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Abstract

Since its discovery, the one atom thick materia@pyene has been at the centre of
growing interest in two-dimensional materials. Daats exceptional properties, graphene
is a rich topic to explore by physicists, chemisisgineers and materials scientists. In
addition to its use in the fundamental researcaplgene is also a promising candidate for
future electronics, photonics and energy storagecds.

The project presented in this thesis was carrietl touexplore the structure of
suspended graphene in particular in order to ptbleemetal-graphene interaction via
Transmission Electron Microscopy, as most graplagmdications require interfacing with
metals. As the work was based on free standinghgrag graphene layers obtained by
mechanical cleavage or growth on a substrate wansferred onto TEM-grids. Therefore,
fabrication, suspended sample preparation andifa@tion of graphene layers were first
discussed for a better understanding of how toioliegh quality graphene, as this was
essential for the rest of the project.

Structural, topographic and chemical analysis odtipe suspended graphene layers
were investigated in detail via Transmission EattMicroscopy and Scanning Tunnelling
Microscopy. The latter technique was also emplofgedgraphene on a substrate along
with establishing annealing conditions for resifhee graphene.

Metal deposited suspended graphene layers wereitivestigated in the electron
microscopes. Different metal behaviours were olesgion the graphene surfaces for the
same amount of metal evaporation. Generally, matésact only weakly with graphene
as they are not observed on clean (residue fre@$ pad are mainly clustered. On the
other hand, graphene etching has been observid présence of metals. The etching was
initiated with graphene vacancy formation as altesfuthe interaction between metal and
carbon atoms on clean graphene. Once a vacancygreai®d, a hole quickly formed and
eventually the graphene layers were destroyed. Meryvéhose holes created by metals
were healed spontaneously either by non-hexagongbediect hexagonal rings. The
possible etching and healing mechanisms of theeswlgal graphene were also discussed.
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Chapter 1

Introduction

One of the most important goals of materials s@ersearch is to identify, exploit
and control the properties of new material systemth a view to replacing existing
technologies with superior solutions. Durabilitiexibility, functionality and adaptability
are essential features for any material to be usetherging technologies and it is widely
accepted that a step change in materials desigrs@oh be needed to keep the current
pace of technological innovation. The isolatiorgodphene and of other two-dimensional
(2D) crystals around 2004 [1] appears to have pexvijust that. Often dubbed the
‘wonder material’, graphene consists of a singlgetaof carbon atoms arranged in a
honeycomb (hexagonal) pattern. It is an allotrop&aybon, one of the most abundant
elements on earth which is an essential comporfdife @xisting in many different forms
from air to soil. Interestingly, until 2004 it watought that materials could not be
thermodynamically stable in 2D form, as theoreticalculations originally predicted [2].
But following the breakthrough of the isolation giaphene and the demonstration of its
remarkable properties, the study of 2D materials bacome a vast field of research,
uncovering a wealth of new physical phenomena. fAded to understand and control the
properties of graphene in order to apply them tacoete technological solutions brought
together scientists from many different backgrouimda rather uniquely interdisciplinary
research field, including material scientists, ptigss, chemists and engineers.

In no particular order, graphene is the thinnektg8ongest [4], most stretchable [5],
highest thermally [6] and electrically [7] condw&ti material known at present. These
exceptional properties can potentially be employed a range of applications from
electronic devices to DNA sequencing, to energyagg®. One of the most promising
electronic applications of graphene is the manufactof transistors [1]. However,
transistors, as any other graphene-based electderice, must involve the incorporation
of metal contacts, which link the graphene to ttleenodevice components. The choice of
the metal used as a contact has been shown to titalyaaffect the performance of the
resulting devices [8, 9], with little understandimigherto of why this is the case. While the
macroscopic properties of graphene devices areilyeattasured and characterised,

understanding the metal-graphene interactions sigatss an investigation and direct
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‘visualisation’ at the atomic level, which is a rarkably challenging task. Indeed, there
are only few reported observations at the atomalesof the metal-graphene system,
especially for suspended (or ‘free-standing’) geapgh A large effort has in fact been
recently devoted to suspended devices [10]. Uswgpended graphene (rather than
supported on a different material) eliminates swasteffects, which are known as a
limiting factor for the mobility in graphene baseddvices [11, 12]. A fully suspended

geometry also allows exploiting directly the ingic, exceptional properties of the

material. It is thus essential to carry out dethikystematic studies of the nucleation
following deposition and of the resulting coveragfemetals on suspended graphene, in
order to determine what the optimal contact mightand ultimately to improve device

performance.

Transmission Electron Microscopy (TEM) or Scannifgansmission Electron
Microscopy (STEM) are an ideal, perhaps the ontyl for such studies. Indeed, the
technique’s ability to image and identify direcdgich and every atom in 2D materials has
already played a significant role in improving aurderstanding of graphene properties
[13, 14]. Rapid progress in microscope componentsecent years, in particular the
successful implementation of aberration correclor®lectron optical lenses, has heralded
a new era in materials- and nano- science resedtutse instrumental advances have
substantially improved the overall performance tdceon microscopes: much higher
resolutions are now attainable in both structurad apectroscopic data, with very clear
benefits to the understanding of the investigatadenal’s structure. More crucially, they
enable the use of much lower acceleration voltégésgh voltage, typically ranging from
40kV to 300kV is used to accelerate the electraambéowards the specimen inside the
microscope column) whilst maintaining atomic resiolu. Structural changes and damage
to the specimen due to its interactions with thghhénergy electron beam can thus be
reduced without losing any of the structural dsetail the micrographs. Most of the results
presented in this dissertation were obtained oni@ NUItraSTEM microscope. The
additional specificity of this instrument is itstna-high-vacuum (UHV) design, such that
no unwanted contaminants would hinder the obsemathen studying a sheet of single
atoms, any additional contaminant is nefarioush® éxperiment! The microscope was
operated at 60 kV acceleration voltage to prevewick-on damage to the graphene [15].
High angle annular dark field (HAADF) imaging was@oyed to produce micrographs
whose intensity is approximately proportional te gguare of the average atomic number

Z of the material under the electron probe. Thignaically-sensitive ‘Z-contrast’ mode is
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ideally suited to directly identify the nature ofidividual atoms and it is usually
complemented by further chemical fingerprinting otgh Electron Energy Loss
Spectroscopy (EELS).

The graphene layers used in the project were daddagither by mechanical cleavage
or growth on a metal substrate. Following sevehantical steps, single layer graphene
sheets were transferred onto TEM support grids daileéanetal deposition. A variety of
metals were investigated in this project: Au, Araid Pd as they are very widely used as
contacts in graphene devices, Ni due to its catabttivity on graphene [16] and Al
because of its great potential for energy storgg@ications using graphene [17]. One of
the most striking results of this study revealeat thll deposited metals form non-uniform
distributions or clusters, which adhere preferdiytia hydrocarbon contamination patches
(ubiquitous on graphene) rather than to the cleaphgene surface [18, 19]. This indicates
a very weak interaction between metal and graphafiide this situation can be somewhat
improved through chemical modification of the grapé surface, such as hydrogenation
[19], high temperature vacuum annealing was dematest to be the only way to get rid
completely of the hydrocarbon contamination [20jisTis important for instance far situ
observations of catalytic activity and of the moesrnof metal nanoclusters on graphene.
It is however not really practical as real-life ams will have to be re-exposed to air and
will thus contaminate again. A fascinating etchptgenomenon was also observed. Nano-
scale holes form in locations where metal cluséeesin close proximity with the graphene
sheet, and in particular at the border betweemsacanation patch and pristine graphene
[21]. Theoretical models predict that vacancy faiora energies in graphene are
substantially lowered in the presence of metal atf22] and it was indeed observed that
the metal atoms appear to catalyse the carbon+{tdrbod dissociation and lead to the
formation of holes. Some individual metal atoms cacasionally be dragged by the
electron beam onto the pristine graphene surfadg {£here they can then initiate the
etching. Holes form rapidly and expand until thealometal atom reservoir is exhausted.
Although for theoretical calculations [22] no oxyges required in this metal-mediated
vacancy formation, it was suggested that oxygehydrogen, which are abundant in the
hydrocarbon contamination patches, play a vita asld may in fact assist the etching via
graphene oxidation or hydrogenation. In furthecgktions, the oxidation mechanism was
found to be energetically favourable over the hgération mechanism. Importantly,
etching was not observed in the presence of galchsitwhich of course do not oxidise.

The role of the scanning electron probe in theiatchrocess is not perfectly understood.
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However, it is suspected that the beam might a& hsat source since graphene etching
also occurred in nearby regions not directly iradell by the beam.

These results might have consequences for the stpiz electrical transport
properties in graphene devices. The presence ¢&iwamation appears to be an issue with
graphene structures in that it has an effect onclia¥ge transfer between graphene and
metals. Furthermore, the observed metal-mediatelingt of graphene could provide an
explanation for the degradation of device perforoeaaver time. This etching could also
be exploited in controlled tailoring and self-asbgnprocesses for future graphene based
devices as the etched holes can be healed spoutiyebhe healing process occurs in a
very short time (from few to tens of seconds) aegehds on the presence of a local
reservoir of loose carbon atoms, such as hydrooarbbn the sample or sputtered atoms
from the sheet edges [24]. This completely new nlag®n can be added to graphene’s
superior properties list as ‘self-healing’.

In addition to (S)TEM and EELS investigations, whimoncentrated on the structural
and chemical characterisation of the metal-graphsygtems, Scanning Tunnelling
Microscopy (STM) was also employed in this projeks. a surface sensitive technique,
STM can provide topographic information about tlemples, along with additional
electronic structure data. It was therefore a @httechnique to apply when studying the
interaction of metals deposited on a flat surf&aethermore, another important aspect of
employing STM was the prospect of performing theaih@epositionn sity, directly in the
STM’s UHV environment. This configuration would rinate any possible oxidation of
the metals and would allow for ultra clean graphené&aces (contamination-free) by
annealing the samples to high temperatures (<€)0in the deposition chamber. The
annealed surfaces can be expected to be mostlpfiteglrocarbon residues, on which the
(S)TEM characterisation showed preferential deposiof metal clusters. Preparatory
steps were however necessary to develop the exgatamcapabilities for this study,
which resulted in the first observation of freerslimg graphene with an STM when all
previous reports in the literature used grapheyerfaplaced on a metal substrate [20].

This dissertation consists of eight chapters. Soimthe properties of graphene are
highlighted in Chapter 2. An introduction to the talegraphene system is provided and
includes a review of previous studies using TEM 8&iAd/, as well as transport properties
measurements.

Chapter 3 discusses the methodology and instruti@mtased in this work: graphene
fabrication, suspended sample preparation for THER &TM, metal deposition, electron
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and probe microscopy, (S)TEM and STM instrumentaéis well as some technical details
of the graphene characterization through (S)TEM Sini.

A more thorough discussion of graphene charactasizausing TEM and electron
diffraction is provided in Chapter 4, while thestirSTM observation of suspended
graphene is presented in Chapter 5 with detaiteketample preparation methodology and
the adapted measurement techniques that madecthisi¢al accomplishment possible.

In Chapter 6 the interaction between deposited Isxetad graphene is studied in
detail. Different metals are considered, varyingioarefully controlled way the coverage
of both pristine graphene sheets and of chemicabigified (hydrogenated) graphene
surfaces.

Graphene etching in the presence of the metalssauissed in Chapter 7 from both
experimental and theoretical perspectives. The rétieal work, based on Density
Functional Theory (DFT) simulations, was undertaken support the experimental
observations. A novel phenomenon of graphene lgatinalso presented along with
possible lattice re-knitting scenarios that migtatd the healing process.

Finally, this study is summarized in Chapter 8 vathoutlook of future work on the
interaction of metals with graphene and with o@@rmaterials.

The work carried out within this project has beeblshed in various scientific peer-
reviewed journals. Material from some of these maltlons is used extensively in
Chapters 5, 6 and 7. For completeness, the origiapérs are attached to each of these
chapters.

Additionally, most of the electron microscopy dgieesented in the thesis were
obtained at Daresbury SuperSTEM Laboratories, whikha National Facility for
Aberration Corrected (AC) STEM, with the help of.DQuentin Ramasse and DFT
simulations were performed with collaboration Daril Boukhvalov, Korea Institute for

Advanced Study, Korea.

18



Chapter 2

Graphene Background

Graphene, just one atomic layer, is a two dimeradiorystalline form of carbon and a
basic building block for carbon allotropes suchudierene, carbon nanotubes and graphite
[1, 25]. Although it was initially thought that 2Erystals could not exist due to thermal
fluctuations, the first single layer sheet of grigéghor graphene, was first isolated in 2004
followed by other examples 2D crystals in 2005 [B]graphene, carbon atoms are packed
in a planar honeycomb network. The unit cell ofglerayer graphene consists of two
carbon atoms, separated by 1.42 A, with a lattmestant of 2.46 A. These two carbon
atoms are equivalent and have the same potenieh &om has s, jand g orbitals and is
bonded to three neighbour atoms in the latticemiiog an sp atomic network. The
orbitals overlap between neighbouring atoms resylin so-called filledt and emptyr*
states, which respectively form the valence and d¢beduction bands in graphene.
However, so-called Bernal stacked bi-layer graphwasefour electrons in the unit cell: in
this configuration, the individual layers are stadlbut shifted with respect to one-another,
so that the carbon atoms in one layer sit on tophefempty hexagon centres in the
underlying layer. The electronic behaviour of a Bmamber of stacked graphene layers
(also called ‘few-layer graphene’, up to approxietatlO layers) thus differs substantially
from the single layer case, but also from bulk gregp[25], due to overlapping between
the conduction and valance bands. For instancetrefes behave in single-layer graphene
as if they were mass-less, relativistic fermionsg @&xhibit a linear dispersion near the
Dirac point. By contrast, in so-called bi-layer ginane, electrons are described as non-zero
effective mass Dirac fermions with a parabolic &twuc dispersion [1]. This unique
electronic structure makes single layer grapherd sufascinating material to study: it
possesses high carrier mobility [1], ballistic spart [25], quantum Hall effect [26],
thermal conductivity [6] and mechanical strength. [Another interesting property of
graphene shows ambipolar behaviour in an eledkld fis result of its mass-less Dirac
nature. Charge carriers can be tuned by electeld fio be either electrons or holes
(doping) in the graphene at very high concentratidn 3]. Mass-less carriers in graphene

also lead to absorption of normal incident lighB¢®) independent of the wavelength [27,
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28]. In other words it is transparent and its uri@D structure suggest it can be utilized in
flexible display in electronic devices, such asctmcreens [28]. But arguably one of the
most interesting and promising feature of graphéra® can be employed in electronic
devices is its high carrier mobility. Recently mesl values of ~150 000&f's [29]
(interestingly, this is comparable to the theostjorediction of 200 000cfVs for pure
suspended graphene) are significantly higher thasilicon (~1400criVs) [30], which
most of today’s electronics are based on. Graplvenéd thus be used in transistors to
increase their operational speed. Poor electrmatiacts (junctions) and defects such as ad-
atoms, ad-molecules or vacancies, can howeverioet the mobility [31].

Due to the absence of any measurable band gaphnsbale- and bi-layer graphene
these materials are often called zero-gap semiacdodu The lack of a bandgap is a
serious limitation to the use of graphene in etatts as switching off any graphene-based
device would be extremely difficult. As a result tife gapless nature of graphene,
graphene devices have only demonstrated to datera riL8 on/off ratio, far behind
required value of ~fOused in logic transistors [28]. Thus band gap itergring' and
increasing the on/off ratio are essential researehs in graphene electronics. By creating
a potential difference between the atoms in theaeli or by breaking the symmetry in the
lattice, it is nevertheless possible to 'open'radigap and thus engineer graphene 'variants'
that may be more useful from an electronics apgiina point of view. However, due to
the small separation between the atoms, creatioy auypotential difference is extremely
difficult. Researchers have therefore developedymachniques to modify graphene and
introduce a bandgap, including the reduction ofditeensionality (graphene nanoribbons
and quantum dots) [32, 33], the introduction ofedés [34], doping by exposing graphene
to gases, ad-atoms and molecules [35-37], andppkcation of an electric field (in case
of bi-layer graphene) [38].

Reducing the material’s dimension from 2D to 1Ddaping it into a thin strip or
nanoribbon can open a bandgap in graphene thrdnggh@ confinement of the electrons.
However, the nanoribbon should be less than 10 iohe-wo open a reasonablee(
useable) bandgap (200meV), which seriously limits practicality of this technique.
Indeed, it was shown that the nanoribbon and bapdvgdth are inversely proportional:
the narrower the nanoribbon the bigger bandgap. [38fortunately, reducing the size of
the nanoribbon to open a bandgap has the nefaabdifonal effect of reducing the carrier
mobility. Moreover, the exact geometry of the riblsoedges, which is extremely difficult

to control accurately, also has an enormous inflaern the ribbon electronic properties
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[33, 39]. Applying strain [40] or varying the sulzde [41, 42] the graphene sheet is placed
on can also be used to open a band gap in singge ¢gmaphene. Bandgaps of the order of
few hundreds of meV have been reported in the cb$&6 uniaxial tensile strain and of a
few meVs when deposited on various substrates.PAgedm an applications point of
view, these values are too small to be practical.

The deposition of a single layer of graphene owexalyonal boron nitride (h-BN),
which is an insulator and whose structure is simidahat of graphene, was predicted to be
able to open a bandgap [4H4. gap opening of up to ~0.26 eV has been also been
demonstrated for graphene epitaxially grown orcaili carbide substrates [44s in the
h-BN casethis is explained by the symmetry breaking in #itide due to the interaction
between the graphene and the substrate.

None of the above techniques is able to open afjare than 0.36 eV [28], and as a
result the most promising method to open a bangtaphene arguably remains chemical
modification or doping. Substitutional doping ofetltarbon lattice with similar-sized-
elements such as B and N can indeed open a baimdgephene: this effect was predicted
by DFT simulations and demonstrated experimen{d]. Importantly, carrier type and
concentration can also be controlled through thegtmanism. For example, introducing B
atoms within the graphene lattice leads to p-typgirth as B has one fewer electron than
carbon. Similarly, introducing N leads to n-typepdw in graphene. Other avenues for
doping graphene are also being investigated: watdecules on graphene have recently
been shown to open a reasonable bandgap of ~O\20&dsorbed water molecules act as
defect centres and their amount can be easily @idedr by the absolute humidity level
[44].

A technique known as hydrogenation, which consi$tsxposing graphene to atomic
hydrogen, has also been used to successfully ofmmmagap [45]. It is thought that the
atomic hydrogen reacts and binds with each of #rban atoms in the lattice, converting
the s graphene bonding network to a diamond-lik&spnding type with some insulating
character. Crucially, hydrogenation was shown t@ lbeversible process: the properties of
pristine graphene can be recovered by thermal éingeafter the initial hydrogenation.
Experimental observations of this effect were aigported after adsorption of atomic
hydrogen onto graphene grown and still supportett Gre. not suspended graphene) [46].
It appears the band gap can be tuned by varyindnybleogen coverage of the graphene
surface: full surface hydrogenation was shown gultein a bandgap of ~0.73 eV, while

half-hydrogenated graphene yielded a bandgap oy @3 eV [47]. Furthermore,
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fluorinated graphene, which is obtained by expogiraphene to xenon difluoride gas is
thought to turn graphene into a wide-gap semicotwdwr insulator with an optical gap of
3 eV [48].

Finally, theoretically calculations predict thatbandgap can be opened in Bernal
stacked bi-layer graphene by applying a strongtrtetield perpendicular to the layers
[49]. This effect was experimentally demonstrated épitaxial graphene grown on a
silicon carbide surface [38]. This bandgap couldpimciple be tuned by varying the
external electric field, and a tunable bandgap e#v fhundred meV was indeed
experimentally demonstrated for electrically gatedayer graphene using an oxidised
silicon (SiQ) substrate as well [50, 51§.should be mentioned that devices made using bi-
layer graphene have also shown a dramatic impronemeheir on/off current ratio (albeit
at the very low temperature of 20 K) [51].

