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ABSTRACT

In this dissertation, | investigate processes of emission frestafréieag
graphene and look at their differences to the emission from bulk materials.
Furthermore, | postulate that graphene can be used as an innovative substrate
In an investigation of matds via Secondary lon Mass Spectrometry (SIMS)
and Secondary Neutral Mass Spectrometry (SNMS). To achieve a thorough
understanding of the topic, | describe the emission of molecules from free
standing graphene irradiated by keV energy cluster projdstiresearch

leads through investigation of emission from sole graphene substrates using
fullerene and argeasiuster projectiles, processes leading to uplifting of
individual phenylalanine molecules, and thorough description of sputtering
from the thin lagr of organic molecules deposited ondtaeding graphene
both in a regular SIMS setup as well
provide evidence on processes of emission that are unique to the graphene
substrate. Knowledge gathered in tlasediatiord 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 oeafrren
trampolining actio® gives a clear notion of new and exciting phenomena
present in this field.
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STRESZCZENIE

W poni tszej rozprawie doktorskiej z a
zzawieszonego grafenu przy ufyciu poc
oraz r-fnicami tego ukGadu w stosun
Dodat kowo stawiam tezr, te grafen mc
podGofe do badania wmameériaGmaszjonhy ovi
S| MS oraz spektrometrii ma s wt - rny.
Wrozprawie opisujr szereg badaz: od

zutyciem pocisk-w fulerenowych or az
zjawisko unoszenia pojedync c h mol ekuG fenyloal ani
grafenu, af do szczeg- Gowego opisu r
orgghi cznych osadzonych na grafenie w
at akt e giammsyngWszyst ki e wyni kowanews kaz uj
w badanych ukGadach nietypowych proce

dl a podGofy grafenowych. Przedstawi c
wskazujn na nowe, ekscytujnce zjawis
ni ewystarczaj hebyltcaldgcpaptoen- mpdel e r
niego zastosowani e, przez nadzwyczaj
przez grafen, po zjawisko oddziel ani ¢
membr any | aefgkw trampoiryani e
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STRUCTURE OF THE DISSERTATION

This doctoral dissertatibomcuses on a thesis that the process of emission from
graphene differs frothe mechanisnof emission described for bulk materials.
Furthermore, | postulate that graphene can be used as an insabatrate

In an investigation of materials via Secondary lon Mass Spectrantketry
Secondary Neutral Mass Spectromé&tryachieve a thorougnderstanding

of the topi¢| describe themission of molecules from fitanding graphene
irradiated bkeV erergycluster projectileIhe dissertatiors based othe
following sevenscientific publications published in international jousandls
listed inthebibliography of the dissertatiorthe first severpositiong1-7]:

1. Go Gu 7 s&kPbstawh ZEffect of Sample Thickness on Carbon Ejection from
Ultrathin Graphite Bombarded byk&¥t& Pysica Polonica A 132, 222
224 (2017YQ0i:10.12693/APhysPolA.132.222

2. Go Gu 7 s\keikhothtov S. V., Verkhoturov D. S., Schweikert E. A. &
Postawa ZEffect of substrate thickegssgion of phenylalanine molecules adsorbed
on freganding graphene bombarded bys1O\keNe& Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms 393, 1B5(2017)d0i:10.1016/j.nimb.2016.09.006

3. Go Gu z s&HostaiMa ZEffect of kinetic energy and impact angle on carbon
ejection from astereling graphene bombardedebirdait G Journal of
Vacuum Science & Technology B, Nadatology and Microelectronics:
Materials, Processing, Measurement, and Phenomena 36, 03F112 (2018),
doi:10.1116/1.5019732

4. Verkhoturov S. VG o Gu z sMeikhothtov D. S., Geng S., Postawa Z.
& SchweikdrE. A. 0Trampoliaejection of organic molecules from graphene anc
graphite via keV cluster ions. idopewctd of Chemical Physics 148, 144309
(2018)d0i:10.1063/1.5021352

5. Verkhoturov S. VG o Gu 7 s\keikhothtov D. S., Czerwinski B., Eller
M. J., Geng S., Postawa Z. & Schweikert Bypervelocity cluster ion impacts
on free standing graphene: Experiment, theory, alolapalichGbresnical
Physics 150, 160901 (20d6);.0.1063/1.5080606
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125683 (2020Jpi:10.1016/j.surfcoat.2020.125683

7. Go Gu 7 sHedbar BlL.& Postawa Mechanisms of Molecular Emission from
Phenylalanine Monolayesitedpon Fseanding Graphene Bombarded by C
Projectiles Applied Surface  Science539, 148259 (202),
doi10.1016/j.apsusc.2020.148259

The dssertation consists thireeparts theintroduction thedescription of my
work, divided into fivehaptersand appendicel the first chapter | describe
the importance of this work atite methods | uselhree followinghapters

are devoted to my researth.each of theml shortly descréd the most
important aspects of the topafshe chaptersArticleshe chapters are based
on provideanin-depth report on the matterBhe ifth chapter presenthe
conclusions of the dissertatitwllowed byabibliographyThe bst part of the
dissetation is aset ofappendiesin which | present reprints of aféis this
dissertation is based, alist of my additional achievements, and a section on
copyrights permissians

| chose not to present my reseanicionologicallyput ratherto cluster it into
separatéopics.In my opinionsuchanapproaclprovides a clearview d my

train of thought Additionally, publishing schedules sometimes result in
publications getting mixed up from a chronological point gfhaeee sorting
them bytopics rather than the time of publication prevents an inevitable
confusion
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1 INTRODUCTION

1.1 CLUSTER BOMBARDMENT

This dissertatiorfocuses onthe bombadment of material with cluster
projectilesBombardment refers to the processitiinga samplith a stream

of energetieons. Those ions, hitting the surface of a matedatea number

of effects including but not limited to, implantatianaterialmixing, and
emission ofadiation and variougpes of particle$8] These processes are
widely used, e.g.,doping of semiconductors in electronics (implantation), or
chemical analysis of materials (emission)chidmical analyss thecentral
area of 8&condary lon Mass Spectrometry (SIMS) and Secondary Neutral Mass
Spectrometry (SNMS) techniqy8k.The dissertatiorprovides information
that could be usaqghrticularlyn theadvancement of éhe analysis methods.

