceleration, projectile
flattens significantly spreading its atoms over a wide area below the
graphene. Most of the primary kinetic energy is transferred to the
sample, as shown in Fig. 1. This energy is used predominantly to deform
the sample and to create acoustic waves. As a result, the graphene
surface bulges out in the direction of the primary beam over a large
area, and numerous acoustic waves propagate outwards. Finally, the
projectile atoms become back-reflected, but their kinetic energy is
small. The deposited energy is carried away from the impact area and
its density is not sufficient to stimulate the ejection of carbon from
graphene. After the deposited energy is dispersed in graphene, the
system returns to its initial shape.

In the second scenario, the momentum of the projectile is sufficient

10ps 80 ps

— 10m —— — 10 m ——

Fig. 8. Temporal snapshots from the simulation of a 10 keV Aryqq impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.
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to break graphene, but the deposited density of the primary kinetic
energy is still not enough to eject carbon atoms. This scenario is illu-
strated in Fig. 8 and in Animation 4 for a 10 keV Arjgqp impact. After
the impact of a massive projectile, the graphene substrate begins to
deform conically, just like it did in the earlier case. Graphene begins to
buckle out. Again, the projectile decelerates and flattens over a large
area. However, now its momentum is sufficient to rip the sample. A
small rupture is formed initially, but soon radial cracks along crystal-
lographic directions occur, which propagate quickly. Graphene layers
unfold in a petal-like form. Five triangular-shaped petals fold at their
bases. The system opens like a flower. The opening is vast, with di-
mensions significantly exceeding the projectile diameter. Argon atoms
easily move through this opening. Individual petals move out. Some of
them are even placed for a short moment on the graphene surface. Even
in these extreme conditions, the structure does not break. Instead, the
elastic strain forces the petals to move back into the opening. Even at
the end of our simulation (80 ps) there is still kinetic energy in the petal
movement. The formation of petal-like structures has also been shown
in experiments with a supersonic micro-particle bombardment of mul-
tilayer graphene [43]. It is fascinating to note that even argon cluster
projectiles can stimulate the same effects as orders of magnitude larger
micro-projectiles. As indicated by Figs. 7 and 8, the processes stimu-
lated by category C impacts are much more prolonged in time, as
compared to scenarios present during category A and B impacts.

4. Conclusions

We presented the results of computer simulations investigating the
bombardment of two-layered free-standing graphene by argon cluster
projectiles with various kinetic energy and size. For most of the impacts
considered, there is a substantial emission of carbon from graphene.
Even though graphene is a very thin material, it absorbs a lot of the
projectile's kinetic energy. Based on the differences in the ejecta, we
divided impacts into three categories. Impacts with high kinetic energy
per atom are described as category A. These impacts result in the
ejection of high amounts of atomic carbon due to direct collisions with
a projectile followed by emission from the energized rim of the rupture
in graphene. Medium kinetic energy per atom impacts are classified as
category B. In these impacts, the projectile gently pushes material out
from graphene, resulting in the ejection of larger graphene fragments,
especially Cs particles. Finally, low-kinetic energy per atom impacts are
described as category C. Such impacts do not lead to any carbon ejec-
tion even if they result in piercing the graphene layers. These impacts
may, however, significantly modify a structure of graphene, especially
for massive and large projectiles. In this case, the formation of large
petal-like defects is observed. Similar structures have been already
observed in experiments with micro-sized projectiles of comparable
velocity and multilayer graphene targets [43].

It has been proposed that Cg, projectiles can be used for a controlled
perforation of graphene. In principle, also Ar clusters could be used for
the same purpose as there is a definite relation between Ar cluster size
and dimension of the nanopore created by its impact, From a practical
point, however, it is currently not possible to make an ion beam com-
posed of Ar clusters of the same size. Due to technical reasons, Ar ion
beams always contain a distribution of Ar clusters with different sizes.
As a result, only limited control of the pore sizes can be achieved with
these projectiles.

Finally, a few comments can be made about the applicability of Ar
cluster projectiles and ultrathin graphene substrates for SIMS analysis
of organic overlayers in transmission geometry. Studies with Cgo pro-
jectiles have shown that intact organic molecules are emitted by the
unfolding of the topmost graphene layer. In this case, the graphene
sheet acts as a catapult that can gently hurl molecules into the vacuum.
There is a considerable amount of energy associated with this move-
ment, which means that even very large molecules can be uplifted.
During argon cluster bombardment, there is more energy in this
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motion, and the movement extends to a much higher lateral distance
from the point of impact. Consequently, a larger number of adsorbed
molecules could be ejected by a single projectile impact, making ana-
lysis of small amounts of organic material even more viable.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.surfcoat.2020.125683.
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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 (CgH;iNO3) molecules deposited on free-standing two-layer gra-

i;IMSh phene. The system is bombarded with Cg projectiles with different kinetic energy and angle of incidence. Mass
raphene spectra, sputtering yields, and angular distributions of emitted particles are recorded in two bombardment ge-

Organic overlayer L . — B

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 lon 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 Cg 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).
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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 Cgg 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-lg 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 Cgo 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 (CoHy;NO5) 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

a) Transmission geometry b) Sputtering _geo'met_ry

Organic side -8, 0,0,

Substrate side

Fig. 1. Schematic diagram of systems used to model Cg, 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 0, 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 Cgp 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 Cgg 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 Cgg 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 Cgo. 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 Cg, 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. 2c. 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 Cgp 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 Cgg 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 Cgy bombardment in transmission geometry is
much more mysterious. For all presented impacts, the emission of intact

Page | 107



M. Gotunski et al.

8 - Transmission

a
6] geometry
4 -
24 Phe
0 |]| [ N 1

80 - c d
60

40 H

108—

80
60

Sputtering b
geometry

A G0

A 0L

Yield (counts)

A OF

0 T S T = T - T T Lt T 4 T ‘] T
0 50 100 150 2000 50 100 150 200
Mass (amu)

Fig. 3. Mass spectra of particles emitted from the phenylalanine (Phe) over-
layer by a, b) 0.5 keV, c, d) 10 keV and e, f) 40 keV Cgq 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 Hs, C3, 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 6% The value of this angle
depends on the primary kinetic energy and impact configuration, as
shown in the insets. For 0.5 keV Cgy impacts conducted in transmission

Intact molecules

Molecular fragments
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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

(a, c¢) and molecular fragments (b, d) on the kinetic

Impact angle (deg)
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Fig. 5. Peak-normalized angular distributions of intact phenylalanine mole-
cules ejected after Cgy 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 Cgy 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.

Applied Surface Science 539 (2021) 148259

Viden 1.

Video 2.
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a) 05keVp) | 10keV]o) 0.5 keV|d) 10 keV

0.8 ps .

Fig. 6. Temporal snapshots from the simulation of 0.5 keV and 10 keV Cgq impacts of Cgq 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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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 Cgp
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, Cgo 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 Cgo 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 Cgp 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 - e
5:,;0.;';. ¢

0.5 keV 10 keV

c)

d)

SN

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. *

5.0ps

5.0ps

“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
Cgo 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 Cgp 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 Cgo,
50ps o 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. 2¢ 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.

Videp 5.
5.0 ps

Video 6.

Video 7.
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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 Cgp 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 Csp
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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