Researchers have shown that the substrate on \ghagihene layers are placed has
dramatic effects on its transport properties. Gemghdevices were initially fabricated on
SiO,/Si substrates: graphene flakes were simply obtaineexbgliation directly on top of
them. The use of SiOsubstrates for graphene exfoliation is particyladnvenient and
straightforward. Unfortunately, due to their sudamughness and to the presence of
charged impurities graphene devices built direatly SiQ substrates could not
demonstrate any marked improvement over more ioadit designs: they were seemingly
never able to utilise the intrinsic properties odghene [52]. The limiting role of the
substrate can be understood by comparing grapheweedperformance with that of
suspended devices, which eliminate any substrdeztefFor example, the mobility in
graphene devices is about 10 00G¢its* on SiQ but can reach up to 200 0003fiis*
for suspended devices [53]. Suspended devicesaatieydarly fragile, however, and their
handling and fabrication is difficult. Other sulagés such as hexagonal boron nitride (h-
BN) [52, 54] and recently dichalcogenides [55] héwerefore been tried as support. h-BN
consists of boron and nitrogen atoms arranged lmexagonal structure such that each
boron atom is bonded to three neighbouring nitroggems andrice versa.The resulting
structure resembles graphene, with a similar lttienstant of 2.52A (compared to 2.46A
for graphene). However, in contrast to graphenBNhhas a large bandgap of 5.97 eV,
which makes it the thinnest possible insulator. Whiacked, h-BN adopts a so-called AA’
configuration whereby each boron atom sits atogiragen atom, andice versg56]. By
contrast, graphene is most frequently observedidB stacking arrangement where the

two stacked layers are displaced by half a latteetor. In addition, h-BN is mostly inert,
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its surfaces missing dangling bonds, and it hagelaptical phonon modes, making it an
ideal substrate for high-quality graphene electr®ijb2]. Carrier mobility measurements
of graphene devices placed on h-BN substrates gjieat promise, with reported values
up to 500 000 cAv*s*at liquid helium temperature [29].

Fabricating such a device of course requires tuester of graphene flakes on top of
an h-BN substrate. Different techniques were thexsetbped to achieve this geometry,
which can typically be grouped in two categoriesown as wet and dry transfers [57, 58].
The precise alignment of graphene flakes relativéhe h-BN layers is crucial as it can
affect device performance. As previously mentioriedvas even theoretically suggested
this geometry may lead to the opening of a banddap

Finally, recent results suggest that dichalcogenglech as MoSand WS could also
be appropriate substrates for graphene devicecition. By stacking graphene and h-BN
layers, graphene and Mpfayers, or through a combination of the aboveew type of
graphene device, a layered heterostructure dewnebe created. These new devices are

built vertically and based on ballistic transp&5].

2.1 Graphene Applications

Due to its unique properties, graphene can be graglo a variety of applications. It
is thought it may eventually replace many of thetemals currently used in today's
technology and result in higher performance, enefjgiency, flexibility and durability
[28]. Graphene is already being used in electrofjicstotype devices) [55, 59], energy
storage [60, 61], photonics [62, 63], compositeanals [64], sensor technology [65] and
as a sample support for TEM applications [66]. Thest promising and extensively
studied area is its use in high frequency trangstwhere graphene-based solutions can
already compete with traditional semiconductordsag GaAs. However, the absence of a
band gap in graphene, resulting in low on/off mtimeans that a practical use of graphene
in logic transistors is not yet a reality. Howevitre use of graphene in electronics is not
limited to transistors. It can also be integratadflexible electronics as a transparent
conductive coating thanks to its low resistanceperties: commercial graphene-based
flexible touch screens and organic light emittingpthys are in fact expected in the
coming months [28, 59]. Thanks to its conductivibertness and large surface area (high
aspect ratio) graphene is ideal for composite naserGraphene-based composites have

been used as protection barriers against corroditbers in carbon fibres, and strain
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reducing element in polymers [67]. Graphene caro de used in energy storage
applications such as batteries and capacitorsharee their performance and reduce their
size [60, 61, 68]. Graphene is used as transpaosductive electrodes in solar cells and
as anode in lithium-ion batteries [61]. Having twdentical surfaces makes graphene
particularly attractive for use in sensor applioca such as gas, strain, pressure and
magnetic field sensing.

Finally, graphene is now widely used as sample sugpr TEM in both material and
life sciences enabling the observation of metastelts [69], molecules [70], bio-particles
[71] and sequencing of DNA molecules [72]. The lmaokind signal generated by a
graphene support is extremely weak compared tor adlailable solutions (such as
amorphous carbon or Si films, all of which are edst a few nm thick) resulting in a
dramatic increase in the signal-to-noise ratiohia TEM images. Although crystalline
(which is not an attribute normally sought afteaifEM support), the graphene lattice can
most of the time be easily subtracted from the Ti&Mrographs by Fourier filtering, thus
enabling the direct visualisation of particles footh material and biological specimens
[73, 74]. The excellent electrical and thermal agctivity of graphene also increases the

stability of the sample under the electron bearmbyimizing the charging effect.

2.2 Graphene Fabrication

In order to be able to use graphene in variousiegipins, developing scalable sample
fabrication techniques is essential [75]. Severathods have been developed in recent
years, including: i) mechanical cleavage [1], pitaxial growth (SiC) [76], iii) chemical
vapour deposition (CVD) [77-79], iv) chemical retlon [80] and v) liquid phase
exfoliation [81, 82].

The mechanical cleavage or mechanical exfoliati@thod was the first ever used
method to isolate graphene. Graphene layers aegnebt by progressively peeling a thick
graphite crystal using a strip of adhesive tapee #pe is then pressed onto a substrate,
such as an oxidised silicon wafer, quartz, glagsioa, ‘depositing’ the exfoliated graphite
flakes. Few-layer graphene flakes are easily obthim this fashion, but it is far more
difficult to peel off single-layer graphene flakeghich are also generally of limited size
(from a few microns to a few hundred microns). Hiee of the single-layer graphene
regions produced by exfoliation depends on theiguahd uniformity of the starting
graphite slab, as well as the carefulness duriegdhrication process. In particular, great
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attention must be paid to the pre- and post-cleprand baking steps. Despite the
limitation on the size of the graphene flakes, namatal cleavage is a very reproducible
and reliable technique for the fabrication of highality graphene: the very good
crystallinity of the resulting flakes makes thenrtalarly suitable for use in electronics
applications (transistors). Graphene produced Wpliakion still outperforms material
obtained by any other means.

Thin graphene layers can be also obtained by giapgtion in vacuum of a SiC single
crystal, through silicon depletion of the exposedace [76]. Although these so-called
‘epitaxial graphene’ layers can be produced in waize with this method, they tend to be
fragile and contain many defects due to the laagécé mismatch between the SiC
substrate and the graphene. Further limitationstter large-area synthesis of epitaxial
graphene are: the cost of SiC substrates, the gsinge conditions at high temperature
(~1400°C) and very high vacuum (~1BTorr), which all contribute to increasing the fota
cost. On the other hand, epitaxial graphene isdbyition already on a dielectric substrate
(SiC) and can thus be used directly for device rfaturing, which in some cases is a
great advantage. But it also means the grapheeeslaannot be transferred to an arbitrary
substrate, which may be seen as a limitation. T@eal growth of graphene on SiC is
still under active development and further optirti@a is probably needed before the
technique can become more widespread [28].

Due to the high demand for graphene and other 2@mabs, alternative, more easily
scalable methods have been developed. Chemicaluvageposition (CVD) on metal
substrates is perhaps the most common large soathgtechnique [77] yielding quite
uniform samples with a higher fraction of singlgdaareas than exfoliated graphene [59].
The growth mechanism is based on the decompositidrydrocarbon gases at elevated
temperature and the diffusion of carbon atoms @ntoetal surface, followed by rapid
cooling to ‘freeze’ in any graphene layers formed the surface of the substrates.
Hydrocarbon gases, such as methaneCétetylene (@H,) and benzene @Elg), are
brought into contact with the metal substrates Ne Cu, Ru, Ir, Co and Pd at high
temperature in a CVD chamber that kept at low pres§83-85]. Key parameters for the
fabrication of large areas of graphene with lowedeflensity by the CVD method are the
temperature stability, the purity of the hydrocarlgas sources, their flow rate {BxHy),
the overall growth times, the exact chamber pressine cooling rate and crucially the

purity of the metal substrates.
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The most widely used combination at present cansiEtmethane gas and a copper
substrate; the low solubility of carbon in coppeoyides a means of restricting the
graphene growth to a single layer (rather tharckii® graphene obtained on other metals)
[78]. Here the growth is initiated by the adsorptiaf C at the Cu crystal surface, rather
than through a precipitation process like for geapgh growth on nickel as has been
reported by Reina&t al. for instance [77]. For the latter, non-uniform ghée films with
thicknesses ranging from single to a few layerstgpécally obtained: the solubility of
carbon in Ni is relatively high and any excess oarprecipitates readily, which makes
controlling the number of layers difficult and eapls why Ni is not favoured anymore as
a substrate for graphene growth.

Graphene flakes obtained on metal surfaces nedak transferred for subsequent
characterisation, in particular to be able to p@nfaransport measurement, for which an
insulating substrate is needed. Although many femnmethods were developed with a
hope to obtain fully crack-less, clean (contamoafiree) and defect-free flakes after
transfer [57, 58], the electronics properties @& tlakes are still often deteriorated to the
extreme. The carrier mobility measured on CVD-grayvaphene layers ranges only from
a few hundred to a few thousand %ws, much lower than for graphene obtained via
exfoliation (~10 000 cAtVs on SiQ). It is thought that the presence of grain bouiedar
due to the multitude of nucleation sites for thevgh on the metal surface, defects and
impurities that can be induced during transfer pss¢ are responsible for the reduced
performance.

In order to overcome the production costs and talide to produce large amounts of
graphene for industrial application, chemical rguteich as exfoliation of graphite in
solvents are often favoured. For example, gragioteder can be initially oxidised in acids
to ease the exfoliation process in the liquid phd$e resulting graphene oxide is then
reduced either thermally or chemically to obtaiagirene [80, 86]. Graphene obtained in
this fashion is also known as chemically-modifiedpgihene because hydroxyl groups often
remain on the surface. Although the reduction stegesigned to get rid of some of the
impurities [80], O and OH groups on the surface as well as structural defgeberated
during the oxidation process persist in the finatenial. Thus, beside the small size and
low percentage of single layer flakes obtaineduglothis process, the properties (and in
particular the conductivity) of the resulting graple material are also poorer. Further
development and progress are needed to obtain puaghene through reduction of

graphene oxide. On the other hand, the liquid pledeliation of graphite powder in
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organic solvents such as NMP has been demonstast@dmore efficient way to obtain
graphene. The graphene layers obtained with tbimtque are unoxidised, defect free and
mainly less than 5 layers as evidenced by X-raytgeiectron spectroscopy, Raman
spectroscopy and TEM-diffraction analysis [81, 8je great potential for up-scaling and
the remarkably low cost of this technique makeeithaps the most viable solution to date
for industrial production of graphene and other r2Bterials [87]. This technique has its
own limitations (disadvantages) to be used in eb@its e.g. transistors due to small size
of single layer flakes and obtaining those with tmig of thicker flakes. However, the
graphene flakes obtained via this technique caruded to produce graphene based
composites or films, solar cells and lithium-ionteags.

2.3 Graphene ldentification

Identifying graphene flakes and distinguishing lkestw single- and multi-layer areas
in thicker flakes is essential as the number oédaywill determine the properties of the
material. Optical Microscopy [1, 88], Raman Spestapy [89], Atomic Force Microscopy
(AFM) [1], Transmission Electron Microscopy (TEM)14] and Electron Energy Loss
Spectroscopy (EELS) [13, 90] are some of the tephes that can be used for this purpose.

Light microscopyis one of the preliminary techniques used in amgplhene
identification process. It is a quick and convehigethod to identify and locate graphene
layers reliably, especially when working with maerobtained via exfoliation on a
substrate. Because the size of the graphene flakmsich smaller (microns) than the full
wafer width (cm), being able to quickly search asra wide field of view is essential. The
identification is relatively straightforward, th@tical contrast changes continuously as the
layers get thicker [88]. Other experimental teckwe should however be employed for
more accurate results, in particular if the idecaifion of the precise number of layers is
essential.

Raman spectroscopys perhaps the most straightforward technique dentify
graphene layers at the macroscopic level [89]. Deppg on the presence of single-,
double-, and few-layer areas, the reflections olegkrin the Raman spectra change
dramatically, which allows for an unambiguous, hkigloughput and crucially non-
destructive identification of the number of graphdayers. Raman spectroscopy is also
sensitive to defects and contamination, which canubed to check the quality of the
observed graphene. A particular peak in the specaiéed the D-peak, is associated with
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defects and disorder and is distinguishable froenpgbaks used to identify the number of
layers (2D- and G-peaks). The amount of dopinggmes graphene layers can be also
identified by Raman spectroscopy by observing shiftd intensity variation in the Raman
peaks. With similar observations, Raman spectrabeaalso used to evaluate the majority
type of graphene edges present in a particulae f[@&]. For obvious spatial resolution

reasons (~800 nm), this characterisation is natedyiconclusive.

Another technique to determine layer numbers A$ed. It is based on measuring the
thickness of the flakes by comparison with a salbstof known thickness. Although it can
be very precise and reliable, AFM is a low througirfggchnique for counting layers, and
any surface roughness of the substrate can beadiste

Finally, one of the most unambiguous methods terd@he the number of layers in
graphitic flakes isSTEM, in particular through the analysis of electrofirdction patterns
[92]. Suspended graphene samples are used for BEM Btudies which includes
transferring the graphene layers from substrategrids unlike most of the other
techniques that generally do not require the gnaphayers to be suspended. A more

thorough discussion of these methods will be predioh Chapter 4.

2.4 Tailoring the Atomic Structure of Graphene
2.4.1 Defects in Graphene

Defects whether they are introduced deliberatelfooned intrinsically are important
in crystals and in particular in 2D materials asytltan affect the material’s structural,
electronic, mechanical and even magnetic propej®8k These effects can be employed
intentionally to modify materials systems and eeginspecific, desirable properties. In the
case of graphene, defects act as scattering cethimeseduce carrier mobility, thermal
conductivity, and affect the mechanical propertias to weaker bonding in the vicinity of
the defects [93-96]. Different techniques can b@leged to create defects in the graphene
lattice: from a simple interaction with energetiteatrons in a TEM, to controlled
bombardment by heavy particles (Ar-ion or Au atdnyspulsed laser deposition) [97],
exposure to oxygen plasma [98] and chemical treattrj89]. Different types of defects
have been observed in graphene: point defects (asidnterstitial ad-atoms) and grain
boundaries [93, 100].

Point defects are usually formed in graphene adtreEbombardment with energetic

particles (electrons [101] and ions [102]). The m#&ypes of point defects typically
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observed in graphene are: single-vacancy, douldenay, Stone-Wales defect and ad-
atoms (interstitial or substitutionalA single vacancy is the simplest type of defea an
consists of a single missing carbon atom in thicktfor instance ejected from the lattice
when the transferred energy from an incoming bednpaoticles is higher than the
displacement threshold. One of the most intereséind unique properties of graphene
defects is their propensity for structure recordtom. When a defect is created in the
graphene lattice, the surrounding carbon atoms tienohdergo a spontaneous reorganise,
leading to a different arrangement that complieshwgpecific symmetry rules. For
instance, a single vacancy will typically be accomdated through the rearrangement of
the lattice into a pentagon (5-membered ring) amb@agon (9-membered rings) s
[103]. By contrast, a double vacancy is formedaegithy merging two single vacancies or
by removing two neighbouring carbon atoms from ltit&ce. After reconstruction, four
hexagons are replaced by two pentagons and on@ooct@s.gs). This structure can
further evolve by bond rotations to more energétidavourable configurations such as a
combination of three pentagons and three hepta(sis.;7) or of three pentagons one
hexagon and three octagonss{ds.77), the former being the most energetically stable
arrangement [93]. Theoretical calculations sugyest the formation of a double vacancy
is favoured over single vacancies [93, 104]. Howgifanore than two carbon atoms are
removed from the lattice the subsequent rearrangmeould be more complex: the
graphene layer has to be bent (deformed in thel tlimension) to satisfy geometric
boundary conditions. An alternative would be fag tiole to be filled with only pentagons
and heptagons: although predicted theoreticallg, dirangement was never observed so
far experimentally [105]. The filling of large halén graphene with a mixture of 5-, 6- 7-
and 8-membered rings into a quasi amorphous 2Btateiwas nevertheless very recently
observed [24]: these results are discussed in degail in Chapter 5.

So-called Stone-Wales defects are created by si@{fleond rotation of any carbon
bond in the lattice, rather than through the egectof atoms: as a result, they can be
created by irradiating the graphene sheet withvegetoenergy beam than the knock-on
threshold for carbon [106].

Finally, mobile adsorbents, either carbon or fanesgecies such as silicon (one of the
most abundant contaminants in graphene) can aldwipate in filling holes [21]. Ad-
atoms or adsorbents are trapped at defective diukis,mobility being decreased in these
regions by the lattice symmetry interruption, arainp defects are therefore preferential

sites for the incorporation of foreign atoms ingrane [73, 95].
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2.4.2 Graphene Edges

Graphene sheets can be terminated by two diffeeeige types and due to their
appearance called ‘zigzag’' or ‘armchair’ edges,chhare differentiated by the position of
the hexagons along their length. Due to having rgraired electron the zigzag edges are
chemically more reactive than armchair edges. Grapledges can be easily investigated
either by specifically fabricating thin strips ofaterial also called nanoribbons [91] or
simply by damaging a single layer of graphene argkrving the structure of the resulting
perforation [107].

Nanoribbons are obtained using various methods agck-beam lithography [108],
chemical treatment [91], CVD growth [109], electrbeam sculpting in the TEM [110],
cutting by metals [111, 112] or even ‘unzipping’ adrbon nanotubes [113]. The type of
edges determines the electronic behaviour of graplmanoribbons. For example, zigzag
edges are metallic and armchair edges can be eité&llic or semiconductors [39, 114].
The mechanical, elastic and chemical propertiegraphene nanoribbons also depend on
their edge configuration. It is therefore quite omant to identify and understand the edge
structure: HRTEM is perhaps the most straightfodmamol for this purpose. Zigzag edges
were found to be more stable under electron beam #imchair edges in recent TEM
studies [107, 114].

Once a vacancy is formed in the graphene lattieereémoval of neighbouring carbon
atoms is much easier as the threshold for theatieje is lowered [115] due to a smaller
number of dangling bonds. A hole is then createthelattice, which can be terminated
either with zigzag or armchair edges, or as regal@monstrated by a mixture of both. The
latter was in fact suggested to be a reconstruationigzag edges with non-hexagonal
rings. This new type of edges that was dubbed ag'cand is expected to have higher
stability comparing to other types of edge strues|i16].

2.5 The Metal-Graphene System

The understanding of the metal-graphene interacisosignificantly important to
improve graphene-based devices as metals are heew) for contacting, patterning and
cutting of the graphene layers. In particular, stability of metals on the graphene surface,
their distribution, bonding, doping should be wellderstood. Metal-graphene interactions
have been studied predominantly by means of DFTutations so far, while any

experimental exploration has been limited. A sh@aview is presented here of the
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information gathered so far on this system, fronthbexperimental (TEM, STM, Raman
and transport measurements) and theoretical (DRT Molecular Dynamics- simulations)

points of view.