Both SIMS and SNMS woskmilary. A sample is irradiated widhstream of

lons leadingto the emission of material from it. Ejected atoms, fragments,
moleculesand clusters are detectecaimass spectrometer. The difference
betweerthosemethods is that in SIMS we are detecting only ahdtexi got
ilonised during irradiatiprwhile SNMS is sensitive toeutral particles
Detection in both cases is carried out using mass spectrometry but in SNMS
neutral elements gbrough a process of pasnisation meaning artificial
lonisation of matel thathas beealready mittedfrom the samplg9] SIMS
method is less complicated bulimsted by ionisation processes leading to
lonisation of only &ny fractionof the ejected materig®] SNMS allows for

the acauisition of a much higher signal but requiegomplicated post
lonisation setuypmakingit much lessccessibldNevertheless, geometrically
both methods are similar. Usyahg detector is placenh the same side of
the target as the ion gamd thesampleconsists o& metal or semiconductor
support with a relatively thick layer of investigated material deposited on it.

The teamof ProfessoEmile A. Schweikert from A&M Texas Univerdips
recentlyproposeda novel transmission configuratifit11] The analysed
material is placed on one sideaafultrathin substrate (felayered free
standing graphene is an ideal substrate of thatwitd the other side is
bombarded wh anion beamThe detector is on the other side of the sample
thantheion gun, as shownkig.1.1col | aborated with Prof.
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¢, Traditional
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Fig.1l: Regular and transmission SIMS setups.

to investigatthe possibilities of usirauniquetransmissiogeometry in SIMS
This dissertation provides informationtieausefulness of this new approach
and physicochemical processes leading to partideenmghis system

There ardour main types of projectile ions usedhmion bombardment:
individual atoms, small clusters consisting of a few atoms, raeéidm
clusters suchs G, and large clusters having many hundreds or thousands of
atoms or moleculef8,9,12 Cluster projectiles are of high interest as they
proved to enhance the ejection of large intact organic moswllesiuce
ilon-induced damage buildimgin the analysed organic matdd&/14 As the
emission of organic material is a substantial part of this dissectastar
projectiles were a natural choice.

Processes leading to the emission of material from tisaitfate bombarded
with ions are wetlescribed. In shqrthere are two main paths of emission.
[124 Thefirst one is a linear collision cascaéeicted irFig. 2a [8,9,12 An
aomic projectile collidavith one of thesample atomsyhich get knocked
out of its position. This atom collides watbubsequent atomhichcollides
with yet another atom, forming a cascadeobisions. The cascadsy
ultimatelyresult iracollision witbanatom on the surfackeading to itsjecton.
However c |l ust er pr otpanaheprdcesdosemissig®dlct | e a
In this processt is not possible to discern individual collision casdades
rather the material is relocated in a concertedsoogsc fashion. Additionally,
the energetic pressure pulses devatojpropagat into the sample after
impactwhichisnot present durintipeatomic projectile impadthe impacof
cluster projectildeposits energy asmvolumemuch biggebut closer to the
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a) b) Ga Ceo

Fig. 2 a) Schematics of collision cascade process. Coloured dots represent
atoms.The ncoming atom is purple, primary recoil atoms are ceddsey recoils ar
blue, and tertiary recoils are green. b) Simulations showing difference betwe
atomimpact (to the left) and cluster impact (to the right) on the silver Saoiples
denote atoms from different initial depths of the sample.

Images copyright: a) Wikimedia commons public domain, b) Reprinted with permissioRfgen
Chem. B 2004, 108, 23, 73888 Copyright 2004 American Chemical Society.

surface creatinga shallower disturbance in the sample @ogiding more
opportunities forthe gentle uplifting of moleculefl? Fig. 2b presents
differences in craters and mixing of sample layers after both types of impact.
Neverthelesseither ofthese descriptios canbe used in ultrathin systems.
There is simply not endugnateriabnd volumeresent for collision cascade

or pressure pulsés developThe bllowing researcfocuses on findinthe
processeleading to partickemission from samplasew nanometrethick.

As mentioned earlier, only ionised species can be detected in SIMS. In fact, only
a smallfraction of sputtered material leaves a sampleiamnised statg9]
Raising the msation rate could kmne of themore potent ways @fetting
higher sputtering signal Unfortunately, ionisation processes during
bombardment are still not wielown, especially when dealing with organic
materials. Several models ofsation existbut none of them describthis
processhoroughy. They all have one characteristic in comthoanghd the
requiremenof the tobeionised particle to be @mnenergetically excited state.
[9] This means that without deliversignificanenergy to the systethere

will be probably little to no imation of ejectaTlhis is especially important
when regarding slow projectiles as tiheyige lower amount of energy and
may not be suitable for SIMSexmentseven if processes leading to the
ejection are scientifically interesting.

At the beginning afny work and at the time | was conducting my resgarch
there were very fetheoreticapublications available descridmgclusternon
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bombardment on graphene. Several simulations have been perfotineed on
Cso bombardment of graphene in the context of defeationand evolution

[152(. Additionally, some works showed that ion impact could cause
vi brations of dkegtuaupehhattcald also begpragentmn e
graphene. It was suggested that the interaction of these waves with molecules
adsorbed on graphene acbstimulate the ejection of small, weakly bound
moleculed11,21-24 A few experimental papers were published asileil.

et al.showed an emissiar carbonfrom graphene in transmission direction
using gold nanopicles as projectil€E] while Verkhoturoet allooked into
emissiorof carbonin transmission direction from graphene bombarded with
fullerene$l]]. They both stressed a high probability of carbon ionisation when
using their unusual experimental setipto this dayseverahew articles
regarding simulations of ion irradiation of grapWwene publishef®@5-31], but
thistopicis 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 @escribesystems of sizes up to
afew million atomsWe canthink of MD as a methoth middle grounds
between ab initio @hodssuch as DFTwhich is much more accurate tamn

only deal withsmall systemsand statistical methodach as Monte Carlo
simulationsthat can work with much larger systems but represent reality with
lowerprecision[3233

Atoms inthe MD techniqueare defined gsoint particleseach havinthree
main propertiegositon, velocityand mass. Their movement is described by
classical Newtonian dynamjé1337 It means thato find the movement
of atomsthesohingof thefollowing system of equations of moi®required

