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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 Ion Mass Spectrometry (SIMS)
and Secondary Neutral Mass Spectrometry (SNMS). To achieve a thorough
understanding of the topic, I describe the emission of molecules from freestanding graphene irradiated by keV energy cluster projectiles. My research
leads through investigation of emission from sole graphene substrates using
fullerene 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 poniższej rozprawie doktorskiej zajmuję się badaniem procesów emisji
z zawieszonego grafenu przy użyciu pocisków klastrowych o energii rzędu keV
oraz różnicami tego układu w stosunku do emisji z grubego podłoża.
Dodatkowo stawiam tezę, że grafen może zostać użyty jako innowacyjne
podłoże do badania materiałów z użyciem spektrometrii mas jonów wtórnych
SIMS oraz spektrometrii mas wtórnych cząstek neutralnych SNMS.
W rozprawie opisuję szereg badań: od emisji z samego podłoża grafenowego
z użyciem pocisków fulerenowych oraz klastrów argonowych, poprzez
zjawisko unoszenia pojedynczych molekuł fenyloalaniny z powierzchni
grafenu, aż do szczegółowego opisu rozpylania z cienkiej warstwy molekuł
organicznych osadzonych na grafenie w ujęciu tradycyjnej geometrii SIMS
a także geometrii „transmisyjnej”. Wszystkie wyniki wskazują na występowanie
w badanych układach nietypowych procesów emisji mających miejsce jedynie
dla podłoży grafenowych. Przedstawione w rozprawie informacje jasno
wskazują na nowe, ekscytujące zjawiska: od stwierdzenia, że w grafenie jest
niewystarczająca liczba atomów, żeby tradycyjne modele rozpylania miały dla
niego zastosowanie, przez nadzwyczaj duże odkształcenia i absorpcję energii
przez grafen, po zjawisko oddzielania się warstwy organicznej od grafenowej
membrany i występowanie „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
following seven scientific publications published in international journals and
listed in the bibliography of the dissertation in the first seven positions [1-7]:
1. Gołuński M. & Postawa Z. Effect of Sample Thickness on Carbon Ejection from
Ultrathin Graphite Bombarded by keV C60. Acta Physica Polonica A 132, 222224 (2017), doi:10.12693/APhysPolA.132.222,
2. Gołuński M., Verkhoturov S. V., Verkhoturov D. S., Schweikert E. A. &
Postawa Z. Effect of substrate thickness on ejection of phenylalanine molecules adsorbed
on free-standing graphene bombarded by 10 keV C60. 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. Gołuński M. & Postawa Z. Effect of kinetic energy and impact angle on carbon
ejection from a free-standing graphene bombarded by kilo-electron-volt C60. 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., Gołuński M., Verkhoturov D. S., Geng S., Postawa Z.
& Schweikert E. A. “Trampoline” ejection of organic molecules from graphene and
graphite via keV cluster ions impacts. Journal of Chemical Physics 148, 144309
(2018), doi:10.1063/1.5021352,
5. Verkhoturov S. V., Gołuński M., Verkhoturov D. S., Czerwinski B., Eller
M. J., Geng S., Postawa Z. & Schweikert E. A. Hypervelocity cluster ion impacts
on free standing graphene: Experiment, theory, and applications. Journal of Chemical
Physics 150, 160901 (2019), doi:10.1063/1.5080606,
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6. Gołuński M., Hrabar S. & Postawa Z. Mechanisms of particle ejection from freestanding two-layered graphene stimulated by keV argon gas cluster projectile
bombardment – Molecular dynamics study. Surface and Coatings Technology 391,
125683 (2020), doi:10.1016/j.surfcoat.2020.125683,
7. Gołuński M., Hrabar S. & Postawa Z. Mechanisms of Molecular Emission from
Phenylalanine Monolayer Deposited on Free-standing Graphene Bombarded by C60
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 postionisation 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 freestanding 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 C60, 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
2|Page

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 singleatom 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
Page |3

bombardment on graphene. Several simulations have been performed on the
C60 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
fullerenes [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:
𝑑 2⃗𝑟𝑖
𝑚𝑖 2 = ∑ ⃗⃗⃗⃗
𝐹𝑖𝑗 , for 𝑖, 𝑗 = 1, … , 𝑁
𝑑𝑡