2.5.1 Interactions with the Graphene Surface

There are only few TEM-based metal-graphene interastudies, arguably because
the tools to observe the system at true atomiclugsn have only been recently
developed. The first TEM investigation was perfodmfer Au and Pt on few-layer-
graphene by Gan et al. [117]. The metals were fdonge in cluster form and not stable
(extremely mobile) on the graphitic structures, ethwas due, it was suggested, to a
stronger interaction between gold atoms than betveegold atom and the graphene [118].
The tendency of metals deposited on graphite tstetus well-known, especially when the
deposition is performed at room or elevated tenipeza. Because no metal atom was
seemingly observed sitting on top of the graphdaes) it was claimed they systematically
occupied double or triple vacancies sites (the kgiaé of single vacancies making it
unsuitable to host Au or Pt atoms). These obs@mnatieceived theoretical support, with a
suggested diffusion mechanism whereby Au is inlsingcancy sites would merge with
neighbouring double vacancies, followed by diffusiato a triple vacancy [119]. Other
calculations verified that it was energetically davable for all metal atoms to form
clusters at defect sites [120, 121].

Metal species were found to be quite mobile on lygap at room temperature [117,
122, 123], which DFT simulations for the case ofdgsuggested was due to a weak
interaction between graphene and the metals [129]. However, this high mobility can
be mitigated in the presence of defects, whichamras trapping centres [120, 123, 126].
Metals occupying monovacancy sites should not maveoom temperature [122], a
prediction which is compatible with other theoraticesults [119] but contrary to the
observed high mobility of the transition metal dadras on pristine graphene. The
attraction mechanism for ad-atoms (metal or evebaraad-atoms) and the subsequent
reconstruction of the lattice are attributed theita breaking of the $pature of graphene
that results in hybridization with the orbitals tbe attached metal [121] or to local strain
around defects [122]. Strain has indeed been eragltay functionalize and dope graphene
layers [125] while in a separate study, based om Bdfculations, is found that applying a
reasonable tensile strain (~10%) in graphene deesethe adsorption energy barrier for
metal clusters by at least 100% [127]. Larger bogdnergy of ad-atoms on defective
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graphene in comparison to pristine graphene surédee explains the reason for their
stability. It is also interesting to note that gnape edges (zigzag) were found to provide
more favourable sites for ad-atoms due to havingerdangling bonds than a planar sheet
[123, 128].

Researchers also proposed that hydrogen ad-atomgraphene can trap small
molecules to specific sites, the molecules remgistable at room temperature. Attaching
hydrogen ad-atoms to the graphene surface coukl libuused to alter the properties of
graphene with specific molecular groups [129]. TSuggestion was one of the motivations
for the study of metals on hydrogenated graphetegleé in Chapter 4.

Finally, although the displacement of heavy metalms by electron irradiation is
more difficult than the displacement in identicanditions of carbon atoms in graphitic
layers [117, 130], researchers have shown that langtal clusters can be broken into
small clusters of a single to a few atoms undeighiy focused and intense electron beam,
giving the appearance of decorated graphene 1§i@r431].

2.5.2 Graphene Etching via Metals

In graphene-based device fabrication, metals amd usr patterning purposes,
catalysing in a controlled way the cutting and etghof graphene sheets [99, 108, 132].
Although shaping graphite layers in a gaseous enmient using catalytic metal
nanoparticles is a relatively well-known techniqi#l, 133], its usage in single- and few-
layer graphene has only been recently demonstfa&dl134]. The etching of graphene
layers in the presence of metals is due to eitherhydrogenation or an oxidation
mechanism. For the former; the metal nanoparti@ash as Fe, Ni and Co) are deposited
on the graphene surface and annealed at reasdmghlyemperatures ranging from 600 to
1000°C. During annealing the samples are also exposeal nuxture of hydrogen and
argon gas. Hydrogen atoms are thought to be adsa@tbihe surface of the catalyst metal
nanoparticles. Following the dissociation of somaebon into the nanoparticles or at the
metal-graphene interface, hydrogen and carbon atoars interact and eventually
destroy/etch the graphene by methane formation.niéml particles only participate as a
catalyst in the process as they are systematiteflyon the surface after the reaction is
terminated. A controlled hydrogen gas flow was fbuo be crucial for this catalytic
behaviour, as annealing in a gas-free environnmamntiging only a pure Ar) did not result
in any graphene etching [134]. The suggested awidahechanism is quite similar and
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relies on oxygen adsorption at the surface of metaloparticles, followed by a direct
interaction with the carbon atoms of the grapheatgck, resulting in an etching of the
graphene and the formation of CO and,q@l1]. The width of the produced perforation
of the graphene is directly related to size theiglas [133]. The length of the perforation
is related to gas flow and to the heating and ogalate during annealing [16].

Almost all these results involved thex situ examination of the samples using
scanning probe microscopy, AFM or STM, the graphémgers being placed on a
conductive substrate. Graphene cutting using mei@hoparticles has also been
demonstrated on suspended graphene usisagu TEM, where the effect can be observed
in real time. The channelling of silver nanopadsclin graphene is performed under
oxygen flow at elevated temperature (300-8)0and the suspended graphene membrane
is cleaned in the microscope column at ®D@or 5 hours ahead of the metal deposition
(which is carried ougx sity to reduce contamination on the graphene surtbt2][

While the catalytic behaviour of metal nanoparscleor graphene and graphite
tailoring is well-known, the same effect was reterdemonstrated for non-metallic
species such as SiOhanopatrticles [135, 136]. Sihanoparticles are typically not
deposited from an external source but rather foroh@ihg annealing of graphene layers
fabricated on SigSi substrate. When the graphene layers are fudheealed under
hydrogen or oxygen flow, graphene hydrogenatiob] E®d oxidation [136, 137] are also
suggested as possible etching mechanisms, as wasase for metals. The use of giO
nanoparticles may in fact be more applicable foricke fabrication technology, as this
particular form of etching was found to provide ha#fined edge orientations (zigzag).
The graphene is furthermore already on a,&0Owafer and therefore needs no further

flake transfer that could introduce damage and nitips.

2.5.3 Doping effects and Electronic Structure Aérations

The effect of metal doping in graphene has beeresiiyated by transport
measurements and by DFT simulations [8, 138]. Deéipgn on their behaviour on
graphene, metals can be divided into two categoe&kibiting either weak or strong
adsorptions. Weakly adsorbed metals (Al, Cu, Ag.aAd Pt) do not significantly alter the
graphene band (electronic) structure. The dopifecefs subtle and results from a charge
transfer to or from the graphene [36, 125]. By castt strongly adsorbed metal ad-atoms
(Co, Ni and Pd) can modify the graphene electratates to a large degree and even

33



destroy anyzn-band dispersion. This would indicate covalent bogdwith a strong
hybridization between the metal ad-atom’s (d-) graphene#-) bands [36, 125, 139]. On
the other hand, metal ad-atoms from groups |-#ltaought to bond ionically to graphene.
Although the band structure is altered drasticallythe presence of strongly adsorbed
metals, they are still the preferred choice forifaiing contacts on graphene: their strong
bonds with graphene are believed to provide a ratatgle contact. In an attempt to provide
strong bonding without altering the graphene ebtettr structure it was suggested to
sandwich graphene layers with metal contacts, iogad double-sided contact which
should improve device performance by decreasingdinéact resistance [140, 141].

Although DFT simulation results are generally cetesit with experimental
observations there are discrepancies. These caldttbibuted to the use of different
approximations for the calculations (the local dignapproximation or the generalized
gradient approximation, for instance) and incomesistes in the choice of variables such as
the cut-off energy, the size of the supercellshar vacuum level [118, 142]. The exact
doping mechanisms in graphene are still an objedebate. It is thought for instance that
the charge transfer between the dopants and thghema is governed by: i) the work
function difference (graphens p-doped if the work function of the metal isgar than
that of graphene and n-doped if the work functidrthe metal is smaller than that of
graphene); ii) the chemical interaction betweerpgeme and the metal [36, 143]. Although
initial experimental reports seemed to comply watindition i) [138], K. Piet al. [8]
showed experimentally that considering the workcfiom only is not enough to determine
the doping type. They found that the Dirac poinftsitowards negative gate voltages in
the presence of Ti, Fe, and Pt [8]. These tramsiti@tals thus act as donors, produging
typedoping in graphene as predicted by DFT calculati@24, 125]. However, the work
function of Pt (5.9 eV) is higher that of grapheie5 eV) and it would therefore be
expected to result ip-typedoping of graphene [143]

One of the most widely used metals in graphenecdevas a contact material is Au.
The effect of Au on the transport properties of pjlene was investigated both
experimentally and theoretically [144]. It was foluthat gold deposition leads ptype
doping, which again complies with the work functiapproach: the work function of Au
(4.7eV) is higher than graphene (4.5eV) and theeefa should acts as an acceptor [124,
138]. However, n-type doping of graphene was oleskrwhen the Au deposition is
performed at cryogenic temperatures. In these tiondj the carrier mobility appears to

decrease which could be explained by scattering froint-like charged impurities.
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Charlieret al. [145] have investigated the interaction betweerd gibms and multiwall
carbon nanotubes by combining first-principles gltons with a graphene model and
experiments. Their calculations revealed that ithtisraction was quite weak, allowing Au
migration on the graphene surface and the formabibharge clusters, whereas when
nanotubes have been exposed to an oxygen plasmbkedadis to the formation of defects
(or ‘active sites’) where gold atoms may have beapped. These oxygenated vacancies
then play the role of nucleation centres for furtheld clusters.

An interesting proposal for the Au doping mechanisnsuggested by Pintet al.
[146] through DFT calculations. They propose that does not dope single layers since
there is no significant change in the positionh&f Eermi level in the band structure, but it
does dope bi-layer graphene. Shifts in the Fermellgosition in the band structure
relative to the Dirac point determine the chargedfer direction between the dopant and
graphene: using this rule, bi-layer graphene wasnael to be 1type doped by Au. Most
theoretical graphene doping studies are carriedoousingle layers. Maet al. [147]
studied bilayer graphene doped with Au: the singleimpurity is placed on top of a
carbon atom in the lower layer positioned nearlgway between the two graphene layers
in the interlayer direction, in agreement the clatans of Pintcet al.[146]. The Au atoms
and the bilayer graphene interact with each otlmer @ a result of that interaction the
graphene appears to be n-type doped, exhibitingtallic behaviour [146], when pure bi-
layer graphene is semi-metallic.

The doping of graphene has also been experimemtaihonstrated for alkaline metals
such as K [148] and it was found in this case thatDirac point shifts to more negative
gate voltages with increasing doping amounts, whiudticating n-type doping. This
conclusion was also reached through theoreticatutations, which indicate that the
mobility decreases [125].

Finally, it was found that the presence of metalgmphene surfaces, Au, Ag and Pd
in particular increases the Raman spectroscopiakig49-152]. This effect is known as
surface-enhanced Raman scattering (SERS) of graphath signal enhancements factors
as high as 100 times. The enhancement factor appeahange with the number of layers
and it is found to be the highest for single-lagad decreases with an increasing number
of layers. More tellingly, the Raman peaks appeachtange as a function of the doping
type, and Raman spectroscopy was thus be usedamiee in that Ag leads to n-type and
Au is p-type doping [149].
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2.5.4 Optimising the Deposition of Metals on Grapene

Its crystallographic quality as well as its therraatl chemical stability make graphene
an attractive support material to study nano-siaeddal clusters. By reducing their size
down to nanometre scale the metal clusters shderéift electronic, magnetic, chemical
and catalytic behaviours than their bulk form. Brtgular, homogenously-dispersed and
equally-sized metal clusters are quite importaomfrapplications point of view such as
catalysis, plasmonic or electrical transport [158he influence of the substrate, the
deposition and annealing temperatures, the covéthgemount of metal being deposited)
the stability of the deposited clusters, can alstuelied most efficientlyn situby STM.

The influence of the graphene growth substratereesntly demonstrated by STM for
Au- and Pt- doped graphene grown on Ru [84] and1%3] substrates. Different
distribution and clustering behaviours were obsegrige similar amount of Au and Pt,
attributed to the strength of the interactions agnaretal clusters, the graphene and the
substrate metals. Similarly, the effect of postatgion annealing was studied in the case
of Au deposited on monolayer graphene with SiC tsates [154]. The deposition of a
monolayer of gold on graphene was carried out amraemperature and followed by
annealing at 1000K for 5 minutes. The STM investayawas then carried out at liquid
nitrogen temperature and revealed the intercalaifagold clusters between the graphene
and the substrate, forming Moiré patterns. The hu#position temperature effect was
studied by Sicogt al.[155] for Ni clusters on graphene for a Rh substratesrAdeposition
at 150K, the shape of the nanoclusters was foure tmostly hemispherical. Following a
deposition at room temperature, however, the serfawrphology was completely
different: flat triangular-shaped islands were @ast formed on graphene. This suggests
that a deposition at higher temperatures doeseaat {o the formation of ordered arrays.
Similar studies were also carried out for Ir clusten graphene grown on an Ir surface by
N’'Diaye et al. [83]. For metal evaporation below 160 K, the fgpéd regions of the Ir
substrate were partly populated, while cluster ftton was never observed at all on fcc-
type regions for deposition at 350K. In both casles, hcp-type regions of the substrate
were populated. Interestingly, the growth of trialag clusters was observed at a
temperature of 550K [83].

The growth of Pt, W, Re, Fe and Au on graphene withr substrate was also studied
by the same group. Ir, Pt, W, and Re formed emtadtuster superlattices in contrast to Fe,
Au and Ni that do not form superlattices [153]light of these results, three factors were
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considered for selecting metals that are able tawgepitaxial cluster superlattices on
graphene on Ir: (i) a large cohesive strength thdicates strong bonding; (ii) a large
extension of the localized valence orbital, enapkm interaction with graphene and thus
initiating the rehydridization of carbon atoms framf to sg; (iii) a good crystallographic
match with the graphene unit cell.

Another extensive study through STM for Pd, Pt, Rim and Au deposition on
graphene on Ru was carried out by Zleval. [84] (room temperature). They show that Pt
and Rh form finely dispersed small clusters on geme on Ru as a result of the strong
interaction between metals and rehybridized carbwinereas Pd and Co form large
clusters (3D), albeit with a similar coverage, do¢he weak bonding with graphene. The
result agrees with earlier observations that bbthrmetal-carbon bond strength and the
metal cohesive energies play significant roles. @& other hand, Au clusters were
expected to form large 3D clusters on graphenetdube weak interaction between Au
and carbon. Contrary to these expectations, Au ddria single layer film on graphene.
This intriguing result could be attributed to thery good lattice match between Ru and
Au.

Finally, Ag, Au and Al metal nanoparticles werecasdudied on graphite by means of
STM [156]. It was found that single ad-atoms wesbke for extended periods of up to a
few seconds on graphite, this indication of rekginstrong binding being attributed to the
presence of defects on the graphite surface.

The substrate can also have a strong effect opatteele inter-atomic spacing, shape,
alignment and electronic structure. Investigatiaristhe morphology of gold clusters
grown in nanopits on graphite at T= 623K were earout by using STM by Irawaet al.
[157]. Pit edges were found to act as condensagoitres for gold clusters. Two different
morphologies were observed; small clusters showeeetdimensional growth and no
facets, while with increasing deposition amountchsster size increased, resulting in flat,
thick rafts with hexagonal facets.

37



Chapter 3

Materials and Technigues

3.1 Graphene Fabrication

Two different techniques were used to produce treplene membranes for the
experiments described in this dissertation: medahmieavage of highly ordered pyrolytic
graphite (HOPG) and chemical vapour deposition ¢jnoen metallic substrates (copper
and nickel). Mechanically-cleaved graphene was asbd for initial investigations, CVD-

grown graphene was used otherwise.

3.1.1 Mechanical Cleavage (exfoliation)

Obtaining graphene by exfoliation or mechanicahesge is simply done by pressing
a piece of HOPG against some adhesive tape anthgeleé tape off. Due to the layered
structure of graphite and the weak interlayer bogdihe layers are held together by Van
der Waals interaction), the graphite layers arélyeasparated, so that after repeating the
peeling process a few times extremely thin layeeslaft on the tape. The thin graphite
flakes obtained in this fashion are then transtemeto an oxidised silicon substrate.
Although the thickness of the oxidised layer on ¢bphe Si can be chosen to be between
90 and 315 nm, this coating is important as it @les good contrast for a quick
identification of the graphene layers under anagbtmicroscope [88]. The surface of the
substrate is cleaned prior to exfoliation to mirgenicontamination and to enhance the
adhesion of the graphene flakes. The cleaning stnsif two steps: chemical solvent
cleaning is carried out first with successive 1sniltrasonic baths in acetone, deionized
water (DI-water) and isopropanol (IPA), followed byygen plasma cleaning (20 mtorr)
for 10 mins. Once the substrate has been clearetple is gently pressed onto it and then
either simply peeled off or removed using a chefreatment. After the tape removal, the
substrate (on which thin graphite layers are nohedadq) is cleaned further with solvents
(acetone and IPA) to eliminate any contaminati@mfithe etchant and the adhesive tape.
The sample is then baked at a temperature ofCL&6r 15 mins. Finally, a piece of fresh
adhesive tape is applied to the substrate to gé¢h® thickest graphite layers and leave
predominantly single layer graphene on the Si{Sithese steps for the fabrication of

graphene flake by exfoliation technique are sumredrin Figure 3.1.
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tape with graphene tape removed

adhesive tape layers on SiO,/Si

\

f Substrate (Si0,/S]) graphene layers
graphite

Figure 3.1Step by step graphene fabrication by exfoliatibgraphite on a substrate.

The obtained graphite layers are initially observedlier the optical microscope to
identify single layer regions, whose specific col@and contrast against the oxidised
silicon wafer background provide a quick and comenscreening criterion. An optical
micrograph of exfoliated graphene layers on 290thick oxidised silicon substrate is
presented in Figure 3.2. The flakes on the wafey ra thicknesses from single layer to
much thicker regions: a single layer area, 100pb® size, is magnified. This size of the

single layer graphene flake is adequate not onleliectron microscopy but also for many
other characterization techniques.

Figure 3.2 Optical image of the exfoliated graphene layers280 nm thick oxidized

silicon wafers and enlarged view of single layayioae is shown as inset.
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3.1.2 Chemical Vapour Deposition

Graphene grown by chemical vapour deposition onshNibstrates was initially
procured from external sources while the techniquezessary for local production on Cu
substrates were being perfected. It was indeeddfdbat graphene grown on Ni usually
presents a large proportion of many-layer area) aly very few single-layer regions.
As explained in Chapter 2, this is due to the hsglubility of carbon in Ni, making any
control of the grown graphene thickness difficilf]. By contrast, using copper for which
the carbon solubility is low, enables a better calrdn the number of layers [79].

For our purposes, a 25 mm-thick Cu foil is loade@i4 inch quartz tube and heated
up to 1006C, maintaining a 20 cubic centimetres per minuter(§ H gas flow at a
pressure of 200 mTorr. The Cu foils were anneatethése conditions for 30 mins. This
process is designed to reduce any oxidized laygheroil surface, but also to extend the
grown graphene grain size by coarsening the Cungirdihe precursor gas for the graphene
growth is a mixture of Hland CH with flow rates of 20 and 40 sccm, respectivelysi
injected into the CVD chamber while maintaining tieactor pressure at 600 mTorr for a
30 mins period known as the growth time. This pidesi the right amount of time for
carbon atoms to be adsorbed onto the Cu surfatasamicleating sites for the single layer
graphene which proceeds by grain propagation [B§, Kfter the growth period, the
sample is cooled rapidly to room temperature uadeydrogen atmosphere at a pressure of
200 mTorr. A schematic representation of the graphgrowth process is shown in
Figure 3.3. The quality and number of layers of tflewn samples was systematically
assessed by Raman spectroscopy. The Raman spiegtapbene grown on Cu does not
show any D peak, indicating the absence of anytsiral defect, while the 2D peak is a

single sharp Lorentzian, which is the signatursinfjle layer graphene [89].
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Figure 3.3 Sketch of the graphene growth process on a cappéace, showing gas flow

rates, growth temperature and time.