Qip . o
a — "@h  EQ @B h
o5 ® (1)
wherel is a number of modelled atoris,is a mass of atoifiipis a vector
describinghe position of atonXis time, and®is a forcevectorbetween
atoms@nd’Q The sum presesd in the equation above can be understood
simply as aet forceacting on an atoif2
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The main challenge is finding fortted act between atonhis MD we do this
usingso-called potential§here are many potentials develope¢lafield of
computer simulatiagpeachof themtakngaslightly different approaahaking

it useful in different situations. Additionally, potentials are constructed in such
waythatthey can be used with different parametrisatiaksg 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 parametrisatiof many different potentiaddready developed

that can be reliably us&tie most notak potentials | used during my research

are as follows:

1 ZieglerBiersacK.ittmark (ZBL)[34] 0 purelyrepulsivepairwisepotential
used inthe description okhortdistance interactioq@sesent during keV
bombardment

1 LennardJones (LJ)39 0 classical -62 potential useful faimulations
iInvolving noble gasses

1 ReaxFF [36371 0 advancedmanybody reactive potential allowing
formation and breaking of covalent bonds between atoms, used mainly in
simulations of organic molecudesl graphene

| shouldalso mention another matorthymanybody reactive potentiél
AIREBO.[3§ It is on par with ReaxFF when regarding hydrocarbon systems,
including graphene, while providing better performi@dJnfortunately,
AIREBO cannot be used with atoms other than carbon and hydrogen. As my
goal was to observe the behavioubiolfogically relevamrrganic molecules
composedf carbon, hydrogen, oxygen, and nitrogen atboisse to use
ReaxFF in all mymsulationsBecaust is one of the more advanced potentials,

it hasthesignificant drawback of being very taxing on computer processors. Its
computational complexity severatimes higher than for most the other
manybody potentials.[3233 Neverthelessthe possibility of a direct
description efifumbkeesdl eds@gamedt ati on
bombardmenas well athe availabilityof a wide range of elemergach as
hydrogen, carbon, nitrogeand oxygen,is of much higher importance.
Thereforeit could be said that | sacrificed speed in favouversétility and
accuracy.
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As the molecular dynamics method treats atoms as the basic particles, it does
not describe any electronic phenomena nativislgsentiato remember this
drawbackvhen describing effects seen dusilMiSexperimentasMD cannot

simulate ionisation processes. All particles in the MD simulations are neutrals
and we cannot distinguish between real neutrals and particles that would get
lonised.Some methodsry to combine molecular dynamics with electron
calculations for examfe, Ab Initio Molecular Dynamicf(, but their
computational cost is much higher. Even with the said flaw, classical molecular
dynamicscan still providemuch insight into processes happening during
asurface bombardment.

MD simulation itself consists of three main JtE;32:

1. The hnitialsation of a system by setting positions, massek initial
velocitieof atoms.

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

3.Cal cul ati on o fby anumancléolutioro of &lemeod &
equationg 1) duringa set timestepollowed by pdating their positions
and velocities.

Steps 2 and 3 are repeated timtistoppingcondition is met. Thealue of
atimestep used istep3 has a signifamt impact on simulation preecis and
the amount of time needed to finigh The smaller the timesiepe more
precise the simulation It it also takes longer. Téteppingcondition most
oftenischosen to be the specsimulation time (counted &om the point of
view of simulated atoms).

Even though the MD algorithm is straightforwigstechnical implementation
can be challenging. Creating proper software could be edpe&pliishen

one takesinto accountall needs related to thepeed, efficiency, and
paralleBation of computation. | decided to wsfeely available specialistic
programme called Largeale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).[4142 It is an opersource MD softwarthat has beemctively
developed for more than 25 yeanplements a multitude of potentialsd

has excellenmulti-processocomputationpossibilitiesnakingt highly viable

in a supercomputerenvironnent Our group has modified this program
describe sputteringrocess better.
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Fig. 3. a) A crosssectionthrough a hemispherical sample with typicatstigahastic

encapsulation. b) Breakwdiles design of a stochastic region used in simulatio

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

| freemoving atms, Il stochastic region, Il rigid region. Slight changes inatet

artefacts from the rendering software.
Before starting aviD simulationonehasto creagéa sample that will represent
the real world. MD capabilities are limited feaww million atoms which allow
the creation ofnanometresized sample3here are many possible ways of
defining the boundaries of the simulated safii@k&3 Theapproach proven
to be well suited for bombardment with cluster projectiles, called rigid
stochastic encapsulation, incorporates a division of a sample into three main
regionsJ1243 The @ntral region consists mfoving atoms that accurately
describeheevolution of a system. Around the centre there is a stochastic layer
that absorbs energy transferred to the sides of the sactiptgas an energy
sink and therefore allowing to mimic a-seale system whef@st energy
would dissipate further along the mateédialthe outside of the samptleere
is a thin skisikelayer of rigid atoms that helll atoms together in a specified
shapeWheninvestigatingluster bombardment processbe usual way is to
create a hemispherical sample wsitttplerigid-stochastic encapsulation type
boundaies(Fig. 3a) [14 However, ultrathin systems behave differénoity
bulk oneshence there is a need &teration oastandardgetup. havechosa
a cylindricalsample with a vemjistinctdesign ofthe stochastic regiom\s
energy can be transferred very efficienttherp | ane of graphene
[444Y, this lead to problems with creating an absorption layer that would
dampen this energy without raising reflectaomb thereforechanging he
results of the simulationfdund out that using breakwatdike design of the
stochastic regioffas shown irFig. 3b) eliminatesthe probability D the
occurrencef constructive interferenlem backscattered energy waves
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2 BOMBARDMENT OF FREE -STANDING GRAPHENE

The frst step irtheevaluation of a system consistingsafbstrate and organic
layer is tdook at the substrate alone. Without kngwow the substrate
behavesit is difficult to say anything about twnmplexsample. Therefore
| devoted three articles siudies ofthe bombardment of fresanding
graphenalone

2.1 FULLERENE PROJECTILE

Sectiorbased oi\ct. Phys. Pol. A (201]2] andJ. Vac. Sc. & Tech. B (20[B3)

To fully describe the interactions between graphene and fullerene projectile,
| perfomed a number of simulations on systems with varying graphene
thickness (number of graphene laygtep r oj ect i | epasnditk i net i
impact anglgmeasured as an angle between normal to the surface and
adirection of impact)As the graphene undeonsideration is freganding

there might be an ejection from both of its Sidastrary to thdulk sample
whereatoms pushed into the sample would be buried ihsidd stopped

there with no chance of ejection from the othel).skdiece, | monitord

ejection in botlransmission and sputtering direction, as depidtegl

~

Coprojectileds atoms | ose integrity v
Even during the bombardment ofnerelyone graphendayer the fullerene

shatters into individual atoms just after pagdhigigh the sample Siill

t hough, the projectileds atomshei nt er ¢
impact.

f Transmission

ﬁ ' Sputtering
i

Fig. 4. Transmission and sputtering directions during bombardment -stafrding

graphene.
Image copyright: As stated in the permission granted for réheseaudicle [3].