(1)

𝑖<𝑗

where 𝑁 is a number of modelled atoms, 𝑚𝑖 is a mass of atom 𝑖, ⃗𝑟𝑖 is a vector
describing the position of atom 𝑖, 𝑡 is time, and ⃗⃗⃗⃗
𝐹𝑖𝑗 is a force vector between
atoms 𝑖 and 𝑗. The sum presented in the equation above can be understood
simply as a net force acting on an atom 𝑖.
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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:
• Ziegler-Biersack-Littmark (ZBL) [34] – purely repulsive pair-wise potential
used in the description of short-distance interactions present during keV
bombardment,
• Lennard-Jones (LJ) [35] – classical 6-12 potential useful for simulations
involving noble gasses,
• 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, III 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 rigidstochastic 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.
Page |7

8|Page

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.
C60 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 I . Still
though, the projectile’s atoms interact collectively with the sample during the
impact.

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 C60
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 II . The amount of energy absorbed by
graphene changes with the primary kinetic energy of the projectile. As the
fullerene 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

II

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) C60 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 III. 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
favourable for the sputtering, it still emits less material than is emitted in the
transmission direction IV.
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
III
IV

See [1] inset to Fig. 2a
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
factor 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 conditionsV. 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 earlier, graphene absorbs vast amounts of energy from the
projectile. However, for thin systems, carbon atoms coming from fullerene that
V

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 2layered 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 freestanding 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
P a g e | 13

Fig. 7: Example of a dynamics of a C60 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 C60 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 C60 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 C60 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 2layered graphene at the 0-degree impact angle. There are several similarities
between C60 and argon cluster projectiles. In both situations, graphene absorbs
a lot of projectiles’ energy, at least around 40% for 40 keV Ar60 and even more
for lower initial projectile’s energies or larger projectilesVI. As I showed in [3],
C60 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 Ar1000 impacts at
graphene). All these processes could result in the uplifting of large intact organic
molecules from its surface.VII The difference between C60 and Ar60 projectiles
in energy absorbed by graphene could result from the difference in their sizes.
Ar60 is around two times larger than C60, 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 VIII. 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. 8IX. Lookalike structures have been
See [6] inset to Fig. 1b
Examples of graphene movement are shown in [6] Figures 4-8
VIII In-depth discussion is presented in [6], in the text above Fig. 2
IX See also [6] Fig. 8
VI

VII
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Fig. 8: Example of a dynamics of the 10 keV Ar 1000 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 C60 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 C60
projectile, while no similar results exist for Arn projectiles. Therefore I chose to
use C60 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
feasible for computer simulations but, at the same time, big enough as a proofof-concept molecules for other, bigger compounds. Additionally, experimental
results are available for systems with thin layers of phenylalanine on freestanding 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 X . I performed
simulations with C60 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].

X

See also Fig. 1 in [2]
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Fig. 10: Example of three regimes of a C60 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)XI:
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 Å)
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 Å 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 Å from the centre, and even the third
one, placed 33 Å 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) [5]

Knowing how substrate behaves and if the uplifting of intact molecules is
possible, I started to look into the irradiation with C60 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 2layered 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 C 60 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 C 60
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
yields of intact molecular ions ejected from a single layer and bulk organic samples
are comparableXII. It is even more exciting as simulations showed at least 18times 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
Further discussion in [4] at the beginning of part “Phenylalanine monolayer on graphene” and in
[5] at the beginning of part “III. Ejection and ionization of molecules via 50 keV C602+ impacts on
thin molecular layers deposited on free standing graphene”
XII
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graphene-only system described earlier, 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. XIII
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, respectively). 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. XIV
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

XIII
XIV

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.XV
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 earlier, 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. Surf. 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 geometry,

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

More detailed description available in [4], in section “Bulk phenylalanine”
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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.XVI
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
part of publications with S. V. Verkhoturov [4,5].XVII

Fig. 14: Example snapshots from the simulation of 0.5 keV and 10 keV C 60 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
XVII

Described in more details in [7] Fig. 6a and c, and its discussion
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
fragmentation 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.XVIII The explanation is that in transmission geometry, C60 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. XIX
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 backreflection 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

XVIII
XIX
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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. XX
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 C60 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.

XX

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 C60 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 C60
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 freestanding 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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