3.1.3 Fabrication of Suspended Graphene Samplerfdlicroscopy

A so-calledwet transfertechnique was used to prepare suspended samplésefo
microscopy experiments from both exfoliated and C¥Dwn graphene flakes, with only
small variation in the methodology depending on hbe graphene was initially grown.
Although more common in device fabrication and imrtigular for graphene
heterostructures, @ry transfertechnique case also can be used to prepare TEMIessm
The main difference between these two techniques iln the use of polymers and
chemicals.

In the case of exfoliated graphene samples andthftanitial identification of regions
of interest on the oxidised silicon wafer underoatical microscope, a layer of ~300 nm of
poly-methyl-methacrylate (PMMA) was ‘spun’ onto theaphene flakes using a spinner
(typically 1 min at 3000 rpm), followed by a 80 bake of the samples for 5mins. This
additional layer is designed to protect the undegygraphene layers, providing
mechanical support and facilitating the handling tbé flakes during the transfer
procedure. The substrate, or more precisely thdiged silicon topmost layer, is then
etched away using a 3% potassium hydroxide (KOH)tiem, detaching the PMMA and
graphene flakes from the silicon wafer. Once alndettched, the wafers are dipped into
Dl-water, to fully detach the PMMA and graphenekéia and to rid them of chemical

residues from the etcher and of any possible cangtian from the silicon wafer. Rinsing
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in DI water is repeated to ensure the best sanipémlkiness. Once the graphene flakes are
transferred onto TEM grid by simply ‘fishing thematoof the DI water bath, the sample is
dried at 56C for 10 mins, followed by a further 12D bake for 10 mins in clean room
conditions to improve the adhesion of the flakeshengrid, get rid of any remaining water
content, and importantly, to flatten out (annealy @ossible wrinkles, which may have
been created during the transfer. Finally, the PMIdildtective layer is dissolved by
dipping the sample into acetone for 15 mins. Thalfsamples are dried in a Critical Point
Dryer (CPD) in order to protect the delicate, navgmended, graphene layers against any
rupture, damage or deformation due to surface dangit its critical point of temperature
and pressure, a compound can indeed exist in ligitdvapour phase at the same density.
The surface tension is therefore zero at the imberbetween the liquid and the gas. A,CO
medium was used here for drying due to its lowiaaittemperature of only 31°C and
pressure 7.39 MPa (compared to 374°C and 22.064fdReater). The transfer process to
TEM grid is schematically summarised in Figure 3.4.

—)
graphene flakes PMMA coating single layer region
- -
; fishing the layers removing substrate
drying the sample from DI water in KOH solution

Figure 3.4 Schematic representation of the transfer of eafletl graphene layers from an

oxidized silicon wafer to a TEM grid by wet-etchinging a KOH solution.
Optical images of graphene flakes on the substiradeafter the transfer on the grid are

shown in Figure 3.5a-c, along with low magnificatibEM and STEM images in Figure
3.5d-f,
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Figure 3.5 Graphene flakes a) as prepared on an oxidizezbsilvafer, b) after transfer
onto a TEM grid; c¢) magnified optical image of tiggeen square indicated in (b)
illustrating how suspended single layer regionsrateeasily visible; d) low magnification
TEM image of a single layer area. Broken flakes amvited up regions produce some
visible contrast and hint at the presence of tinglsilayer graphene sheet; e) enlarged
view of the green square shown in (d); f) overvie®wADF STEM image of a single layer
graphene flake, with clean graphene areas (dar&hes} surrounded by hydrocarbon

contamination (brighter, heavier patches).

In the case of graphene obtained by CVD on eitheorNCu, the graphene growth
takes place on both sides of the metal substrateddlitional step is therefore necessary to
remove the flakes present on one of the two sitles.side being prepared for transfer is
covered with PMMA, in order to protect the undemtyigraphene and to ease the transfer
process as was the case with exfoliated samplese e other side is exposed to
20 mTorr of oxygen plasma for a few minutes.

An aqueous iron chloride (Feflsolution is commonly used as an etchant to remove
the nickel or copper foil, through a slow redoxatean. Depending on the concentration of
the etchant it can take from one to a few hourseparate the graphene film from the
substrate, at which point the PMMA and graphenerkyare found floating at the surface

of the solution. However, using FeCleads to really high concentrations of surface
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contaminants on the graphene, as revealed by Eosfér X-ray spectrometry (EDX)
measurements. To minimize this effect, a 0.1 momamum persulphate ((Njb S;Og)
solution was favoured as an etchant to producenidterial investigated here, resulting in
much cleaner graphene surfaces than when using.F&f@r the etching procedure, the
PMMA/graphene layers are repeatedly rinsed in Dtewato remove further possible
contaminants. The flakes are again directly transfieonto TEM grids by ‘fishing them
out' of the DI water bath. As for the exfoliatechghene transfer procedure previously
described, the grids are then baked, the PMMA kgee dissolved in acetone and finally
dried in a CPD.

3.2 Metal Deposition

Thermal and electron-beam evaporators were useéosit metal impurities onto the
suspended graphene membranes. Both techniquesased bn heating the target metal
sufficiently by either applying current or e-beahatt leads to vaporisation of the metal.
The evaporation rates were varied from 0.1 nm/s non/s, as were the overall deposited
thicknesses, which ranged from 0.1 nm to 3 nm. Nufrtbe deposition parameters led to a
full coverage of the graphene membrane by the dieposnetals. Instead, clusters of
varying sizes were formed (depending in particubexr the metal being deposited).
Decreasing the deposition thickness is allowed ntlegkess to control the amounts of
impurities present on the flakes, with a view allif to study the interaction of individual
atoms with the graphene structure.

Metal deposition can be affected by many factdrs:qubstrate on which the graphene
is placed, the evaporation rate and most impostah# vacuum levels and temperature
during the evaporation. The latter have indeed ts®nvn to have a strong influence on
the behaviour of metal atoms on the graphene syrfeesulting in different surface
morphologies and transport properties [144, 155].

Two distrinct strategies were adopted here. Firstlg amount of metal deposited was
varied, keeping all other parameters constant. As @hosen as a test case for this series of
experiments. Secondly, a fixed amount of materias$ weposited in fixed conditions for a
large variety of metallic species, allowing a thaygb comparison between metals, of the
distibution, size and shape of the clusters. Al tataount of 0.2 nm of Fe, Cr, Ti, Ni, Pd
and Au was thus evaporated onto different grapAdfM grids at a rate of 0.1 nm/s, in
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vacuum better than TOmbar (up to ~18mbar). A schematic representation of the
electron-beam evaporation chamber is shown in Ei§8.

Sample helder
uartz Detector

Direction
of vapour

s
Deflecting
magnets

Metal Basket

Vacuum Pump

Figure 3.6 Schematic of the electron beam evaporator.

3.3 Basics of (S)TEM

3.3.1 Electron-Matter Interactions

Electron microscopy is based on the interactionsmaiter with a high energy beam of
electrons (from a few keV to a few MeV). These nattions provide insights about the
structure, topology, morphology and compositionaofmaterial. The main interactions
between an incident beam of electrons and a spaciane schematically shown in
Figure 3.7. When a beam of high energy electrotssehspecimen, the electrons penetrate
into specimen and as a result of the electrostdtraction between the electrons and the
nucleus of the atoms present in the material, thath is deflected towards the atomic
cores. Electrons travelling closest to the nudleiscattered to higher angle, due to a larger
Coulomb force. Scattering to high angles is strorfge heavier atoms, with a higher
atomic mass Z, than for lighter ones: this propestythe main mechanism used for
HAADF imaging, which is also often called ‘Z-cordgtaimaging [158, 159].
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The interactions of an electron beam with matter loa divided into two categories:
elasticandinelastic.In the case of elastic interaction, the inciddattons do not lose any
energy to the sample. If some energy transfer gcbatween the incident beam and the
sample, the interaction is called inelastic. Elmttrenergy loss, X-ray, Auger or
cathodoluminescence spectroscopy signals, or e@mndary electron imaging, all exploit
these inelastic interactions to provide structumad chemical information about the
sample. These techniques are often collectivelyerrefl to as analytical electron
microscopy [158]. The signals generated &fasticandinelasticinteractions are used in
the TEM and STEM to obtain structural and composdi information about the
specimen.

Waves in electrons beam can be either coheremicoherent. If waves have the same
wavelength and are in phase with each other, theegalled coherent, whereas if the beam
constitute of waves with different wavelengths awvé phase difference, they are called
incoherent. Additionally, when two waves interfe{guperposition) can result in
constructive interferencelmaxima and minima of waves coincide) destructive

interferencglmaxima of one coincide with other's minima).

Incident Electron Beam

Secondary Backscattered Electrons
Electrons
Auger Electrons
Xray ¥ o Cathodoluminescent

Coherent - Elastically -
Scattered Electrons «
Incoherent - Elastically
Inelastically Scattered Scattered Electrons
Electrons

Direct Electron Beam

Figure 3.7 Basic interactions between an electron beam apea@men.
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TEM consists of several major components: its ilhetion system, comprising an
electron source (or gun) and one or more conddeseses; its image forming system,
comprising at least an objective lens; a projesi@tem, including one or more projector

lenses and apertures. A basic ray diagram of thé iBEShown in Fig. 3.8a.

> BF detector
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Figure 3.8 Schematic of a) conventional TEM and b) dedic&&&M

3.3.2 Bright Field and Dark Field Imaging in TEM

In the bright field (BF) imaging mode of a TEM ortlye direct unscattered electrons
and small-angle scattered electrons are allowembmdribute to the image formation. This
is achieved by inserting a small objective aperinte the back focal plane of the objective
lens in the TEM, thus allowing only the direct betanpass through it whilst blocking
scattered beams of electrons. If a scattered béatearons is instead selected to form the
images, a so-called dark-field (DF) image is formed

The most important parameter for TEM imaging istcast generation which is by
definition the differences in intensity between tadjacent areas. Although there are few
different contrast mechanism in TEM imaging, phasmtrast is the main contrast
mechanism in BF imaging and basis for the so cdtigth-resolution TEM (HRTEM).
Phase contrast occurs due to the difference iplilase of the electron waves produced by
interaction with the thin specimen. By careful adebf defocus these phase changes can

be converted into contrast which is observablehaitmage and the appearance of lattice
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fringes [158]. Although the lattice fringes are mitect images of the atomic structure of
the crystal but can give information about the damguch as the lattice spaciriRhase
contrast is present in every TEM micrograph becals®st all electron scattering leads to
a phase change of the electron wave. Phase comragés are sensitive to many factors
including acceleration voltage (wavelength), size tbe apertures and aberrations
(spherical aberration, astigmatism and focus) [198le phase shift produced by these
effects can be described by a complex contrassfeeafunction (CTF) which oscillates as
a function of spatial frequency. When the phasetrashis positive atoms appear dark
against a bright background. When phase contrastgative atoms appear bright against a
dark background. When CTF = 0, no detailed inforamatan be obtained in the image
[158].

3.3.3 Scanning Transmission Electron Microscope

As a result of the reciprocity principle, a dedeshSTEM is most easily described by
a TEM system for which the direction of electroraimewould be reversed. Condenser
lenses demagnify the source, which is then foclsethe objective lens to form a small
probe at the specimen. This convergent electrombsascanned over the specimen by
deflection coils [160]. Detectors placed after slaenple collect the transmitted or scattered
electrons to build up images serially. Both BF an8ADF images can be acquired
simultaneously in a STEM. A schematic representatib dedicated STEM is shown in
Figure 3.8b.

In order to achieve atomic resolution in STEM ayviégne electron probe is required.
Thanks to the development of aberration corredimrshe electromagnetic lenses used in
electron microscopes, probes of diameter below ednow be routinely achieved, even
at lower acceleration voltages such as 60 kV [¥8,].1The STEM probe shape (thus
image resolution) is determined by the interferenfcelectron wave components that have
passed through opposite sides of the illuminatipertare, whereas the resolution of the
usual TEM BF images is determined by the interfeeebetween the unscattered electron
beam in the centre of the TEM objective apertuick the scattered waves near the edges of
the aperture [162].

In the STEM, images are obtained serially from ey\targe number of image points
in a reasonably long time (for high signal/noistoda whereas in a TEM image recording
is parallel (simultaneous for all image points) aémals usually much shorter. Annular Dark
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Field (ADF) images can be obtained with much greatéciency in a STEM than in a
conventional TEM, however, by placing an annulated®r after the sample to collect
electrons scattered to high angles (the unscattdestions are not used). The inner angle
of the detector should be made large enough tobke ta eliminate Bragg reflections
(diffraction contrast) in the image that make imagerpretation difficult [158]. Although
the spatial resolution of STEM and TEM is compagabue to its scanning nature a STEM
usually has a poorer temporal resolution, which riayt real time dynamic/kinetic

studies.

3.3.4 Annular Dark Field Imaging (Z-contrast)

One of the most important characteristics of ADR@ng is using incoherent image
formation process in contrast to BF imaging whieless on mostly on phase constrast and
therefore interference phenomena. STEM ADF sigsalpliedominantly produced by
electrons that have been scattered by the atonuteumu (Rutherford scattering). This
makes the ADF intensity of individual atoms dependthe charge of the atom’s nucleus.
Different Z atoms therefore give different ADF ineagntensities and this imaging
technigue was called Z-contrast by Albert V. Creagehe was the first to demonstrate it
[163, 164].

The localization of the ADF signal is much betteart the localization of the signals
used by TEM BF because the atomic nucleus is mociler than the projected potential
that imaged by TEM, and also smaller than the \eaeglectron distribution imaged by
STM [162]. When STEM ADF imaging uses only suffitlg high angles, it becomes
largely incoherent. This imaging (collecting veryghh angle, incoherently scattered
electrons) is also often called HAADF imaging as thtensity recorded in this mode by
positioning the electron beam on an atomic sigzroximately proportional to the square
of the average atomic number Z of this site [1625,1166]. Incoherent images have the
great advantage that they either show the cor@drast or no contrast at all, the images
typically fade out with increasing defocus withochanging character (no contrast
reversal). This makes them straightforward to pretr and therefore often much easier
than that of BF phase contrast images which thamtrast reversible with the focusing
settings. The HAADF-STEM imaging mode is particlyarseful to visualise the structure
and defects of materials, as its chemical sensitigrovides a direct visual guide to

identify directly ad-atoms and impurities of a difnt weight than the surrounding
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material [15, 96]. Sample drift may however affdo¢ image quality as long recording
times may be necessary for high signal/noise ratames.

3.3.5 Filtering and Probe Deconvolution

Raw (unprocessed) ADF images suffer from statis{gfzot) noise and electron probe
tail. The shot-noise is due to the small signal gigel for each atom in the image and is
easy to smooth out by filtering out spatial frequesidigher than those containing the
useful information. However, probe tailing is sliyhcomplicated. Due to aberrations the
electron probe has a relatively narrow central mmaxn and an extended tail. The tail
spread from each atom contributes to the signaiddaighbours (including the hole side) in
particular for materials with narrow spacing. Faample, in the case of graphene the tail
contributes around 10% of each carbon atom’s pei@hsity to the centres of the carbon
hexagons [15]. To be able to accurately compareniatontensities and thus interpret
irregular features in the sample the tail contitrushould be removed. For this purpose, a
filter that consisted of two Gaussians can be appla positive one which is relatively
wide and which gradually cuts off spatial frequesdbeyond those actually transferred by
the microscope (smoothing) and a negative one wisigtarrower and which essentially
adds a weak and spread-out negative skirt to tagenof every atom [15, 161, 162].

Another way of removing the noise and the probg isausing maximum entropy
method. The procedures do not perform a direct miexdation, but estimate a predicted
image by convoluting it with the probe function F16These filtering procedures were
applied to some of the graphene HAADF images ptesden the thesis. As a result of the
filtering the noise and removing the tail contribat from the graphene images, the
intensity at the centre of the graphene hexagoole)went to zero (vacuum value). This
enabled identification of foreign ad-atoms e.g.ygea and silicon in the graphene lattice

via comparing intensity profiles.

3.3.6 Electron Energy Loss Spectroscopy

As described above, as a result of inelastic iotemas between the incident beam and
the specimen, the scattered electrons can losd affheir energy. This loss of energy can
be measured by a spectrometer to yield elementainical and dielectric information
about the specimen [168]. EELS is an absorptioetspecopy however, energy dispersive

X-ray spectroscopy (EDXS) is an emission spectnegoehich monitors the energy or
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wavelength of the emitted X-rays produced as altreduhe interaction of the incident
electron with the sample [169]. Contrary to EELBg E£DXS only provides elemental
information. EELS has high detection efficiency felements with low Z, where the
excitation edges tend to be sharp, well-defined, ainexperimentally accessible energy
losses, whereas higher Z elements are more eftigiestudied using EDXS because
relaxation of excited atoms by emission of X-ragdmaes more efficient for heavier atoms
(Zz>30) and also EDXS has a considerably higher tsglecange than EELS [158].
Furthermore, electrons can be collected by an Epé&ctsometer with almost 100%
efficiency, however, because X-rays cannot be didtkinto an appropriate detector their
collection will always be insufficient (usually E$han 1%). Additionally, EELS detectors
have a much higher energy resolution than EDX detecso that the absorption peak fine
structure can be recorded with greater detail aralyaed to give information about the
bonding state and electronic band structure of madge for instance [168]. An EEL
spectrum is typically divided into three energyslosgions, as shown in Figure 3.9.

EELS - AN INTRODUCTION

Zero loss - elastically scattered electrons

Low loss - interactions with weakly bound outer shell
electrons (includes plasmons - resonance of
valence electrons)

High loss - interactions with inner shell electrons, causing
excitation into an unoccuppied shell above the
Fermi level & resulting in characteristic
elemental energy loss ‘edges’ (e.g. K& L/L
edges are excited by 1s & 2s/2p electrons;
ELNES & EXELFS yield fine structures
related to bonding)

INTENSITY

0 500 1000
I I ENERGY (eV) |

Figure 3.9 EEL spectrum with the three different energy leggons.
(http://www.see.leeds.ac.uk/see-research/igt/pdapted/eels.htm)

1. Zero loss peak (ZLP) This peak contains all the electrons that hawseéthrough
the specimen without any interaction or with arseta loss-less, interaction: as its hame
suggests, the zero loss peak is found at 0 eV gihesg in an EEL spectrum. If the sample

is sufficiently thin, the ZLP is the most intensatpof the spectrum.
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2. Low loss region This region typically includes energy losses leswthe ZLP and
about 100 eV. The inelastic scattering of incidelectrons by the outer-shell electrons of
the sample's constituting atoms leads to the ddaitgor promotion) of valance band
electrons to the conduction band. Plasmon osaliatiwhich are collective excitations of
free electron density, or inter- or intra- banch&igions are also observed in the low loss
regions typically <50 eV. The intensity of these sthh@rominent peaks provides
information about the sample thickness: as a risibwamb, the more intense the plasmon
peaks are (compared to the ZLP), the thicker sample

3. High (core) loss region Energy losses in this region of the spectrum pesua
result of the interaction between the incoming tetets and the material’s inner-shell
electrons, which are strongly bound. When sufficienergy is transferred to the inner-
shell electrons they are ejected from the atomultiag in an ionized atom. As the
ionisation energy is a characteristic of each elgnoé the periodic table, edges observed
in the core-loss region contains information abthé chemistry of the specimen. In
addition to containing quantitative elemental imf@tion, ionisations edge often have
small intensity fluctuations above their onset. Sthéeatures, called the energy-loss near-
edge structure (ELNES) are sensitive to the lotahe environment of the ionised atoms,
such as its coordination, valence and the typeontiing [168].