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
carried away by particles emitted in the transmission (top) and sputtering
directions on the thickness of the sample bombarded 1fly 80, and 40 keVsC
projectiles at normal incidence. Main graphs represent the atoms ejected from tt
while the insets depict projectile atoms. Fig. 2 in [3] and its discussion provic
details.

Image copyright: As stated in the permiggi@anted for reuse of the article [3].

Surprisingly,rgphene absorlbdr i g h a mo u n tkinetitenepgyParf ect i | «
of this energis taken awdyy atoms emitted from the graphemela fraction

is absorbed by the graphene sheetcandeyed out of the impact point
through graphenacoustic oscillationdust one layer of graphene can absorb
even 35% of the impact energy (for 5 keMdgree impact gle) out of which

around 20%si reemitted with substrate atopasd 15% is accumulated in the
graphene sheeas shown irFig. 5". The amount of energy abised by
graphene changes with the primary kinetic energy of the projectile. As the
fullerene energycreaseshe absolute amount of energy absorbed rises,as well
butthe absorption percentage low€@mpared tohe previous example, one

layer of grapime when bombarded with 40 keV projectlesorbs around
15%(6 keV)of its energy compared to 38245 keV)or 5 keV impaciWhat

Is also worthy of note, the amount of energy absorbed by the sample rises
rapidly with the number of graphene sh8ééyers of graphene absorb around

See [3] Fig. 2b
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Fig.6: Example of dependence of the yields of carbon atoms ejected in the tran
(left) and sputtering (right) directions from tHay8rs system bombarded by 10 |
(solid line) and 40 keV (dashed lingpf@jectiles on tprojectileimpact angle. Mail
graphs represent the atoms originat

atoms. Fig. 3 in [3] provides more detalils.
Image copyright: As stated in the permission granted for reuse of the article [3].

90% (18 keV) of 20,0k dwhiclo 3 kel stays vatltint i | e &
the sample (is n@mitted with ejected sample atomsjhétase of 40 keV

impact around 75% of its energy0(BeV) $ absorbed by grapheoet of

which18 keV dissipates in the graphene. These are remaaknhounts of
absorbeanergy for such thin material.

If theprojectile has enough energy to pierce the set number of graphene layers,
the system presenss s ubstanti al emi ssion of t
transmission direction. Its exact value depends amphet onditions but

always displays a peak duargpecific set of conditions. On the other hand,

the emission in the sputtering direction isusemle often more than an order

of magnitude lower than in transmission directidime sputtering emission

rises with raising the impact arn(flg. 6), reaching its peak at high impact
angles and plummeting afterward. When near its peak value, the sputtering
direction emission can be comparable to thentrssisn direction emission
detected in the same conditioN®vertheless, even in conditions highly
favourable for the sputteringstill emits less material than is emitted in the
transmission direction

All observations lead to the conclusion thatsubstrate atords yis e |l d
determined by two factors: the amount of material availadjlectoyrandthe

See [linset to Fig. 2a
See [3] Fig. 3
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amount ofthe 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 thraaugdrgerolume of graphen&he second

factor behaveslifferently for edt surface. Foemissionin transmission
directiononeshould ook at the energy stored ne
This energy rises with fha o | epomairy kiret& energy but diminishes with

the increase of ththickness of the sample and witl impact anglas the
projectilelosesmore energyto r a v e | through the. sampl
For emission im sputtering directign he o0 b ot t oesséntidTher f ac e
energy stored netris surfacevill rise withthe samplé gickness urltwe

reachthe thickness equal tbe depth of a volume from which atoms are

ejected. With further thickeniofithe samplesome of theenergy is stored in
deepetayersnot contribuingto anejection imasputtering directigmndthe

yield saturatetcreasinghe impact angle leadsadownwardshift of the

energy deposition profile providing more energyhresab ot t omoé sur f ac
simultaneouslygives more opportunities for the baeHection of the

pr oj e ct.iThedafiesproaedsadssheloweringof the energy transfer

into the samplas more energy is carried away by backreflectedestdimg

ultimately to a signal decrease

Furthermorethe dynamics ¢iieimpact displaynterestingproperties. During

the bombardment, graagne shows a great deavefticalmovementLayers

in multilayered graphene move in respect to each other getting closer and
further away from each other al | owi ng parts of t he
surface bulges before breaking and further orcheshatereation of surface

waves propagating outside from the point of impact. Top layers move in
acatapuHike fashion durinthe creation of the rimearthe point of rapture

as shown ifrig.7. Theexacte vol ut i on of g rdepgntiseome 6 s t
the impact conditions Nevertheless, &inds of movementare especially
Interesting in the context thfe potential emissioof molecules deposited

the graphene surface.

Last but not least, | should briefigcusghe energetics of the emission. As
| described earlier, graphene absorbs vast amounts of energy from the
projectileHoweverfor thin systemsarbon atoms congrfrom fullerene that

The indepth description is provided in discussion of Fig. 1 in [1] and in Fig. 4 and Fig. 5 in [3].
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punctureghe sample are still very energasshown ifig.5. Inthecase of 2
layered graphereach transmitted atom has,aweragehekinetic energy of

70 eV for 5 keV impact and 100 eV for 10 keV impact. Likewisgomhe
emitted from the sample camyconsiderable part tiie energy initially
absorbed by graphene. Considering the same examplayefe@free
standinggraphengeach emitted atom has, on avethgdjnetic 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 averagad@nergy imnorganic molecul§4g By raising

the thickness of graphene (adding more graphene, lagecsn lower the
kinetic energy of emitteddtransmitted atom&0 keV impact onto-kyered
graphene results in transmitted projectile atoms having, on average, 44.5 eV and
atoms emittefrom the sample having 25 eV. Adding additional two &dyers
graphendowersthe energies of the transmitted and emitted atoms to 13 eV
and 9 eVYrespectivel\even though lowering the kinetic energy of transmitted
and emitted atoms is possible, thesmeseare still too high to collide with
organic molecules without breaking their bonds. For very thick grapisene
possible to achieve low enough emission endfgiegverthe numberof

atoms emitted also becomes very ho@aningewerpossibilitis of colliding

with investigated molecules anlbwer probability of ejecting any material
from the sampldf our goal is to desorb intact molecules from the graphene
surfaceefficiently it seems that the more promising are processes intlodving
movenent of its surfaceas mentioned abovather tharadirect impact with
carbon atoms.

Accordingly, we can infer tlggaphenés a viable optioas a substrate for the
analysis afiltrathin organic samplesSIMS experimentBrimarily graphene

Is extremely thjrso only amall numbeof atomsis available to be sputtered
from the substrate. It means thiay amounts of material deposited on the
graphene should be deeztas there will be little to meterferencdérom the
substratesignal Unfortunately, dect collisions with projectile atoms and
atoms emitted from the graphene might be too energetic for the intact
molecules upliftingOn the other handhe collective movement of top layers
of the graphene in a catagikle fashia or the movement present during
bulging of the topmost layean provide high amounts of enexgy pass it
gentlyto the nolecules deposited graphene. This process can provide means
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60 fs 400 fs 10 000 fs

Fig. 7. Example of a dynamics of @ @r oj ect i | e & dayeiedngraplen
sample. Graphene atoms are depicted in black, projectile atoms aiellelloarrow
shows the direction of impaét.1 nm slice through the system centred at the poi
impact is showmashed lines ime back are spaced by 1 Rig. 1 in [1] and Fig. 4 ar
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 triansiimsstion.
As mentioned in the introduction sectibhasalso beeproposed that circular
acoustic waves generated during bombardment could thadtjexction of
weakly band molecules from the graphefEL2324 In my research such
waves are also present, though their amglitade relatively small.
Nevertheless, they are still another possejtien leading to ejection of
adsorbed molecules

2.2 ARGON CLUSTER PROJECTILE

Section based @urf. & Coat. Tech. (2036)

As there are already experimental results availablg fmm®ardment of
organic material deposited on-stnding graphene, which means | can check
and correlate my theoretical simulations withwadd data,the main
projectile 1 am consideg in this work is & fullerene Neverthelesst is
beneficial to get a glimpse of het b st r at euhder bonebardmemnt o u r
with other projectiles. That way it is possible to chéwse projectileould

be useful fomore complicatesetups odo the fullerene projectiles have just
the needed properties that they are required specifically and no other projectiles
are viabld.chose to look at the interactions of arglusters of different sizes

as here isconsiderablanterest in largeluser projectiles consisting of
hundreds or even thousands of atq4¥49 Impacts of such projectilkeEad

to the gentley collective movement of the suatst and analysed material
favouringi nt act mo | e ceueh enwi@ thanmg rgectien
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Additionally,at the timeof writing the dissertatipthere was no research
available inhe literatureon the emission from graphes@mulated byrgon
cluster6 i mplasiciftnat allworks focused otheinvestigation of defects
and not oremission[1819

| investigai@ different sizes and kinetic energies of projectiles impacting 2
layered graphene at theldree impact angle. There are several similarities
between € and argon cluster projectiles. In both situgtgraphene absorbs

a | ot of pravlgashoound 40% $0640 ke gandjeven more

forloweri ni t i al p r o jlaagerprojelctiéed. #\s lshowed i3], e s o r
Ceo projectilesat 40 keV lose 20% of their ene&jynilarlythear gon ¢l ust e
impactieads tadheaccumulation adhigh amount of energytine samplghe

creation of significant deformationgmpheneandsubstantiainovement of

its topmost laydlt present an examplekig.8 where 10 keV Admpactsat

grapheng All these processasuld result itheuplifting of large intact organic
molecules fronits surface." The difference betwed&h, and Ak, projecties

in energy absorbed by graphene could result from the difference in their sizes.
Argois around two times larger thag Which means its energy is distributed

on the larger area of graphene, and, in consequence, more graphene atoms take
partinthealwssr pti on of the projectileds ene

Althoughthe system witltheargon cluster projectilesimilarin many ways to
the onewith the fullerene projectile, | discovered additional features worth
mentioning. | found that there are three categorigspaicts based on the
kinetic energy per atom of the projectileThis metric has been proposed
earlierasa universal metric describing ejection phenoxhemag interactions

of 3D systemwith cluster projectileg051] Impacts in each of the categories
lead to ejection through differgmocesses, therefore resulting in different
characteristics of the ejeda. especially interesting situation is visible during
low energy impacts largeprojectiles, which have sufficiembmentum to
break through the graphene sheets buemmighenergy to egt any carbon
atoms from it. Under sudonditionspetallike structures are formed through
the rapture of graphenas shown iifrig. 8. Lookalikestructures hae been

See [6] inset to Fig. 1b

Examples of graphene movement are shown in [6] Fighires 4
In-depth discussion is prethin [6], in the text above Fig. 2

See also [6] Fig. 8
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Fig.8: Example of a dynamics of the 10 keoAp r 0] ec t i | e O-layered
graphene sample. Graphene atoms are depicted in grey, projectile atoms are
top row contains side views of the system obtained at various moments give
values at the top left corners. The lower romiains perspective view of the se
system. For a side via® nm thick slice through the centre of the sample is shown
lines in the background denote the distance of 10 nm. Yellow arrow indicates the
of an incoming projectile. Figure8 # [6] provide more details including dynamic

i mpacts with other projectileds siz
Image copyright: As stated in the permission granted for reuse of the article [6].

observedexperimentallgfter the bombardment of multilayer graphene with
micro-scale projectilg® Remarkablyve can obsengmilarshapegorming
during experiments in size scHias differ by several orders of magnitude.