3.3.7 Aberration Corrections

In a perfect lens, all incident rays cross thewatis at the same Gaussian focal point,
thus enabling a true representation of the sourage. In practice however, there is no
such thing as a perfect lens: all round electroretignlenses suffer from optical
aberrations. These are many types of aberratiomfudimg spherical aberration,
astigmatism, coma, field curvature, which are ggoménonochromatic) aberrations, and
there are also chromatic aberrations [170]. Thet fthree are the most important
aberrations and in an uncorrected instrument thim haiting aberration is known as
spherical aberration @€ This results in image blurring as rays travellet high angle to
the lens optic axis are focussed more strongly thga travelling close to the axis [171].
In brief, spherical aberration can be correctedugh the addition of extra lenses in the
microscope column. This is achieved using multigeleses, such as dipole, quadrupole,
hexapole and octupole [172]. The most importarfetéhce between multipole lenses and
round lenses is that in the former the field liaes mostly perpendicular to the beam while
in the latter they are largely parallel to the bedrhese additional lenses are carefully
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aligned to produce negative spherical aberratiacotopensate exactly the always positive
aberration of the pre- or post- specimen rounddendVhen pre-specimen lenses are
corrected, the microscope is said to be probe-ctade This configuration is employed for

STEM-HAADF mode. When post-specimen lenses arescted, the microscope is said to

be image-corrected. This configuration is emplofgrdHRTEM mode, in particular.

Astigmatism occurs when the lens is more powerfubme plane than in the plane
normal to it that results in displacing the crosstoof the off-axis rays along the optical
axis. The astigmatism can be controlled in the eosdr and the objective lenses. Coma
(comatic aberrations) is related primarily to raylsich are emitted from an object point
slightly off the optic axis. All the rays which tral through the centre of the lens will still
be brought to a point focus off the optic axis kayts which travel through peripheral field
of the lens will be focussed at different points.

Chromatic aberration can also cause image dist@ti@ptical lenses with chromatic
aberrations have different refractive index forfetént wavelengths of the incident rays.
For an electron lens, chromatic aberration effeglistherefore result from any non-zero
energy spread (or fluctuations in the gun accetegatoltage). The presence of chromatic
aberration results again in image blurring as ebest of different energies are focussed at
different focal points. Chromatic aberration hascdmee the limiting aberration in
particular for operation at low accelerating voéiag

The effect of geometric aberrations is easily sss& by a visual inspection of the
shadow (projection) image of the sample calleddaleetron Ronchigram [172]. Only the
centre of the Ronchigram image, the so called “swsmot’ transfers the spatial
information of the sample. Parts outside the feddisis Ronchigram need to be cut out by
the objective aperture. Automated aberration-tunahgorithms typically are used to
measure the aberrations. In one automated tunipgpaph, after an initial Ronchigram is
acquired, the probe is moved by calibrated (smathounts in orthogonal (x and y)
directions. At each probe position, a new Roncimgrsa acquired. However, the observed
shift in the Ronchigram is not uniform and therefat is necessary to measure the
distances at several observable points (or patcimeghe Ronchigram (using cross-
correlation). This data can then be used to deterriie aberration coefficients [171, 172].
The effect of chromatic aberration is not easilyegsed from a regular Ronchigram and is
not corrected for any of the data in this thesifieww chromatic aberration is the dominant
limit the resolution needs to be computed from Wadues of the two parameters that

determine the magnitude of the aberration: theroata aberration coefficient Cc and the
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energy spread of the electron bediln Cc can be measured simply by changing the high
voltage and measuring the change in defodlscan be measured if an electron energy-

loss spectrometer is a part of the STEM system.

3.3.8 Beam Effects

The electron beam might modify the structure of atemal it interacts with, thus
limiting the information that can be collected. Fexample, if an incoming electron
transfers enough energy to an atom in the latoceject it from the lattice, point defects
are formed and the sample is no longer represeatafiits pristine state. This process is
known as knock-on damage. Another potentially nefsr effect of the electron beam is
ionization damage, whereby the bonds between atombroken eventually resulting in
damage to the specimen. lonization damage is alswik as radiolysis: so-called 'soft’
materials such as polymers are typically sensttvenization damage.

Heat-sensitive materials might be damaged by tt@nmbesnergy from the incident
electron beam is absorbed by the sample througbréation of phonons for instance. As a
result, the material could become amorphous or awett, with obvious disruptive
consequences for the analysis. Phonons can alse daitt by heating the specimen [158].

Finally, incident electrons may become trapped withe sample which then becomes
negatively charged. Although this charging effechot an issue for conductive materials
as the charge can be transmitted away, it is pnudtie for non-conductive surfaces
because: the charge remains local and causesioiigaand drift that can prevent the

investigation [173].

3.3.9 Instruments for Electron Microscopy

Tecnai

Initial experimental data to identify graphene lsyand some of the high resolution
data on the metal-graphene system were obtainednoREI Tecnai F30 microscope
operated at 300 kV. A photograph of this instrumiengshown in Figure 3.6a. This high
acceleration voltage is much higher than the krmtkhreshold of carbon in graphitic
structures, which therefore greatly restricts it® dor graphene studies. The Tecnai is
equipped with Schottky electron source, an EEL spetter and an EDX detector,
enabling high resolution chemical analysis of thecgmen.
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Figure 3.10Photographs of a) FEI-Tecnai F30 and b) Nion @ii&M 100

SuperSTEM

Most of the experimental data were acquired atShperSTEM Laboratory on an
aberration corrected (up td"®rder) Nion UltraSTEM dedicated STEM. It is equépp
with a cold field emission gun with an energy sgre&0.35 eV and operated at 60 kV to
prevent knock-on damage to the graphene sampleas.ifd$trument is shown in Figure
3.6b. The UltraSTEM microscope has a UHV desigoughout, allowing pressures at the
sample of below 5xIdtorr for contamination-free observation [15]. Téstimated probe
size (full width at half-maximum) is about 1.2 Arfthe typical operating conditions for
graphene investigations at 60 kV acceleration geltand 30 mrad probe convergence
semi-angle. Detectors with different geometries @sed to collect electrons scattered to
different angular ranges. For example, the BF deteased to obtain phase contrast
images can collect electrons scattered up to 6 .nrad so-called medium angle annular
dark field (MAADF) detector collects electrons gea¢d from 45 to 190 mrad (provide
relatively high contrast and signal level) and H®ADF detector used to record the Z-
contrast images has inner and outer radii of 7@maad 210 mrad, respectively
(diffraction contrast almost suppressed). The ims&nt is equipped with a Gatan Enfina
EEL spectrometer and its acceptance semi-anglecaldsrated at 35 mrad for core-loss

spectroscopy.
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3.4 Scanning Probe Microscopy

Scanning probe techniques such as STM and AFM dwal ito obtain information
about the surface morphology and the electroniacgire of a sample. Combining
microscopy and spectroscopy (STS) capabilities m@kanning tunneling microscopy in
particular a very powerful tool in surface scien8&M has been widely used to investigate
carbon-based materials such as graphite, carboo tdyes and more recently graphene
[174]. An overview and atomic resolution STM imag#sHOPG are shown in Figure
3.11a-b. Due to its Bernal stacking the graphitewsha triangular symmetry rather than
the hexagonal symmetry asscociated with the grapbkt&ncture, as is clearly observed in
fig. 3.11b. The three carbon atoms of the top ldlyat lead to the triangular symmetry are
located above holes (centre of the honeycomb hesguf the bottom layer. The other
three atoms, which are located on top of three lyidg carbon atoms in the bottom layer,
cannot not be imaged due to the atomic interactimta/een the top and bottom. On the
other hand, the honeycomb lattice structure of lgtapcan be observed by increasing the
bias voltage, causing a decoupling of the two toftnfeyer as result of strong tip-sample
interaction (electrostatic attraction) [175, 176his is shown for instance in fig. 3.11c. It
was recently demonstrated that graphitic layers hmmletached from bulk graphite in a
controllable way, using so-called ‘electrostaticripalation STM’ [177]. The appearance
and electrical properties of graphitic flakes ofbea in this fashion were shown to be
distinct from those of bulk graphite [176].
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frame) obtained by decoupling the topmost layemftbe underlying bulk.
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3.4.1 Scanning Tunneling Microscopy

In the STM, a sharp metallic tip, ideally termirchia a single atom, is scanned a few
angstroms above the sample surface using a pieroelenotor. The principle of STM
relies on the tunneling effect. When applying atagé bias between the tip and the
sample, electrons can overcome the potential baame create a tunnelling current.
Variations in this current are used to generatenetaesolution images (it is in fact the
local density of the states of the surface of thmpe that is being imaged). Spatial
resolutions of 1 A can be achieved in the STM, dédpey on the tip sharpness and the
distance between the tip and sample (changessrdistance as small as 1 A can cause an
order of magnitude variation in the tunnelling emt). The tip must be sharp in order to
achieve atomic resolution and accurate spectrosaigtia: a blunt tip or the presence of
more than one fine point may lead to inaccuraterpretation of the STM data. As for
STEM, the scanning nature of STM limits its tempoesolution.

Depending on the biasing conditions, that is whethe tip is kept at a positive or
negative potential relative to the sample, elecroan tunnel from the tip to the sample
(tip at a lower potential), or from the sample ke tip (tip at a higher potential). This
requires that the investigated surface should bleereiconductive or semiconductive:
imaging the surfaces of insulators is almost imiidssn STM but can be achieved by
AFM [174, 178].

The STM probe is scanned laterally in theandy- directions using the piezomotors
while the height of the tip above the surface is adjusted by a faeklmechanism to keep
the tunnelling current constant on a scanned arehel STM. This imaging technique is
also known as constant current imaging-naging and provides topographic information
about the sample surface. Impurities, ripples anegrain boundaries are thus readily
observed by monitoring the relative height chandgethe surface. Furthermore, the
electronic feedback mechanism is indispensiblevtbddacrashing the extremely fragile tip
into the sample.

Gain parameters can be adjusted to tailor theegpanse to changes on the sample
surface to avoid possible tip and specimen dambkge.example, a low gain is more
suitable for flat surfaces where no quick respasseeeded. In these conditions, the tip
height can remain almost fixed. In the case of wghosurface, a high gain feedback is
required to allow the the tip to follow corrugateonf the surface. The scanning speed is
another essential parameter in STM experimentaffécts the signal/noise ratio of the
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resulting images and depending on the distancedsat the tip and the sample and the
gain level, scanning too fast above a rough surfaag cause damage to the tip. On the
other hand, too slow a scan may damage the sampface through tip-sample
interactions. The biasing conditions, feedback ipatars and scan speed are therefore
adjusted depending on the sample’s bandgap (orthearieof), surface roughness and the
size of the scanned area. Another less frequestg$TM imaging technique is known as
‘constant height imaging’. Here, the height of thgeover the surface is kept constant and
changes in the tunnelling current are recordecdtm fan image. The sample surface must
naturally be extremely flat to employ this imagimgde.

Scanning tunnelling spectroscopy on the other heandbased on measuring the
tunnelling current as a function of bias voltagéwsen the tip and the sample at a given
tip position. When acquring a spectrum, the tipgheover the surface is fixed while the
bias voltage (xV) is varied. The collected spectia be represented by plotting either the
current (I) versus voltage (V) or the normalizesha@actance (dl/dV) as a function of the
voltage (V). The latter generages spectra thatmbbethe local density of electronic states

(n(e)) versus energy (e) [178]. A schematic of &M3s shown in Figure 3.12.
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Figure 3.12Schematic of an STM.
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STM instruments are composed of two main UHV chasibi@ne chamber houses the
microscope while the other chamber is used for $amppeperation. By having seperate
chambers it is possible to maintain a better ulten@essure in the microscope and thus
eliminate contamination from impurity gases suchwader vapour, carbon monoxide,
carbon dioxide and methane [178]. The STM prepamathamber can be equipped with
several tools for surface preparation and analggstter guns, heating stages, low energy
electron diffraction detectors and Auger electrpactrometers. STM and STS can also be
performed at a range of different temperaturesnffogh (up to 1500K) to liquid helium
temperature (4K). Low temperatures are desirabliotmeaningful spectroscopic analysis
as stability of the sample is crucial: collectingpectrum from a single point on the sample
might take a few minutes, either because the veltags range is large or because a high
signal-noise ratio is required. The mobility of adsants on the surface of the sample is

also minimized at low temperatures, thus increathegaccuracy of the measurements.

3.4.2 Instrument for STM

An Omicron low-temperature UHV STM system with a®aressure of ~T mbar
in the main chamber and ~¥0mbar in the preparation chamber was used for the
experiments. This instrument can be operated fiquid helium up to room temperatures.
The maximum scan ranges in thandy directions are 1Qm x10um, 4um x4 um and
2um x2um for room, liquid nitrogen and liquid helium tenmptires, respectively. A
photograph of this Omicron LT-STM system is showrrigure 3.13.

The tips used to analyse the graphene surface made of tungsten that has been
electrochemically etched in NaOH, then rinsed innaker and subsequently degassed by
annealing in the preparation chamber. The tips wgseematically tested by scanning over
a known substrate like HOPG or Si(111) in the ntdiamber.
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Figure 3.13Photograph of the Omicron LT-STM.
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Chapter 4

Transmission Electron Microscopy of
Graphene

4.1 Introduction

Some of the TEM based graphene studies are reviawhkdre to provide a general
perspective regarding existing studies that alsdude some of our own results as
introduction to investigations presented later. T been widely used in graphene
research for applications as varied as: numbeaydrs determination [14, 92], elemental
identification [15, 179, 180], surface roughnesgples) [92, 181], detection of sheet edge
types [107], observation of defects [93, 95] aratlsing faults [182, 183], impurities, such
as contamination [66] and individual ad-atoms [1GSfect of radiation [184, 185] and
investigation of graphene based heterostructui@gs]]1

4.2 Identification of Graphene Layers

The TEM is a versatile method to differentiate #&ngdouble- and few- layer
graphene through selected area electron diffraclitbe layers can be identified from the
intensity ratios of the diffraction spots in theffidiction pattern [14, 92]. In addition,
diffraction peak intensities vary only weakly withe tilt angle between the graphene
membrane and the incident beam for single laygotgrae, whereas for bilayers, tilting of
a few degrees leads to strong variations in tHeadtion intensities [14].

The roughness of suspended graphene membrane® @dsobstudied via diffraction
analysis [14] and it is found that the diffractipeaks from monolayers broaden with tilting
of the sample but the spot broadening in bilayer@as is approximately half as strong as
in monolayers and completely disappears for mykitagraphene or graphite. This spot
broadening is attributed to the roughness of gmphmembranes, which indicates
graphene is not perfectly flat. Researchers algmested the microscopic roughening
could be essential for the structural stability2@f membranes [92]. In addition to small
height variation (few nm) called ripples, graphei®o shows macroscopic corrugations
(few micrometres). The corrugations can be relatdunintentional bending of the
supporting grid or mechanical strain during falta [187]. In these cases, ripples are

claimed not to be intrinsic as opposed to obsewmatby Meyer et al. [92]. Moreover, in
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contrast to Meyer et al. [92] and Wang et al.” [[L8&iming that the ripples were seen to
be static (at least for a certain period of tineanges are observed to occur in specially
filtered HREM images over a time period upon defeamnation [181]. Researchers stated
that the ripple formation is related to local chesign the graphene stiffness, which arises
from point defects, so it is argued that point defdacilitated the ripple formation [181].
Hence the origin of the ripples in graphene, whethey are intrinsic features driven by
energy minimisation of the 2D structure or are ddtrced externally, is not perfectly
understood [20, 189]. Despite the unclearness]agppeem to be an intrinsic feature of
graphene and other 2Ds, however, the ripples camdre pronounced or enhanced in
presence of external agents.

EELS can be used to confirm the presence of silagiers and differentiate between
one, double and few layers [13, 90]. Experimentadlies and DFT calculations af and
o+n- surface plasmon modes in free-standing monolayaphene were found to be
compatible with each other and plasmon energiestd& and ~14.5 eV, respectively, were
established, which are substantially shifted frdmeirt values in graphite [90]. These
plasmon peaks are broadened and their energig¢sdship as the number layers increased.
However, the presence of hydrocarbon contaminationthe graphene surface may alter
the EEL spectra values resulting in slightly highlErsmon energies than expected.

As mentioned in Chapter 2, Light microscopy, Ramspectroscopy and AFM studies
of graphene are generally used to determine thebaumf graphene layers. However,
these techniques are not straightforward for theerdenation of the orientation of the
layers with respect to each other and of the stagckonfiguration, whether AB stacked or
misoriented, since both types of bi-layer graphemeld appear almost the same when
analysed by AFM or optical microscopy. To overcatme difficulty electron diffraction
is an unambiguous way to identify rotational stagkfaults in few layer graphene that
reveal themselves in a diffraction pattern by npldtidiffraction spots. Rather than having
only 6 spots in each ring of the pattern as indase for single and AB-stacked few layer
graphene several orders of 6 spots appear for imnded layers (6, 12, 18 etc.) where
each 6-spot pattern represents one layer [182, ¥83¢n graphene layers are rotated with
respect to each other it gives rise to Moiré patteand changes the periodicity in the
graphene lattice (larger than single- or AB-stackedti- layer graphene). However, the
periodicity depends on the rotation angle that loardetermined by measuring the angle
between neighbouring diffraction spots in the sanmg of the diffraction pattern.

Rotation of graphene layers on top of each othalss known as turbostratic graphene.
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Turbostratic graphene is frequently observed wheawg on Ni [190], grown on SiC
[191] and in graphene obtained from graphitic sasmss [182]. The rotation between
the layers might be a result of folding of layersridg the exfoliation or the transfer
process. It has been demonstrated both, theoilgtieald experimentally, that the
graphene layers become electrically decoupled wherayers are misoriented [192]
Parabolic band behaviour of Bernal stacked two rlage@phene changes to linear
dispersion when the layers are decoupled, meanicigaage in the electronic structure
upon layer rotation. An external electric field doeot opena band gap in the
spectrum in case of turbostratic bi-layer graphenéke in Bernalstacked bi-layer
graphene. The Moiré pattern of turbostratic graghean be also used to determine
lattice strain effects because the lattice strainvben the layers affects the appearance of
the moiré pattern by distorting the hexagonal shégbeetched or/and rotated) of the

supercell [191].

4.3 Beam Effects on Graphene in TEM

Electron beam irradiation has a strong effect @nptoperties of graphitic structures
due to knock on damage (vacancy formation) [18Bgcarbon knock on energy threshold
for graphene is calculated to be ~17 eV per atohis Energy can be transferred to a
carbon atom from a 86 kV electron beam [194, 18&hough the electron dose of the
beam is an issue [66], an incident beam with 80ok\Wower is suitable for maintaining
graphene defect free in the TEM [13, 107, 184]. Bwev, displacement of carbon atoms
from graphene edges and defective regions is kriovre easier compared to basal plane
damage [107] and is found to be ~14 eV for the edd®2]. Additionally, as more
recently suggested beam energies of below ~50 kWildhoe employed to minimize any
knock on damage of graphene in the basal plangefiective regions and at edges [115].
The radiation damage in graphene or other carbeedoaystems can be minimized by
annealing at moderately high temperatures in therascope column at high vacuum
conditions by giving rise to self repairing mectsmi[196]. Moreover, irradiation of
nanostructures does not always introduce damaganitlso have beneficial effects such
as doping pre-selected areas of graphene sheetsalpting graphene layers [130].

Electron beams (>80 kV) combined with high tempe&ed can be used to tailor
graphene into desired shapes [110], such as n&omsband graphene chains. The latter

can be also obtained by narrowing the nanoribbom® both sides down to one carbon
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chain under a more energetic electron beam [115], 18these studies, high temperatures
were used for self-repairing of vacancies which evereated during sculpting and for
protection against fast amorphisation which arigeder more highly accelerated electron
beams at room temperature.

Annealing under extreme heat either by using a dtage holder [196, 197] or
applying bias [198] in a high vacuum environmemisi@le the TEM column) is also the
most efficient way to get rid of hydrocarbon coniaation on the graphene surface [66].
Furthermore, amorphous carbon layers can be cauénto crystalline structures with
high temperature treatment in TEM at around 200099].