My investigationf theargon cluster bombardnieof graphene showed that
large argon clustersght be anothenterestingandidate for a projectiden
regardinglesorption of large intact organic molecules. In someangys
clusters are more suitable than fullerene. There is more energyatestumul
the movement of the topmost graphene layer, the deformatiegdphene
sheet isnore prominentand the movement extendsatmuch higher lateral
distance from the point of impact. On the other hand, it is currently impossible
to make an iondam composed of singlgedargon clusterg\rgon cluster
beams are much less controllable thans@lrcesand there is always
adistribution of cluster sizes impacting the sanf@@é3 Furthermoreas

| mentioned a&er, there are already experimental results availablg, for C
projectile while nasimilarresults exist for AprojectilesTherefore | chose to
use Go projectiles in my further research.
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3 UPLIFTING INDIVIDUAL ORGANIC MOLECULES

Section based ducl. Inst. & Meth. B (20172

Havinganinsightintaheg r ap hene s u b snder aambaddmenb e h a v |
and having confirmation that the system gwtential forthe uplifting of
depositearganic matedia begaraninvestigation of the processes stimulated

by cluster projectile impacttla¢ sample with organic molecules deposited on
graphene. | chose phenylalanine molecules as they are small enough to be
feasible for computer simulations, lagtthe sae timepig enough asproof-

of-concept molecules for other, bigger compounds. Additiexgérimental

results areavailable for systems with thin layers of phenylalanine on free
standing graphené5], meaning | could compare my theoretical results with

reality.

Guided by the spirit of my workflow, which is taking one step at a time, | firstly
considered a graphene sample with only a few organic molecules deposited on
it. In this researcgtihere arden moleculeplacedon graphenat a growing
distance from thegint of impact as depicted irFig. 9°. | performed
simulations with & projectiletheinitial kinetienergy of 10 ke\and0-degree

impact anglésraphene substrate had a 2 to 16 layers thickness

Fig. 9: Placement of phenylalanine molecules on graphene-m@ 1 c u | e
Black bars denote distce of 1 nm.
Image copyright: As stated in the permission granted for reuse of the article [2].

X See also Fig. 1in [2]
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Fig.10 Example othree regimes of adp r oj ect i | e Glayeredy@zhen

sample with phenylalanine moleculessitgal on it. Graphene atoms are depicte
green, projectile atoms are yellow, phenylalanine atoms have colours depend
atomsd type. A 1.5 nm slice through
Dashed lines in the back are spagetl tim. Big arrow shows the direction of img
and small arrows depict movement directions of phenylalanine molecules in la
of the process. Fig. 2[#] and its discussion providere details.

Image copyright: As stated in the permissionegkémt reuse of the article [2].

| have foundthat there are three regimes leading t@jdgwtion oforganic
moleculegFig.10shows example of their dynantics)

1. The first one is presenth@n consideringthin substrateso when relatively
low amounts of energy are dispersed into grapheti@s regimethe
molecule at the point of impact gets shattewbith isunderstandable
consideringhe energetics of such collissatiscussedn pagel2 of this
dissertation. We can also obssmallacoustiovaveqamplitudeo f 1 | )
forming on graphendut they are not energetic enough to uplift any
moleculeAs aresulf no other moleculis emitted

2. We can talk about the second regiarethficker sampleshut still thin
enough fortthe projectile to pierce.iin this situabn, the molecule at the
point of impactstill gets atonsed but the topmostgraphene layshows
much more movementhe noleculeclosest to the centre thfe impact
placed 2 from t he,ispesorimet through catagilea c t
movementMolecules placed further away displacedy the waveon
graphengb u t the waveds energy diminishe
movement fothe uplifting of any other molecules.

3. The hird regime is presenthen the sample is thick enouygio the
projectile does nqienetratet. Inthiscasegr ap hene 0 sisttkef or ma
most substantiand simultaneouslyhe most gentléAll molecules stay
intact and three of them are upliftddhe irst moleculeat the centre of the

For more details see Fig. 2 in [2] and its discussion
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samplethe second oe , pl aced 22 | eventharthird he <ce
onepl aced 33 | f r aAioftthere gepdesoribetd through | mp a
aconertedmotion of the graphene membrane deforming uhdefiorce

of deceleratingluster projectile

These resultsuggest that uplifting of intact organic molecules from graphene
in transmission directios possibléndeed For mosttasesthe desorption of
intact moleculesay occur fronplacs locatedat acertaindistance from the
point of impagctthrough the dect deformation of graphert&uch behaviour
was observed for metal substrates as well but fosmadifateral distances.

[54] | observedircularacoustic wavelsut their energy was never high enough
to upliftany nolecule

These results are intriguing in @uelitionalaspect.The possibility of the
efficient desorption of intact molecules deposited so sparsely adthtonal
solvents could be an interesapgroach tthematrix effect in SIM$ short

the chemical environment of the analysed material can have a drastic influence
ontheintensities of detected ejef58] There are several method#oefering

the impact othis effect, mostly by diluting the analyte to the point that each
molecule ispatially separated from other moleciiles dea is simpidy
reduengthechemical environmente could diministhematrix effect as well.
[5657 Freestanding graphene in a transmission SIMS geometry could be
asuitablesubstrate for such extremely diluted sample®vides an efficient

way of desorbing intact molecytesitioned very far from other molecules,
givingminimal signal from the substrate itself.

| should also note that the presented results relate to the sputtering of neutral
molecules whilehe SIMS method records ions. As described in selcon
classical molecular dynamics is incapabléescribing ionisation and
neutralisation processes. Howetergdescription of structural modifications

of the systemappliego both ions and n#rals. Having that in mind, we can try
some fortunéelling. Based on the energetics of the sylspgadict that even
though third regime emission (no projectile penetration, emission only through
graphene movement) is the most efficientibmél na lead to ionisation of
emitted organic moleculés described in sectidnl, the ionisation process
requires particles to be in an esedgstatevhile third regime providedow
amount of energy to the ejected molecilleis. regime would be of much
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interest for the SNMS experimertigt with little use forthe SIMS
methodology. On the other hand, second remgipacts could result in the
emissiorof ions especially negative ioAs described by Verkhoturov et al.

[5,11], as well as in the references in these articles, there mibsybneof

electrons present while breaking graphene sheets. Electrons emitted from the
graphene an attach to fragments and mol ec
surface, creating negative idiss would make such conditions much more
compelling for th&IMS community.
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4 SPUTTERING FROM AN ORGANIC MONOLAYER

4.1 COLLABORATION WITH PROFESSORSCHWEIKERT & TEAM

Section based ah Chem. Phys. (20]8)andJ. Chem. Phys. (2019)

Knowing how substrate behaves and if the uplifting of intact molecules is
possible, btarted tdook intotheirradiation with € projectile ofathin layer

of organic material deposited on-Be@nding grapheria.thisresearcH used

the sample with one layer of phenylalanine molecules, which is around 1.1 nm
thick, depositedbn 2layered graphen&o further elucidate the mechanism
present duringhe bombardment o$uch a systenh compared it witla bulk
phenylalanine sample (represented by 10 layers of phenylEaadon 2
layered graphene) aagingle layer of phenylalanine on graphite (computer
sample of one layer of phenylalanine on 30 layers of graphews) inFig.