Another role of the beam in the microscope is Hopint defects (single or double
vacancies) in graphene by nearby adsorbents eveormattemperature; this is accepted to
be driven only by the electron beam. However,riglia hole rather than a point defect in
graphene has not been observed in (S)TEM studiesoat temperature until this year
[24]. On the other hand, graphene healing has bsently achieved under extreme heat
in the range of 400 up to 1200°C in TEM. In additio high temperature influence, the
electron beam (80 kV) was also proven to have kimgzact on the healing process as no
healing was observed without beam irradiation eatelmgh temperatures [196]. In fact, in
this report carbon atoms that were sputtered frioenedge of holes and those that were
knocked-out of hydrocarbons or out of thick regians competing in enlarging and filling
the hole under the electron beam irradiation. Higatif a hole in graphene has been also
shown to occur due to current-assisted annealirghagh bias in the presence of carbon
ad-atoms. The temperature due to Joule heatingtismated to reach between 2000 and
3000°C. The healing is suggested to start from the ed@ebe hole in the graphene by
carbon atom addition to the edges [200].

The other known effect of electron beam irradiatisnionization damage, which
causes chemical and structural changes of thempacilonization damage is becoming
predominant at decreased primary beam energy amnigation cross-section increases
opposite to the knock on cross-section [159]. Geaghionization damaging in the TEM is
also related to vacuum level of the microscope rooludue to presence of vacuum

contaminations).
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4.4 TEM Characterisation of Pristine Graphene

Due to the substantial amount of hydrocarbon comtation, foreign ad-atoms and
other residues from the chemicals used during dabdn and transfer graphene layers
were found not to be perfectly clean as evidengeldlw magnification TEM micrographs.
Although presence of contamination can be reduc#ld @areful and cleaner fabrication
and transfer procedures, ‘unintentional’ contamara{due to handling of the samples in
air or to residual gases in the TEM column [13, &BEit to lower amounts, was observed
to exist on the surface at all times. Raw AC-TEM &t AC-STEM HAADF images of a
reasonably large area single layer graphene fla&keslzown Figure 4.1. It can be clearly
seen in both images that clean graphene regiosgl(es free areas) are limited in size
(from few to few hundred nfj and surrounded by contamination, which was fotmd
consist of H, C, O and Si in our EDX analysis aarout in the TEM. As seen in fig. 4.1
carbon atoms appear dark and the centres of hesdfote sites) bright in the BF image
(reversible by changing the focus) ande versan the HAADF image, here carbon atoms
are bright and holes dark. Contaminations are @sre visible in HAADF due to higher

scattering in regions with heavier atoms and latigiekness.

Figure 4.1 High resolution (raw) a) TEM-BF and b) STEM-HAADmages of pristine
graphene. The first image was acquired with JedWAROF and second image with Nion
UltraSTEM 100.

TEM electron diffraction is a straightforward teadure to distinguish single- from
double- and few-layer graphene by comparing thensities of the first and second ring of
the diffraction spots [14, 92]. For single layeagiene the intensity of the outer hexagon
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spots is roughly the same as or less than thdteoininer one. In contrast, for double layer
graphene the outer hexagon intensity is higher ti@ninner one. Figure 4.2 shows

diffraction patterns for single and double layeairene and their intensity profile.

Figure 4.2 Diffraction patterns of a) single layer and b) bleulayer graphene. Intensity
profile plots taken between the red arrows are shimmthe inset. The diffraction patterns

were acquired with a Tecnai F30.

After identifying monolayer graphene high resolatidEM (HRTEM) and STEM
(HAADF) micrographs were recorded. Although both'HEM and STEM can be used to
visualise the graphene structure, STEM-HAADF images more powerful to identify
individual atoms in the lattice due to its approateZ sensitivity. Thus, atomic resolution
STEM was used to visualise the hexagonal atomigctstre of graphene as well as
individual carbon atoms in the graphene latticeomAt resolution STEM- BF and
HAADF images of single layer graphene are showirigure 4.3a and d, respectively.
Although the images are unprocessed and acquiré@ &V, hexagonal periodicity and
individual carbon atoms, especially in the HAADFaige, are visible. Simulated STEM-
BF and HAADF images with the respective STEM paramseare also shown in fig. 4.3b
and c, respectively. The simulations were perfornveith the Kirkland TEMSIM
simulation software [201]. This program uses thdtislice approximation to calculate the
electron wave function exiting the specimen. In theltislice method the specimen is
divided into thin slices and each of these addsase shift to the wave function depending
on the specimen potential. The incoming plane macivave interacts with each slice and
propagates through the specimen and exits frontatitglane [201]. Since STEM (BF and
HAADF) image simulation requires a multislice cdétion for each point (each position

of the probe) in the image, the electron wave fonctvas sampled with 512x512 pixels
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but the final image is calculated for 256x256 pixil reduce computing time. To create a
supercell (12x12) for the simulation, atomic cooedes have been generated with the
Matlab program. The simulated images look sharper lass noisy than experimental
images because the simulations were performed wutitboermal broadening. Realistic
microscope parameters were used, namely 60 keV keeangy, -5nm defocus, -0.03 mm
Cs value, 27 mrad convergence angle, 0-6 mrad Béce and 70-210 mrad HAADF

detector angular range.

Figure 4.3 Atomic resolution a) experimental raw STEM-BF, bjslated STEM-BF, c)
simulated STEM-HAADF and d) raw experimental STEMADF images of pristine
single layer graphene at 60kV.

HAADF images are found to be very useful for obsegvforeign ad-atoms on/in
graphene and most of them can be identified viensity/contrast analysis by utilising the
sensitivity of HAADF images to the atomic numbeb[161]. However, HAADF imaging
in combination with EELS dramatically increases #oeuracy of chemical analysis. For
example, Si, one of the most abundant and stalsi@gonants in graphene, was observed
and identified by simultaneous HAADF imaging andLSEanalysis shown in Figure 4.4.
The point spectrum was taken on the red circleghbatom, which was identified to be Si
by its L, 3 absorption edge (energy loss of ~100eV).
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Figure 4.4 a) Noise filteredSTEM-HAADF image of single layer graphene with Itig
atom at bottom left side, b) EEL spectra taken lw red circled bright atom in a) and
background subtracted spectra shown as inset wttedlline showing that the bright atom

is Si.

Despite being inconvenient, an alternative waydont the layers in graphene sheets
is to observe the edges due to the TEM signaturfeldéd regions similar to nanotubes.
The layer number can be determined by countingdtr& lines at the edge as shown in
Figure 4.5. One line in fig. 4.5a and two linesfim 4.5b can be seen which represent

single and double layer graphene, respectively.

P

<7

Figure 4.5BF images of a) single layer and b) double layapbene identified as such by

the number of lines at the edges.

Diffraction patterns and Fourier Transforms (FT) DEM micrographs are also
utilised to identify and observe disorderednaisoriented graphene membrakeswn as
turbostratic graphene. The turbostratic double rlayphene were easily identified by
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multiple diffraction spots, there are 12 spotsaelering rather than just 6 in and each
group of 6 spots arises fromifferentlayers [182, 183]. The rotation angles between
layers have been found to be vary from 1° to 59§rele Diffraction patterns for

turbostratic graphene are shown in Figure 4.6 aeddtation between layers are 8°, 12°

and 30° as measured from neighbouring spots.

Figure 4.6 Diffraction patterns of turbostratic graphene. Engles between the spots are
8°, 12° and 30° in (a), (b) and (c), respectively.

The Moiré periodicity in the turbostratic graphesdarger than the lattice periodicity
of single layer or AB-stacked few layer graphenkisTcan be clearly seen in a schematic
of AB-stacked two layers and turbostratic doublefagraphene as shown in Figure 4.7.
The Moiré pattern changes with rotation angle, modeasing angles (up to esult in

smaller Moiré periodicities.

Figure 4.7 Schematic representation of a) AB stacked doubjerlagraphene and b)
turbostratic double layer graphene showing a Mpatern.

Although diffraction patterns can be used as agittiorward method to identify the
presence of turbostratic graphene, it is importa@ntwitness the Moiré pattern at a

reasonably high magnification because single, dowrd turbostratic graphene layers
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appear quite similar to each other when observdéovatmagnification. Atomic resolution
STEM-BF images of turbostratic graphene are shawiigure 4.8. The change in the
Moiré pattern can be observed as the rotation angteeases resulting in smaller

periodicities.

Figure 4.8 Turbostratic double layer graphene STEM-BF imates are taken at 60kV.
The rotation angles between the layers dr&%5and 18 in a), b) and c), respectively. The
rotation angles are measured on their respective F$hown as insets.

These misalignment in between layers might be fdrnairing exfoliation of
graphene with different orientations on top of eatler or during the growth process
[202], in particular graphene grown on nickel. Howevers ihot perfectly clear whether
they originate from the fabrication process orimgic stacking faults (any deviation from
known graphite stacking).

Graphene layers are not perfectly flat and show esdmight fluctuations called
ripples. There is a consensus that the ripplesraplgene are essential to stabilize 2D
materials in 3D [189]. Ripples are important in grane research due to possible
detrimental effect on the transport and mecharpeaperties [12]. Ripples are frequently
observed topographic features for both suspendddsapported graphene, however, as
previously mentioned, it is still unclear whethey are an intrinsic feature or induced
during preparation or measurement [181, 203]. Laigees (macroscopic) are believed to
be induced by the substrate, however, microscoppias are accepted to be intrinsic. The
latter property was ascertained by broadeningefiiffraction spot upon tilting [92], or by
special filtering of TEM micrographs [181], or bynploying monochromated aberration-
corrected microscope [188]. In the latter case mm@nochromation expand temporal
coherence envelope function which increases infoomdimit by reducing the energy

spread and thus enhances the local contrast fanadl it of the graphene surface that
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resulting from the ripples. The wave length and ktogte of ripples is suppressed for few
layer graphene and almost no ripples are obsenveptaphite even at large scale [188].
However, relatively small sized ripples were obseérdirectly with an aberration corrected
STEM probe due to the small focus depth without omtmomator or special filtering as
shown in Figure 4.9. Due to the height differenicethe middle right of the 5x5nm frame,
the focus is changing in the rippled region relatto the rest of the area this leads to
visualisation of topography. However, due to lirditgze of the frame it was not possible
to determine the wavelength of the ripple exaddigth figures are the same and unfiltered
HAADF images taken at 60 kV in SuperSTEM. Falseouolhas been used for better
visualisation of the ripples in the fig. 4.9b.

Figure 4.9a) STEM-HAADF images of rippled single layer grapk and b) false colour

image of (a).
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Chapter 5

Scanning Tunnelling Microscopy of Graphene

5.1 Introduction

It was decided to combine TEM and STM techniquesdmpare the results with
regards to detailed information of the topographyg she metal-graphene interaction, in
particular gaining electronic information by spestopic measurements. Metals have
been extensively studied on supported graphene date by STM, so STM studies would
not have provided new informations about thoseraatéons, and would furthermore not
be comaprable to TEM data, unless such studiesbeildone on suspended graphene.
Thus, as one of the main challanges STM would Havbe carried out on suspended
membranes. As well as eliminating the substratecgfthe ability to anneal the graphene
samples to get rid of organic contamination, insitetal depositions and investigations in
the UHV system makes STM a powerful technique teestigate graphene-metal
interfaces. Performing preparations and experim@mtshe same instrument in UHV
minimises most of the possible contaminations, saghir exposure of the sample during
handling. STM also provides much control over thetahdeposition that can be performed
at variable temperatures which will also affect tetal behaviour.

As mentioned above STM studies of single layeplgeae have so far been performed
mainly on a substrate onto which the graphene wasvrg or transferred [85, 204].
However, quasi suspended graphene layers haveshedied on graphite [176, 177] and
on SiQ [203] due to decoupling of the layers in the ficsise and due to the substrate
surface roughness in the second case. In additieng are some recent attempts to study
suspended graphene samples [177], however, thstigagon of truly suspended graphene
has not been achieved yet.

Here a technique has been developped to stuljysmspended graphene membranes
in the STM. Annealing of the graphene membranes f@and to be crucial to rid the
surface of most of the organic contaminations asdhare preferential nucleation sites for
the metal ad-atoms and clusters as will be show@hapter 6 and 7 in our (S)TEM
studies. The metal deposition on the graphene sanfipt the TEM studies was performed
as ex-situ with poorer vacuum conditions (22010° mbar) so using UHV for metal
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evaporation can minimize oxidation of the metalsiry evaporation. Discarding the
subtrate impact, getting rid of the contaminatiams the surface and in-situ metal
deposition in UHV at different temperatures are thain goals behind the project to
analyse the effect of metals on the physical aedtelnic properties of graphene. STM
studies of suspended pristine graphene have bdeievad as a part of the project,

however, investigations of the metal- grapheneauton are still underway.

5.2 Methodology

The CVD-grown graphene layers were used to makpesuled graphene membranes
for STM investigations. TEM grids were used to Ideao suspend the graphene layers.
Lacey carbon and quantifoil TEM grids were usediovide the necessary mechanical
support for graphene membranes. Layers grown opecogubstrates were transferred to
these TEM grids in the same way as in the premeradsf TEM samples. However, the
specimen has to be fixed on a flat plate for thtMSEkperiments. Thus, ahead of loading
the sample to the STM chamber the grid was mouatsgecially designed sample carrier
which provides mechanical support and does notife suspended form. The grid carrier

consists of two metal pieces between which theigritked as shown in Figure 5.1.

Figure 5.1 Schematic of the TEM grid carrier. The grid igts center of the carrier with

the graphene layers on it.
An Omicron low-temperature UHV STM system with égsessure of ~18 mbar in

the main chamber was used in the experiments. Actrechemically etched tungsten tip

was tested for its sharpness on Si(111) or grashiteaces because of their well-known
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structure and flatness. The STM data for suspegd@ohene were obtained only at room

temperature.

5.3 STM Characterisation of Pristine Graphene

Before investigating suspended graphene, CVD-grgraphene layers were studied as
grown on the copper substrate. STM data were takéguid nitrogen temperature (77K).
Prior to scanning the graphene surface on the cofipe samples were initially degassed
for few hours at <100°C and then annealed at edeviE@mperature ranging from 400°C to
600°C for few hours or overnight depending on theamliness of the surface. The
annealing enabled to study residue free graphema&css [66, 205]; without these cleaning
procedures STM imaging of graphene was found taalb®st impossible. Figure 5.2
shows low and high magnification unprocessed STMges of single layer graphene on
the copper upon annealing. The experimental date wealysed by using the WSxM
software [206].

Figure 5.2Unprocessed STM images of CVD-grown single layapbene on a copper
surface, a) 35nm frame and b) 5nm frame and its 8ikxdwn as inset indicating the

hexagonal symmetry of the graphene.

As well as obtaining atomic resolution imaging gfaphene, detailed STM-
constant current imaging of graphene on copper lesl to many different
observations, such as ripples, wrinkles, buckling Moiré patterns. The wrinkles that
are random corrugations (larger than ripples) @& tinaphene surface most probably
were formed during the growth followed by a fasbliog step in the CVD chamber, or
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it might have been introduced during annealing doethe opposite sign of the
expansion coefficient of graphene and copper [20®@)jlst copper shrinks during
cooling graphene expands resulting in wrinkle fafimn to release the induced strain
[207]. The observed wrinkles are between 2 and 4immwidth and up to 1.4 nm in
height. Figure 5.3a shows a 20x20 nm frame of akied area of graphene on copper
and an enlarged area of fig. 5.3a is shown in5igb. Due to height diffrences on the
wrinkle, the structure could not be resolved evdrgre in the fig. 5.3. Corrugations are

seen much more clearly in 3D representations ofrtfages, shown as insets.

Figure 5.3 Corrugated single layer graphene STM images oopper surface a) 20nm
frame and b) 3nm frame which is the enlarged imabehe red square in (a). 3D

representations are shown as insets.

Due to lattice mismatch between the graphene haduhderlying copper or as a
result of rotation of the graphene layer on thepmsurface, Moiré patterns have been
observed frequently when a reasonably large aresa sganned [85, 205, 207, 208].
Similar to turbostratic double layer graphene ie fthEM, when the rotation angle
increases a smaller Moiré periodicities have beleserved for graphene on copper in
the STM. Similar patterns were witnessed in our kvdor graphene grown on
polycrystal copper rather than single crystal Cd{l1Polycrystalline copper has two
major orientations that are predominantly Cu(108) 4o a lesser extent, Cu(110).
Thus, different Moiré patterns could in principbe observed even without layer
rotations. Two different Moiré patterns are obsehin our investiagtions as shown in
Figure 5.4. However, without additional experimefite XRD we cannot confirm
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directly from these images whether they are arssa 1@sult of different orientations of

the polycrystalline copper or rotation of the lager

Figure 5.4 Moiré appearance of single layer graphene on coppdace 10nm, 5nm and
2.5nm frames in a), b) and c) respectively, takénthe same area by zooming in.
Simultaneously taken d) STM constant height imaggee) STM current image of another

Moiré pattern with clearly resolved atomic struet@®nm frame).

Steps on the copper surface and how the graphiemddilow the steps were also
observed during the STM experiments. Figure 5.5@awshan overview image of the
graphene on copper along with its 3D representatrorwhich the steps, in fact
multisteps, are clearly observable. The graphegersaare continuous throughout the
step edges. This is shown in the atomically resblwveage in fig. 5.5¢, which is the

magnified area of the blue square in fig. 5.5a.

76



Figure 5.5 CVD-grown graphene are shown to follow the surfand steps on copper. a)
an overview STM image of single layer graphene,nb®@rame, b) 3D representation of

(a) showing multisteps of copper and c) magnifredge of the blue square in (a), 10nm.

5.4 Results and Discussion

The results of this project were published in  Nsaabe in 2012. The  original
manuscript for “Scanning Tunnelling Microscopy of Suspended
Graphene” (Nanoscale, 2012, 4, p.3065)presented below.
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Scanning Tunnelling Microscopy of
Suspended Graphene

Recep Zan Chris Muryn, Ursel Bangert, Philip Mattocks, P&\incott, David Vaughan,
Xuesong Li, Luigi Colombo, Rodney S Ruoff, Bruceniiion, Konstantin S Novoselov

Nanoscale, 2012, 4, p.3065

ABSTRACT

Suspended graphene has been studied by STM fdirsthdime. Atomic resolution on
mono- and bi-layer graphene samples has been edtaiter ridding the graphene surface
of contamination via high-temperature annealingti€tlocal corrugations (ripples) have
been observed on both types of structures.

TOC

Graphene offers new, unexplored opportunitiesuirfiaze science: it is a rare case
of surface without a bulk, so the methods of swefacience give us unique information
about this material. Scanning tunnelling microsc¢®¥M), in particular, is a powerful
technique for studying surface morphology as welekectronic structure on the atomic
scale. STM studies of graphene have been carngdfay material prepared on a
number of substrates such as $iSiC, Cu, Ir, Ru and othel€ The graphene layers

prepared on these substrates were obtained byrehfeechniques, for example by
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exfoliation? chemical vapour deposition (CVD) using differegpés of gases (e.g.,
methane or ethylene) on different substrafé$,as well as by graphitization of Si€.
Characterization of such films has typically expddi Z-imaging scanning tunnelling
spectroscopy (STS) and low energy diffraction pat@nalysis, all in situ and in UHV.
Initial reports involved pure graphefi&, ’ but STM analysis of metal clusters on
graphene has also been performed, exploiting th&tatographic quality and chemical
stability of graphene as a substrate for clusteasueement: ® ** *>Graphene was also
studied on graphite via STM where graphene flakas thecoupled from the substrate
and showed characteristic behaviour of monolayaplgené. Geringer et at® claimed
that quasi-suspended graphene was studied sinageulgbness of the Syubstrate is
higher than that of the graphene on top of it, yimg that some areas of the graphene
do not touch the surface, and hence suspendednegi® present. Luican et*alhave
also recently attempted to study graphene on treassom electron microscopy (TEM)
grids using STM; they have imaged graphene layersxan-suspended parts of the
sample, i.e., on grid bars, but they were unablenige suspended regions of graphene
because they consisted of relatively large areassing excessive spatial fluctuations
for STM imaging, even at 4K. Truly suspended grajghénas so far been studied
mainly in TEM!® ' Both, theory?® #* and experiment 2 suggest that the substrates
on which graphene is typically deposited, for cleégdsation and for applications,
have a significant influence on its properties. 8exe of this and because of
uncertainties concerning the invasiveness of TEMSOEM experiments as a result of
the high energy density of the electron beam euesnargies below the displacement
threshold of carbon atoms in graphene (i.e. <80)K&\#*we have attempted STM z-
image studies of freely suspended graphene. Hereprgsent for the first time
examples of atomic scale resolution imaging oflireeispended graphene layers which
point to the conclusion that nanoscale, temporathtic ripples can be reproducibly
observed, at least with the preparation and suspemsethods described. The ability
to obtain such data rests largely on in-situ clegnprocedures used, which we also
outline in this paper.

The graphene samples used in this experiment weryen by chemical vapour
deposition (CVD) onto copper substratésThe graphene on Cu was then spin-coated
with poly-methyl methacrylate (PMMA) to provide memical support and to facilitate
handling after Cu substrate removal. The Cu sutssinas etched away in a 0.1 molar

ammonium persulphate ((NH&:Osg) solution, rinsed in deionised water, and then
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transferred to a 400 mesh lacey-carbon-coated @i dhe lacey carbon network
coating consists of narrow (50nm) interconnectegstof amorphous carbon bordering
holes of a few microns in diameter, providing admainantly open structure, thus
giving rise to suspended graphene over about 90%hefarea. The fact that the
suspended parts are only few microns in diametdrcamducting measurements in the
proximity of the grid bar, helped ensure the meateastability of the graphene on the
carbon coated Cu grid during the experiment. TheViAMvas subsequently dissolved
by immersion in acetone for a few minutes. The TN was then dried in a critical
point dryer to avoid collapse or deformation of thembranes due to surface tension.
The transfer of graphene involves chemical treatimemd so residues, e.g., PMMA and
other unintentional impurities, may be left on tip@phene surface, which affect the
imaging conditions in the STM. In fact, introductiof chemical surface contamination
at some level is common for all film transfer oopessing steps, e.g. similar residues
are likely to form as a result of lithographic pedcires when defining contacts or mesa
structure on graphene on nonconductive surfaces3iky.

Both UHV RHK and Omicron low-temperature UHV STMssems (residual
pressure 10-10 mbar) and electrochemically etchedsten tips, formed and cleaned
in UHV, were used to analyze the surface of graphenour experiments. All STM
data were taken at room temperature (300 K) andpkatip bias voltages were
typically between 0.5V and 1.5V with tunnel curremanging from 0.1 nA to 1.0 nA;
for atomic resolution a higher tunnelling currenasvused. To ensure optimised tip
performance, gold on mica and graphite (HOPG) samplere used as references.
Also, in order to ensure that tunnelling was ociewgron the suspended parts, we
systematically took images at small spatial sepamadcross entire grid squares with all
high quality images vyielding similar result, whiclwas repeated on a number of
different samples. In the following we demonstrateannealing process to minimize
residue on the suspended graphene, as well as ¢walagnd triangular atomic
structure and topographic ripples. The experimewmtaia were analysed by using
WSxM software?

Prior to mounting the TEM grid in the STM chambege ascertained the presence
of graphene flakes and their coverage in the TEM, @nsured, via electron diffraction,
that the deposited material was predominantly mayex graphene: the films we used
also showed the presence of bilayer regions oves than 5% of the sample area.

Unfortunately most of the area was covered withyparic, hydrocarbon residue,
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from, e.g, the PMMA, as described above as a redulvet chemistry, consisting of
carbon, oxygen and hydrogen, as revealed by our &SEELS measurements. This
residue sometimes forms randomly oriented thick ymous layers, The residue also
contains metal impurities from the growth substratg., Cu, and inevitably Si, a well
known impurity on graphene regardless of the prtidacmethod. Thus only small,
nanometre scale clean patches exist on the untregméphene surface, as is commonly
observed in TEM studi€s, (fig. 1a). Better surface preparation techniquékhave to

be employed to have access to residue free graphene

Since we observed surface contamination, pringipadnsisting of hydrocarbons,
on the graphene surface by TEM, we annealed theghgree in both TEM and STM in
UHV environment at various temperatures, rangirmgnfrs0C to 550C in an attempt
to find the best conditions to achieve stable tlimge and good image quality. Figure
1 shows TEM and STM images of suspended graphefeeband after annealing;
these indicate presence of residue (figs. 1(a) @y and effects of annealing at
elevated temperatures (figs. 1(b) and (d)). Itlesacfrom both TEM and STM images
that annealing at 558G shows the cleanest surface and stable tunnetisg M.

By further exploring the annealing regimes in terof time and temperature it was
found that annealing for 24 hours at 3G0is usually sufficient to remove almost all
organic (hydrocabon) contaminatioso the size of thelean graphene patches has
increased from few nfrto several hundreds of rirtsee inset fig. 1(b)and with a well

formed tipwe were able to obtaiatomic resolution images (Fig. 2).
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Fig.1 TEM images of suspended graphene (a) before angealth FFT shown in the
inset; (b) after annealing at 550°C for few hoartow magnification image shown in inset
(700nnt frame); STM images (c) before annealing; (d) Afmnealing at 550°C. All
images represent raw data. The STM scanning conditivere: tunnelling voltage of 0.5-
1.5V, current 0.1-1 nA.

A clear honeycomb monolayer structure was obsewidfd an interatomic distance
of 1.4 A, consistent with literature values. Consently fig. 2(a) shows six spots in the
Fourier transform (inset), indicative of the grapbdattice. This cleaning procedure
allowed us to acquire atomic resolution graphenages at almost every probing
position on the suspended layer.

82



Fig. 2 High resolution STM images of monolayer graphefe. Raw and (b) FFT
filtered image. Hexagonal monolayer structure canobserved in both images. The
image acquisition parameters were;y= +0.6 V and | = 0.3 nA. Inset in shows the
FFT.

In some areas of the sample both hexagonal aytriar structures were observed in
a single image frame, corresponding to monolayer l@tayer graphene respectively, as
shown by the raw and FFT filtered images of sucegians in figs. 3(a) and 3(b),

respectively.
=

Fig. 3 High resolution monolayer and bilayer graphene aiegi(a) Raw and (b) FFT
filtered images. Hexagonal monolayer (solid lineag) and triangular bilayer (dotted line
square) structures can be observed in both imdgpesimage acquisition parameters were:
Vpias= +0.6 V and | = 0.5 nA.

The stability of 2-D structures has long been dethZ 2’ and ripples in graphene

layers, although commonly imaged in supported fifnfs'®

are of great interest. Their
origin, whether they are intrinsically driven by eegy minimisation of the 2-D
structuré® or are rather due to essentially extrinsic phenmanéas not been resolved

in the existing literature. Many such extrinsic sas could exist depending on sample
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preparation e.g. defect mediated local changesraplgene stiffness, unintentional
bending of a supporting grid or mechanical straiming fabricatior’® Equally, the
question as to whether these ripples are dynamstatic, is a subject of great interest
and is hitherto unresolved. In a previous STEMdgfi! using Fourier filtering
procedures, we have shown that ripples in monorlgyaphene have wavelengths on
the scale of 5 to 10 nm, and amplitudes of typic@lb nm. Ripple patterns observed in
the STEM have proven to change in subsequent sbaingg strongly influenced by the
time varying point defect distribution which is den by the electron beam interactions
with the film. In the present STM images of sugpesh graphene we observe distinct
topographic ripple features, which strongly resamtile ripples of STEM data in
terms of shape, wavelength and height. We haveesyically imaged graphene
addressing many different areas of suspended ragtand conducting repeat scans in
given areas. In doing so we established the genepalgraphy and also the stability of
ripples in suspended graphene; examples are givéigs. 4(a) and (b), where height
variations (ripple amplitude) of the order of 1 nmere observed. A line profile (blue
dotted line in fig. 4(b)) shows the height variatiacross a 10 nm frame size in the
inset fig. 4(b). The images of figs. 4(a) and (kBpresent the first and last in long
sequence of repeated imaging. The ripples areestabl no changes, aside from small
sample drift, are detected over a time period a@fudalb> minutes of continuous imaging.
The same situation, on a magnified scale, is eviderigs. 4(c) and 4(d), showing a
different area of graphene. Again, the images gd.f4(c) and 4(d) are the first and the
last of a series. The ripple amplitude here is &bl which can be seen from line
profile shown in the inset. In both sets of ima¢ge$® and c,d) the lateral periodicity or

wavelength of the ripples is a few (~5) nm.
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Fig. 4 High resolution 3D STM images of monolayer graghda) First and (b) last image
from an image series showing a 1Gnanea; (c) first and (d) last image from an image
series showing a 5rfmarea. Both image pairs demonstrate that the Spple static. The
acquisition parameters werepd = +0.6 V and | = 0.5 nA for (a) and (b) and 0.8vda
0.6nA for c, and d. Insets in (a) and (c) show 2Becounterparts. Insets in (b) and (d)

show a line profile taken along the blue dotteddin

Stolyarova et a.and Ishigami et dl.have attributed such ripples to the interaction
between graphene and the underlying substrate cguffa their case silicon dioxide)
whose roughness may have led to corrugations wiiing and defined patterns; they
do not ascribe the ripples to intrinsic propertégraphene, in contrast to observations
by Geringer et at® However, in the absence of any substrate or suppmur
measurements on suspended graphene strongly suljgette observed ripples are not
related to substrate interactions so they migheibiger formed via an interaction with
the still present contamination or an intrinsictéea of graphene or as a result of the
interaction between the tip and the graphene fldkewever, the latter is unlikely
because no change has been observed on the rigpbesrances as is stated above.
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We can also elimate ripple formation as a resultingpurities left on graphene by
scanning areas of tens of Aitwhere no contamination is observed. The ripples we
observe in unsupported graphene are static in @atime long term stability and
reproducibility of the images and the ability torfoem atomic resolution imaging both
mitigate against a ripple structure which is vagyion any time frame that would
perturb STM imaging. Equally the bias polarity ipgeadence of our images strongly
supports the view that topology rather than eledtramage information is present in
these images.

It is important to note that STM z-images are geressto both, the surface local
density of states (LDOS) variation and topologyia@on. The sensitivity of the STM
tip response to each of these is a strong functibriip proximity and tunnelling
current. The measurement conditons may be tuneshhance sensitivity to electronic
phenomena (electron density or LDOS magnitude)oopology®* In general a high
tunnelling current enhances LDOS sensitivity. Saohsiderations have been applied
to STM imaging of graphene grown by CVD onto pojstalline copper by Xu et &f.
These workers optimised the LDOS imaging of fillgdtes and showed that the high
values of LDOS characteristic of graphene produgeatear sinusoidal and unusually
large z variation of the tip, with a spatial periofl 0.25-3 nm and an amplitude of
around 0.05 nm. This degree of tip displacemeatdsrect conseqgence of the unusually
high density of filled states in graphene. The samesoidal ripple structure is seen in
this work (Figure 4(d)); it is the filled state LIBOresponse as the tip passes over each
hexagonal benzene ring structure. However the gripgde structure measured here
corrseponds to tip displacement around one ordemagnitude greater than that
resulting from the graphene LDOS and can only ls#gagd to topological variation in
these unsupported films.

In conclusion, suspended graphene has been studibe@ STM for the first time.
Annealing conditions have been established for inm@gfree-standing graphene
membranes with atomic resolution and both, monalayel bilayer regions as well as
ripples were observed. The ripples were stable tweentire measurement period, and
hence appear to be static. The here establishedingnaonditions set the scene for
future spectroscopic investigations of suspendexplygne at low temperature in the
STM (I-V), which are expected to provide new expental insight into intrinsic and
fundamental properties of pristine graphene, thhowgmination of substrate and

impurity effects.
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5.5 Conclusion

Suspended graphene has been studied in the STNhdofirst time. Atomically
resolved single layer graphene images were obtaiungon establishing annealing
conditions that help to minimize surface contamorabn the graphene. These annealing
and imaging conditions can be employed to investigaetal-graphene systems along with
spectroscopic measurements. Exploring metal onsdspe graphene in the STM are
expected to provide new experimental insight intadiamental properties of these systems,
through elimination of substrate and impurity eféeand in-situ observations. Our first
investigations showed microscopic corrugationglég, in the suspended graphene, which
are comparable with TEM observations regardingrtheiplitude and wavelength. The
ripples were also seen to be stable for the emieasurement period. So this static

appearance indicates the ripples might be an gitriieature of suspended graphene.
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Chapter 6

Metal Behaviours on Graphene

6.1 Introduction

Any electronic device irrespective of whether magranano sized has metal contacts
to connect it to external device components. Tmetal behaviour on material surfaces is
an intriguing and important subject of study. Timeeifacing of graphene with metal
contacts is a recurring theme for graphene basedete This area of graphene research is
still ripening and the consequences of particulapahts on graphene’s electronic
properties are still being investigated. Understagmaf metal-graphene interaction on a
fundamental level is of significance to the impnoment of graphene based devices. In
order to advance the device performance distributlmnding, doping and stability of
metals on the graphene surface needs to be unoérdttowever, the metal-graphene
interactions have been studied predominantly bynsme DFT calculations so far and the
experimental exploration of metal-graphene systsnlisited, for example, there are only
few TEM based studies on these systems. DFT céilontahave emerged which present
predictions of binding energies, adsorption sitektive to the hexagon, doping and
relaxed structures of various metal ad-atoms amsteis on pristine and defected graphene
structures. Therefore detailed experimental TEMeoletions of metal ad-atoms and their
clusters on single- and few-layer graphene areal@si Here metal-graphene interactions
are studied for various metals on pristine and fiexdi graphene. Different metal
behaviours in terms of distributions, e.g, as imdiial ad-atoms and clusters, are observed
on the graphene layers.

Initial investigations of metal atoms on pristineaghene revealed that none of the
metals studied reacted with the clean (residue) fge@phene surfaces but metals tend to
cluster on the hydrocarbon contaminations. Thuddoable to amend this behaviour
researchers proposed to attach hydrogen to catbarsan the graphene lattice. Hydrogen
ad-atoms can trap small molecules to specific sireghe graphene surface and these
molecules remain stable at room temperature [IR8% suggestion stimulated attempts of
experimental proof; all results are presented enattached publications. We found that as
a result of the hydrogenation, the metal behavabianged.
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6.2 Sample Preparation

Graphene flakes used for the experiments were mreégey mechanical cleavage and
CVD techniques. The graphene layers were thenfeaed to the TEM grids as detailed
in Chapter 3. As well as pristine graphene, medifjraphene in our case hydrogenation
and fluorination was used. Hydrogenation of the a1 was performed by exposing
suspended membranes to a cold hydrogen plasma wduokisted of a mixture of
hydrogen and argon gases (10%) Ht low-pressure (0.1 mbar). Plasma treatment was
performed for different lengths of time; the sansplesed in the experiments shown here
were hydrogenated for 1.5 hours. Using suspendaepghgne flakes on the TEM grids
enabled atomic hydrogen to be absorbed on bothoéihee graphene surfaces.

Metal deposition has been performed on the suspeftales, on the TEM grids, via
electron-beam and thermal evaporation of Au andoCan amount of ~2A, and Fe was
found as a contaminant. Then different amounts wiMere evaporated onto the graphene
surface to investigate gold nanostructure evolutBoth types of single layer graphene
samples, exfoliated and CVD-grown, were investigasnd compared upon metal
deposition; almost no difference was seen in tesfmeetal behaviours. We continued the
investigations mainly with CVD-grown graphene saespas it is easier to obtain larger
flakes and to transfer and locate them on the dfetal evaporation has been also done for
graphene layers that were on a $8Dsubstrate to find out whether the substrateattatt
the metal behaviour. Their transfer to the gridsTieM studies was performed afterwards,
however, no meaningful difference has been obseageboth, suspended and supported
graphene, exhibited the same tendency of the desgshene regions, namely not to react
with metal atoms.

Initially graphene regions were identified in a macF-30 ahead of metal deposition
in terms of layer number, cleanliness and locatbrthe graphene flakes. Again initial
investigations including high resolution studiesevearried out after metal deposition in a
Tecnai at 300kV before HAADF-SuperSTEM investigaiat 60kV.

Thickness of the metal layers on the graphene sesfavhether they are in 2D or 3D

form, in particular in case of gold, was determibgdntensity profiles.

6.3 Results and Discussion

The results of this project were published in N&etters and Small in 2011. In order

to best present our work, the original manuscriptetal-Graphene Interaction Studied
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Via Atomic Resolution Scanning Transmission Electro Microscopy” (Nano Letters,
2011, 11(3), p.1087-1092nd “Evolution of Gold Nanostructures on
Graphene” (Small, 2011, 7(20), p.2868-287&e presented below.
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Metal-Graphene Interaction Studied Via Atomic
Resolution Scanning Transmission Electron
Microscopy

Recep Zan Ursel Bangert, Quentin Ramasse and Konstantho8oselov

Nano Letters, 2011, 11(3), p.1087-1092

ABSTRACT

Distributions and atomic sitesf transition metals and gold on suspended graphere
investigated via high resolution scanning transiorsslectron microscopy, especially
using atomic resolution high angle dark field immagiAll metals, albeit as singular atoms
or atom aggregates, reside in the omni-presentohgabon surface contamination; they
do not form continuous films, but clusters or namgstals. No interaction was found
between Au-atoms and clean single-layer grapheriacgs, i.e., no Au-atoms are retained
on such surfaces. Au- and also Fe-atoms do, howbwed to clean few-layer graphene
surfaces, where they assume T- and B-sites, regpkyctCr-atoms were found to interact
more strongly with clean mono-layer graphene, #a@ypossibly incorporated at graphene
lattice imperfections, and have been observed talys® dissociation of C-C bonds. This
behaviour might explain the observed high frequeotCr-cluster nucleation, and the

usefulness as wetting layer, for depositing eleatrcontacts on graphene.
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Graphene, just one atom layer thick, has spurrddrey of investigations into its
structural properties, morphology and chemistAOne of the fields of study concerns the
interaction between metal and graphene. Our knayeleabout this interaction to date is
mainly based on theoretical calculations, many hifsé based on Density Functional
Theory (DFT). However, experimental explorationtioé metal-graphene systems is still
limited; especially transmission electron microsc¢pEM) observations are practically
non-existent. Such observation would be of gretrést to prove predicted positions of
metal atoms in the hexagonal graphene structuiis.i§lof importance not least in gaining
an understanding of, e.g., the influence of metahtacts on macroscopic electrical
transport.

Positions of foreign atoms on graphene have be&ulated for a wide range of
metals. H-sites (center of the hexagon) are prediotainly for alkaline metals, such as K,
Na, Cs and Ti, Fe; T-sites (top of carbon atom)Aar Cu, Ni, Sn and F, whereas Pt, Cr,
Cl, S, O, N and P are expected to bind stronglp tites, i.e., on top of a carbon-carbon
bond (bridge site) as schematically shown in fig.*Z'he two common approximation for
DFT calculations, local density approximation arehegralized gradient approximation —
the latter does not represent Van-der-Waals foveeg welf-, lead to different binding
energies and thereby to different sites for Au aomsites for the former and B-sites for
the latter methof.In addition, arbitrary variables used in the clltion, such as cut-off
energy and size of the supercéltan affect the result of DFT calculations. It was
furthermore found, theoretically and experimentathat point defects (carbon vacancies)
in graphene provide nucleation sites and even durdubstitutional incorporation of
metals® *13

Contrarily to high resolution phase contrast imggifHREM) in a transmission
electron microscope, due to the approximafeséhsitivity dependency of high angle
annular dark field (HAADF) image contré$tsites of singular metal atoms on graphene
can directly be revealed. Because of the extrefeght (~100pA), highly focussed (1A)
electron probe, dedicated scanning transmissiootrele microscopes with cold field
emission guns and probe corrector (AC STEMS) airagtools to achieve this; but there
are very few of these in existence worldwide, andABF studies of graphene are
practically non-existent. Here we present a stuflyatomic sites of metal atoms on
suspended, single and few-layer graphene, primasipmg atomic resolution HAADF
imaging in an AC STEM.
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Two different techniques for the preparation ofpmrsled graphene membranes were
used, micromechanical cleavage and lift-off of C\iDns grown on Ni- and Cu-
substrate$>*’ Au- and Cr- atoms were deliberately introducedkhiyer thermal or e-beam
evaporation at thicknesses of 0.2 and 5 A. Fe-atbe& been identified as residual
impurities, presumably originating from acid treatrh(Ferric Chloride).