11

As mentbned in the introductory sectiaihjs researchvas performedn
collaboration with seamfrom the Texas A&M University ithe USA led by
Professor Emilé&. Schweikert, especially with Dr Staniglaverkhoturov.
This group constructealunique transmission SIM@stenthat can operate
both in traditional and transmission geometry, simultanewmuslysinde
impact mode (they can detect ejecta from egam@act separately101]]
To myknowledggtherewas no other SIMS apparatnghe worldwith such
capabilitieat the time of writing this dissertatibhanks to this collaboration
we could pair up experimental results with computer simulatidn@rovide
an extensiveescription oimpacts on frestanding grapheriehe articlef,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 m
From the left: one layer of phenylalanine on tyerdaof graphene, one layer
phenylalanine on 30 layers of graphene, and 10 layers of phenylalanine on twi
graphene. Substrate atoms are green, organic layers are represented by d
colours. Black bar denotes distance of 10 nm.
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0.0 ps 0.04 ps

Fig. 12 Snapshots of the model system consisting of the single layer of phen
molecules deposited bmo-layer graphene taken at various moments after 50k
impact (crossectional view). The grey lines in the background are separated
Graphene atoms are green, projectile atoms are yellow, organic layer is repre
darker mix of colours Yel | ow arrow depicts dir

and Fig. 8 in [4], and Fig. 10 and Fig. 11 in [5] provide more detalils.
Image copyright: As stated in the permission granted for reuse of the article [5].

dissertation hence | will shortBsdribe oly parts regarding simulatievtsch
| performed,with a little bit of experimentahdkground mentioned when
needed

Both simulations and experimental results shomthett molecules are being
emited from a single layer of phenylalaniigerestinglythe experimental
yields of intact molegubnsjectedrom asingle layer and bulk organic samples
are comparable. It is even more exciting simulations showed at lea8t
times higher emissiari neutral moleculdsom the bulk sampleThis result
indicatesthat bombardment of extremely thin sample on-dtaeding
graphene resultstimo orders of magnitude highamisation rateas compared

to emission from a bulk sammed is viable for use in various experiments
requiringminuscule amounts of sample material.

Of most interest to my work aitee process which leatb the emission of
intact molecules:irstly, letus talk abouthe monolayer of phenylalanine on
graphengFig. 12 shows an example dynamics of such sysBnmgctile
Impactsat the bottom ofgraphene pierces through it, and, similartheo

XMFurther discussion in [4] at the beginning of
[ 5] at t he Dbllefdactmmandignizatidn of pnalectles via 530 Bg?+ impacts on
thin molecular layers deposited on free standing grédphene
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graphen@nly systemdescribed earlielpses its integritjust after passing
graphenatoms Despite losing structural integrity, fullerene atoms are still
acting on the organic layer together in a correlated miluheules at the

point of impact becom&agmented bygollisions withhigh energy atoms.
Neverthedss, the phenylalanine laygrpushed to the sides, compressing
radially aroundhe point of impact. This compression pushes the graphene
membrane downwhich results ira separation between graphene ted
molecular layeiThis stepis crucial ashe se@ration of layers caust®
weakening obrganic moleculébonds to the substratanakingit easier to

uplift intact moleculesWhile separating from each othére graphene
membrane bends and stretalvbenthe organic layer keeps compressing and
stars forminga rim Afterafew picosecondgraphene 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 supportinghe emission of intact molecules from the rim around the
impact site. The graphene acts likarapoline 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, respectivelyjodesspof
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 upwals. Through this movement, graphite provides trampolining action
to the organic layer stimulating the emission of intact moiecules.

Experimental emission of 0.13 ions/impact floebulk sample is comparable

to phenylalanine on graphene as W#. spittering process, in this case of
weakly bounded molecular solid, is already extensively dd4&H&&9] In

short, there are two distinct wayswofission of intact molecules from such
system. Firstac | ust er 6 s dhetrdatios of a highly eneas t o
regionthatexpands and stimulates high energy emissionnairofil angles

See [4] Fig. 7 and Fig. 8, and [5] Fig. 10 and Fig. 11
See [4] Fig. 10 and Fig. 11

Page| 23



throughfluid flow.Secondly, effusistgpe motions in the later stages of dbaser
forming lead téhe emission of low energy molecules over all angles.

The comparison of all three sammpigvesa clear notion thathe graphene

system is unique and could be dsadplift intact molecules from extremely

thin organic layers. Trampotihkee movement after ion irradiation of graphene

has not been described egrégen though it is a cruc&dement of efficient

emission from such a thin sample. More@egry highionisation ratand

al most no interference from th3® subst
make this setup highly promising in spssibdietection techniquégthough

the graphite sample providgmilaryields and iosation ratesit emits much
highernumberof substrateds at oms tleadimgt her v
to high noise

4.2 FURTHER INVESTIGATION

Section based &pp. Surf. Sci. (2020]

As computer simulations allow &much broader set of initial conditions than
experimental setups, | was abtesbphenylalanine on graphene setup further

In article[7] | employed various kinetic energies of the giflgieand impact
angles. In addition, | evaluated the difference in behaviour between impacts
onto the graphene side of the sample and the side where organicwaateria
deposited, as shownhig.13

Based on the investigation of ejecta metrics, such as yields of intact molecules
and organitragments, their mass spectra, angular distributions, as well as direct
anal ysis of | mp dadifferehtiation betevéen tevgregimes pr o p
of impacts characterised by distinct mechanisms of ejection. The more
frequently observed regime is @nésluring all impacts in sputtering geometry

a) Transmission gjeometry b) Sputtering geo'metry

Organic side ‘

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

More detailed description available in [4], i1
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as shown irig.130, and during impacts thednpierce through the sample in
transmission geometrgs @picted inFig. 13a The £cond regime can be
observed in transmission geometry wheprojectile does not perforate the
sampleFig.14 provides example snapshots of the two regimes based on four
arrangements between bombardment direction and energy.

In the latter scenarithe pojectile 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 impaggraphene begins teturn to its original positipbut
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 contrastthe process of emission of intact molecules during regime present
in the sputtering direction and piercing transmission direction is more
convolutedEven though etails of the interaction diffgightlybetweerthose

two situationgthe essential process is the same as described earlier in the part
of sectiod.1devoted to irradiation of thin phenylalanine layer on graphene as
part of publiations with S. V. Verkhotur{45].

0.5 keV

Fig.14 Example snhapshots from the simulation of 0.5 keV and 1Qkey&cts alon¢
the surface normal at phenylalanine monolayer deposited-starfddeg graphen:
Only 2 nm widerosssectionthrough the centre of theample is shown. Thin lines
the background denote the distance of 1 nm. The yellow arrows indicate directic
projectile impact. Graphene atoms are green, projectile atoms are yellow, orgal

represented by dark mix of colours. Fig.[@]iprovides more details.
Image copyright: As stated in the permission granted for reuse of the article [7].

Describedn more details irY] Fig. 6a and c, and its discussion
Detaileddescription in discussion agF6b and d in [7]
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What is especially surprisingg t hat the moliemarel es O
frequentin transmission than in sputtering geometry. The basic process of
fragmentation is due to direct collisions with projectile atoms. For this reason

| would assume that the more energetic collisionsringcin 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 enesgy is lo
during graphene perforation, as shown in seZtioContrary to my earlier
beliefs, transmission geometry resultnore fragmentation than sjawing
geometry.”" The explanation is that in transmission geoni&trprojectile

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. Theshatter all organic molecules on their,@atting ina

bigger radius than the intact fullerene wdwdde Additionally,in the
sputtering geometre collisions between projectile and organic molecules are
spatially and temporally correlated. Asidtreéhey are more gentle, and fewer
molecules are destroyed.

Last but not least, | have found out that to describe changes in molecular
emission due to the change of the angle of incjdbrexe factors should be
considered: 1. area of the sample excited by the projectile, 2. the component of
the projectile momentum perpendicular to the sampkhapbjectile back
reflection process, and 3. molecular fragmentation. Firstly, as thef angle
incidence increases, the projectile can move a longer path inside the organic
layer. As a consequeritean collide with more molecules. The second factor

is reducing molecular emission. Fonofimal impacts, the component of the
projectile momenturperpendicular to the sample is reduced. Moreover, an
increasing part of the projectile kinetic energy is carried brefbectied
projectile atoms. Therefore less energy is available to stimulate molecular
emissions. The third factor is straightforwHra. collision is less energetic
because o&n increase in the angle of inciderfeajer molecules become
fragmented and, subsequently, the yield of intact molecules increases at the

See Fig 4b andinl [7]
In-depth discussion available7ihgs 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 | showed that emission of intact phenylalanine molecules from
extremely thin molecular layer deposited orsfageling graphene is possible

in a wide range of calitions. Simulations suggest that the most preferred
configuration for SIMS is a highergy & bombardment at ofiormal angles
regardless of the i mpactds geometry
high yields of intact molecylasd we can agse that high energy impacts will
provide decent iogdtion rates, especially when taking into actoergsults
described in sectichl On the oher hand, if one would be interested in
achieving strong emission of intact neutral molecules, such as in Secondary
Neutral Mass Spectrometry (SNM®) best choice shouldthe transmission
geometry in combination with fullerene impacts that do notoesaimple
perforation. These conditions gaxeryclearsignal of intact molecules with

next to no fragmentatipbut it is perhaps less probable for molecules to get
lonised. As molecular dynamics does not model ionisation processes, the
question of wich regime is suitable for SIMS and which for SNMS cannot be
answered with certainty in this dissertation.

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

In this dissertatignl provideda comprehensive investigation of processes
leading to the emission ofganic material from a frs®@nding graphene
substrate irradiated by keV clusters.

| started my research by describing in de¢arlteractions of cluster projectile

with freestanding graphene alofldhe research provided insight i@

astounding fality of graphene to absorb energy as well as unveiled the
substantial movement of the graphene lajeesgraphene systeso served

as an opportunitior comparing & fullerene projectile and various sizes of

argon cluster projectildsargeargon dalsters appear to be better suited for

gentle interaction with organic molecules deposited on the graphene.
Neverthelesgsonsidering the availability of experimental data and properties

of currently devel o,plechoseaa fgcosnong£l ust er
projectiles.

As a next step describedhe behaviour of individual phenylalanine molecules
placed on frestanding graphene that get targeted by fullerene projectile.
| showed that uplifting of intact organic moleculssicghsystem is possible

and, n the right circumstances, the area of interaction leading to such uplifting
could be considerable. | also discubsigdly the possibility of using such
asetup as a method of mitigatihgmatrix effect in SIMS briefly

Earlier parts leadtothe anmlygf ul | er ene ponwfjhesaniple! ed s |
with athin organic layer deposited on graphierenfirmed that it is possible

to uplift intact phenylalanine molecules from its thin layer placed -on free
standing graphenA. sgnificant component of this section comes from the
collaboration with Texas A&M University. Sikeoveredhat using graphen

as a substrate leads to the substantial enhancemersabbroprobability of

intact molecules and that the transmission SIMS coul@Xeiiag choice for

detecting minuscule amounts of materitile sample

| also described in dettile whole pocess of emission from the sample in
amuch broaderangeof conditions than experimemyadvailableThe most
iImportant aspect is the trampolining action of graphene layers on
phenylalanine. The additional energy provided to the organic layer tagether w
separation between both types of layers pemvigentle and efficient way of
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desorption of intact molecules. What is also interesting, there is no apparent
advantagefrom the point of view of molecular dynamufs,employing
transmission geometryesuraditional sputtering geometry of impact.

All resultsprovide evidence on processes of emission that are unique to the
graphene substrate. Knowledge gathered in this dissértataohing from
graphene having not enowgbms 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 actidmives a clear notion of meand exciting
phenomena. Therefomy thesis that the process of emission from graphene
differs fromthe paths of emission described for bulk materials is confirmed.
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Proc. of the XI Int. Conf. — lon Implantation and other Applications of lons and Electrons, Kazimierz Dolny 2016
Effect of Sample Thickness on Carbon Ejection
from Ultrathin Graphite Bombarded by keV Cg

M. GOLUNSKI AND Z. POSTAWA*
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
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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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