Additionally to identifying the graphene layer nuenlvia the plasmon enerfywe have
simulated HAADF and bright field (BF) STEM imagefspoistine mono-, bi-, tri- up to 8-
layer graphene using Kirkland’'s HREM simulationta@fre®. Further to HAADF analysis
all atom species were identified by ultra-high &bt resolved electron energy loss
spectroscopy (EELS).

Metal atom deposition can be affected by many factsuch as the substrate?
which the graphene is placed upon, the temperatureg the deposition as well as the
deposition rate, all resulting in different surfanerphologie¥ and transport propertiés.
Extensive HAADF investigations in combination wighectron energy loss spectroscopy
(EELSY* in which we have scrutinised many clean singjedagraphene patches for
foreign atoms, never revealed impurity atoms witt9 Attached to single layer graphene
sheets. However, we observed many types of imparitwithin the hydrocarbon
contamination on single and multiple sheets, anddidealso observe impurity atoms on
clean areas in multi-layer graphenk.was found previously that an energetically
favourable path for all metal atoms is to form tdus’, either at contamination sites and
defects (in the case of single layers) or directiythe clean graphene surface of few-layer
membranes.

First-principle calculations ajold atoms and dimers on graphene surfaces show that
the gold—gold interaction is significantly strongkan the gold—graphene interacfigfor
this reason gold is highly mobile on graphene)isasxperimentally confirmed by Gan et
al.° with observation of gold clusters —rather thanmaeoon the graphene sheet. For a
single gold atom the favourable energy configuratgofound to be directly above a carbon
atom on graphene sheet. An interesting resultHerAu doping mechanism from DFT
calculations, proposed by Pinto efals that Au does not dope single layers, however it
dopes bilayer graphene. We note that the followingges are representative of a vast
number of images obtained from many samples. Wecgsly want to emphasize that the
graphene surface seen as background in fig.1ap lsasilar appearance in all graphene
samples ever obtained by us, albeit via micromdchamxfoliation, from CVD grown

samples, after cleaning in solvents or after plasmatment: nm-size pristine graphene
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patches, constituting overall less then ~30% ofttit@ surface, are surrounded by hydro-
carbon based deposits. The latter are more or dessile under the electron beam
depending on their thickness.

We found that gold atoms form nano-crystalline s on graphene as shown in fig
la), and the gold cluster size increases with asingy evaporated Au-amount. These
clusters form exclusively on hydrocarbon contamargtrevealed by greyish contrast in
HAADF images (fig. 1b) or structural irregularities.g., defect sites, but never on clean
graphene; we have never observed singular Au-atdinis. demonstrates the extreme
mobility of gold on pure graphene, suggesting thatinteraction between graphene and
gold is weak, similar to observations by Charlieale of Au-doped carbon nanotubes.

Figure 2a) shows an area in atomic resolution, /laemonolayer of gold has formed
on graphene (bottom left corner). The HAADF imagefig. 2b), by the dark greyish
surround of this gold-atom raft, reveals that etlde monolayer sits amidst hydrocarbon
contamination. We did, however, observe individdal atoms on clean few-layer
graphene patches. It thus appears that atoms iswstdce layers are needed to contribute
to the bonding with surface gold atoms in ordemptohibit dissociation and diffusion.
Figure 2c) is a high resolution BF STEM phase @asttimage of few-layer graphene. The
electron beam is focussed on the exit surface ef gample, on which the gold is
evaporated, hence proceeds through the grapheeres l&gfore it encounters the gold
atoms. The aggregate of gold atoms, seen in the[PfA#nage in fig. 2d) is so thin, that it
Is invisible and not interpretable in phase contr&owever, the BF image
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Figure 1. a) BF and b) HAADF image of mono-layer graphergiaes with 0.2 A of Au

evaporated on top. Au nano-crystals are clearlyphkgsn both images, the HAADF image
furthermore reveals single Au-atoms. Hydrocarbont@mination is manifest as ‘worm-
like’ background in the BF and as dark-grey ‘cldik@ contrast in the HAADF image; c)
HAADF image of Fe-atoms on mono-layer grapheneeNwfain the hydrocarbon deposit,
which hosts the atoms; d) HAADF image of a monatagraphene region with 0.2 A Cr
evaporated on top. Cr-atoms are spread over wiglgsan non-crystalline agglomerates

predominantly amidst hydrocarbon deposits. The &andth in all images is 10 nm.

exhibits strong contrast and relatively little reoi@nd shows the lattice periodicities well,
so can be used as guide to identify positions énctirresponding, simultaneously acquired
HAADF image (fig. 2d), which has inherently muchwier intensity. Here the graphene
atomic lattice is barely recognisable, but the galdms are clearly visible. They have
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formed a loose aggregate with single atoms in theinity, some of which have been
numbered. In order to locate the benzene rings awe ltarried out BF- and HAADF-
STEM image simulations for few-layer graphene (W&hlayer simulations at -50 A
defocus giving the best match). These are shownsass in 2c) and d). We note that the
benzene ring centres of the top layer corresporitigint patches in the BF image (c) and
are dark in the HAADF image (d). The model struet(red benzene rings) is overlaid in
identical locations on the simulations as well astle experimental BF and HAADF
image (in the bottom left corners). Hence C-atoth® -hexagon corners- constitute bright
contrast in HAADF images, and —under the currenti$ing conditions- dark contrast in
BF images. Comparing locations of gold atoms sdatiehe HAADF image (circled) with
identical positions in the BF image, the sites t@nidentified as T-sites. This is in
agreement with theoretical predictions.

Iron-atoms have not been deliberately deposited irstudaty, but reside as impurities
on many samples, presumably as a result of chempicakssing. The HAADF image in
figure 1c) shows that as in the previous case,rmontaminated single layer areas (black
patches) the sticking probability is very smallt Bé clusters and single atoms (white
spots) are located on top of or at the edges ofdwgadbon contamination (greyish areas).
On the surfaces of multi-layer graphene on therdthad individual Fe-atoms can be seen.
Figure 3a), shows a low-pass filtered atomic rasmuHAADF image (noise reduced) of
2 and 3 staggered graphene sheets, using Fouteemfj provided in the Gatan imaging

software. Fe-atoms are clearly visible as whitdspo
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Figure 2. (a) BF STEM image of 0.2 A gold evaporated on bea, showing a mono-
layer gold-atom raft in the left bottom corner aadgold nano-crystal at the top; (b)
corresponding HAADF image; (c) atomic resolution Bfd (d) corresponding HAADF
STEM image depicting a few-layer patch in graphemaporated with 5 A of gold. In (d)
individual gold atoms can be seen separated frenstmall cluster in the middle. Benzene
rings are overlaid in red in both images, showihagt tbright contrast in the BF image
corresponds to dark contrast in the centres otdpdayer benzene rings in the HAADF
image, as derived from simulations of 3-layer geaph(at -50 A defocus), shown in the
insets in (c) and (d). Single atoms are marked witmbers 1-11 just above the atoms in
the HAADF image; identical places are marked byloyelcircles in the BF image,
identifying them to be T-sites. The images represan, unfiltered data. Shown on the left

of (c) is a schematic with metal sites on the beazeg.

The EEL spectrum in the inset is taken on an imdial Fe-atom, showing the

characteristic k3 absorption edge of Fe at ~708 eV. In the left aghbt hand panels of
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fig.3a) the areas around Fe-atoms on 3-layer atalyet- graphene, respectively, are
enlarged with a model of the AB-stacked graphetteéaoverlaid, the exact position of
which was confirmed from simulated HAADF imagesoish as insets). It becomes clear
that the Fe-atoms in both cases sit on B-sites;oimtradiction to calculations, which
predict H-sites.

Chromium, similar to gold and iron, was found at large gdrecarbon deposits (fig.
1d). Cr was evaporated to the same 0.2 A layeknieiss as Au, however, the fractional
coverage was larger (fig. 1d); this indicates thatCr-clusters are flatter or less dense than
the Au clusters (e.g., compare figs 1b and d). blgtthere does not appear to be a high
degree of crystallinity in the Cr-deposits, sugmgsthat the Cr —in contrast to the Au-
deposits in molecular form, possibly partially asdRide; indeed EEL spectrum images
have proven that high Cr levels coincide with oxygeggnals. Interestingly with Cr,
singular atoms do appear in some images on momo-ignaphene. These atoms stay in
place over several image scans. Figure 3b) showdAkDF image of a Cr-atom on a
clean mono-layer graphene patch. By overlayingstnectural model, we identify the Cr
position as a B-site, as predicted from DFT modafter several scans the Cr-atom has
disappeared, leaving two vacancies behind (fig.Btgnce Cr is more reactive with
graphene than Au. Considering the relative stgtilfitthe Cr-atom and the double vacancy
after its disappearance, we cannot exclude theilplitysthat the Cr-atom, rather than
assuming a B-site, was indeed incorporated to sutestwo C-atoms in the graphene
sheet. Figure 3b) shows the edge of a hole in thehgne layer on the top right. The hole
has become larger after repeated scanning in éilg.Bom observations of many image
scans in different areas we can derive a possigehanism for the hole formation: Cr-
atoms are frequently seen to decorate the edggsaphene layers (see bottom hole the
HAADF image in figure 3d). The figure furthermorbaosvs that Cr-atoms (dotted chain
indicated by top arrow) migrate from larger clustéwhite contrast in top right corner) to
the edge of the (top) hole. When the Cr atoms diat® during repeat scans, i.e., have
vanished from the images, the holes have enlargkis. is a strong indication for Cr-

mediated C-C dissociation and vacancy formation.
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Figure 3. (a) Middle panel: noise reduced HAADF Ilattice imagf 2- and 3-layer
graphene with Fe-impurities (the blue line shows #pproximate position of the sheet
edge). The left- and right-hand panel are enlargeds of the red frames, with overlaid
model structures (solid lines indicate the surfleger) to clarify the position of the Fe-
atoms; these sit on the surface on B-sites. Showimei insets are HAADF simulations of 3
layers (left) and 2 layers (right). The spectrurseinshows the Fe-L2,3 absorption edge
obtained on the single, arrowed atom; (b) noikeréd HAADF image of a Cr-atom on
mono-layer graphene; the HAADF image simulatioghiewn in the inset; (c) same area as
in (b) after repeat scanning, revealing a di-vagamthere the Cr-atom had been. Model
structures are overlaid to show the sites of thfeade d) raw HAADF image of mono-
layer graphene patch (dark grey) bordered by hydtbmns (lighter grey). Cr-atoms sit on
the hydrocarbon contamination; a chain of Cr-atdarsowed; top) can be seen moving
from an area of Cr-clusters (white patch in theright corner: the image is overexposed
here due to the high Cr-concentration) towardsetige of the top hole (black area), and to

decorate the edge of the bottom hole (arrowedpbott
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We want to note here that in order to achieve imgaddsticking’ and incorporation of
metals in graphene we also introduced atoms @lgglt) via low energy ion-implantation
at 200 eV to a density of typically 1 atom AnThe results were very similar to those of
the Fe-impurities on graphene with all observed gtting on hydrocarbons. It was,
however, not one possible to identify atomic Cessivithin/on top of the graphene sheet;
not one single Co-atom could be detected in cleaplgene areas (results not shown here).

In conclusion, investigation of transition metatglayold on graphene showed that clean
single-layer graphene surfaces do not retain aggifgiant amount of atoms of these
species (notably none in the case of gold). Allalsgtalbeit as singular atoms or clusters
thereof reside in the abundant hydro-carbon suréacgamination. This behavior might
have consequences for macroscopic electrical taahgpoperties in graphene. Although
electrical transport measurements are usually wédaifrom graphene supported by
substrates, the graphene membrane even in this isassll a 2-D object. Because
contamination appears to be an issue with 2-D &tres, it is very likely that charge
transfer from mono-layer graphene into metal cdstpooceeds in the largest part across a
macromolecular layer (hydrocarbons). Individual And Fe atoms could be observed,
however, on clean few-layer graphene surfaces @mtifto reside on top of carbon atoms,
and on top of C-C bonds, respectively. Chromiumeappto bond more strongly to mono-
layer graphene and has been observed to catalysecdition of C-C bonds. Bonding of
singular Cr-atoms to graphene, possibly via lattegects, could be a precursor for the
high frequency nucleation of Cr-clusters, which, d¢ontrast to Au, provide more
continuous contact throughout the membrane, andehtve importance of role of a Cr-
‘wetting layer’ between Au and graphene in formielgctrical contacts on graphene,

which is commonly used in electrical transport sgggdcan be understood.
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SUPPORTING INFORMATION

Sample preparation

In this study we employ two different techniques tbe preparation of graphene
membrane, which are micromechanical cleavage pso@sd growth on different
substrates (Ni and Cu) with CVD method as repopeliously'>*’ Firstly we started
with transferring of graphene from different subatts to TEM grid. This was followed by
identification the number of layers of graphene distinguish single layer from few layer
graphene through selected area diffraction patigrcomparing first and second ring spots
intensities?® 2’ After having obtained clean graphene membranesalCr atoms have
been deliberately introduced into the graphenetshgaising either thermal or e-beam
evaporation at different deposition rates, givimgnmal Au-layer thicknesses of 0.2 and 5
A for monolayer and few-layer graphene, respegfividbne of the evaporation conditions
resulted in uniform coverage of the graphene flaBehavior and positions of individual
gold atoms on graphene were investigated via hegiolution HAADF and BF electron
microscopy. HAADF can reveal the atomic naturepdcges at single-atom level through
the approximate Zdependence of the scattering probability. It isistifeasible for
detection of atom species on/in graphene of Z etpuand larger than carbéfi** Gold
atoms due to their high atomic numbery(Z9) compared to the carbon£B) are
identified easily, yielding a contrast ratio of 43236.

We note that metal atoms are extremely mobile utfteiscanning electron beam; in
some cases they were dissociated from the grapteneg the scan, which became
obvious by bright streaks in the HAADF images. kamples we present here, despite
undergoing vibrations, the atoms relax back tortbeginal positions. This is evidenced
by the fact that they can actually be imaged, appear as distinct, localized A-size bright

patches.

Co-ion implantation was carried out in the Universof Salford low-energy ion

implanter at an energy of 200 eV and areal ion iiesf 13* and 168° cm®.
EM tools and evaluations

The structural and topographic properties of degreghhene (mono and few-layer)

have been studied by using conventional transnmssiectron microscopy (TEM) using a
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Tecnai F-30 at 300 keV at the Materials Sciencetit@enf the University of Manchester
and the AC corrected scanning transmission electrocroscopes (SuperSTEMs at
CCLRC Daresbury) at 60 and 80 keV.

We mostly used raw images in this paper, howevegnrder to reduce noise in the
HAADF images, Fourier Filtering was carried outsaome instances, using the Digital
Micrograph routines. In all these cases either as&an convolution function or a smooth-
edge circular mask including all visible diffragtispots was used.

Electron energy loss spectroscopy was carried oiih \@ UHV Enfina EEL
spectrometer in all cases to verify the naturénef@élements present. Point spectroscopy or
spectrum imagini§ were used, the latter to obtain spatial distributioap of elements. Au
was monitored using the characteristic plasmoncaira as well as the O- and N-
absorption edges and Fe, Cr and Co using the@hsorption edges. Contaminants, such as
Si and O were also monitored.

Layer numbers were obtained from relative HAADFemsities of the layers calibrated

to the vacuum intensity as well as framplasmon energy and shafSe.
Image simulation

At the same time to support our experimental resudt have simulated HRTEM
images of pristine mono- and bi-layer graphene @l as Au-contaminated mono- and bi-
layer graphene for different defocus by using TEMirkland’s HRTEM simulation

software!®

Figure S1 shows a typical overview HAADF image®®2 A gold evaporated on
monolayer graphene. As can easily be recognizdd, ajoms are not dispersed over the
graphene surface form clusters (bright) on the amomtation (dark grey). Also visible is
pristine graphene (black), constituting typicall$0% and maximally up to 50% of the

surface.
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Figure S1.HAADF STEM image of 0.2 A gold evaporated on mayer graphene

Figure S2 shows whole BF and HAADF images, a seatibwhich is presented in the

main text in Figs.2 a) and b)

Figure S2.(a) BF STEM image of 0.2 A gold evaporated graghdb) corresponding
HAADF image

HAADF images of 0.2 A Cr evaporated on mono-layephene are presented with
different brightness in Figure S3. Figure S3a) shivat the Cr clusters are not crystalline.
When the image brightness is increased the Crassisian be seen surrounded by surface
contaminants. Pristine graphene patches are vealf Bnsize, the cleanest (darkest part) is
in the middle of Figure S3b).
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Figure S3.(a) HAADF images of a Cr-atom on mono-layer graph€b) same area as in

(a) with different brightness.

The sequence of HAADF images in figure S4 ishef $ame area showing Cr-atoms
on mono-layer graphene (the lattice of the laggust visible). In Figure S4a) one Cr atom
can be seen on pristine graphene, and a few Crsaendecorating the edges of a hole in
graphene. After a few scan the Cr atoms at the etipele have disappeared as shown in
fig. 4Sb). After many more scan on the same areaitigle Cr atom has also disappeared
leaving a double vacancy behind. The hole is ggttarger, too (fig. S4c). Enlarged
sections of fig. S4 b) and c) are used in the rethin fig. 3a) and b).

o 4 o

Figure 4.(a) AADF images of a r-atom on mono-layer grérphe(b)same a asin

(a) after few scans, Cr atoms having decorateédige of hole have gone; (c) same area as
in (a) and (b) after many scans; the Cr atom rerfrota the hole has disappeared, too, and
left a vacancy-dimer behind. This suggests thaCthatom was integrated in the graphene

lattice.
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Ever since the first experimental observation afptpen&’ much of graphene research
has concerned the control of its intrinsic progertiAttempts to achieve this have included
doping or functionalising either with met&s! molecule¥! or exposure to a hydrogen
plasmd?] Metal-graphene interactions have been much stuttiedretically, in terms of
the specific sites of the metals on the benzeng, timeir binding energies etc. So for
example, center-ring positions (H-sites) are predicas preferred locations for most
metals (e.g., Ti, Fe), corner sites directly ab@vatoms (T-sites) for Sb, Sn and Ni, and
bridge-sites above C-C bonds (B-sites) for Pd, r@r Rt®*®) Some predictions are even in
contradiction with each other because of differgmtroximations for the calculations; the
local density and the generalized gradient appration lead to different binding energies
and thereby to different sites. For Au atoms foaragle, T-sites are predicted by the
former and B-sites by the latter metHt®.Furthermore, arbitrary variables used in the
calculation, such as cut-off enerdtésand size of the supercéffl can affect the result of
DFT calculations. Also, some calculations predictdgto dope graphene n-type, others
predict p-type doping effects: * *® The contradictions in the calculations have santzr
been resolved by experimental studies, for exanvd€reary et al’® predict n-type
doping of graphene for gold deposition, whereagpe-tdoping is predicted from Raman

spectroscopy studies of the gold-graphene intendtfi The gold—gold interaction is
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expected to be significantly stronger than the -ggtdphene interaction (for this reason
gold is highly mobile on graphen®§ This is experimentally confirmed by Gan et'al.
who observed gold clusters (not individual atoms)gvaphene. Indeed, on grounds of
DFT calculations Pinto et 8F propose Au does not at all dope single layer filatyér
graphene. However, as theoretically predicted apermentally confirmed, point defects
in graphene can provide nucleation sites and ewvedliate substitutional incorporation of
metals* 1822

Au is one of the most widely used metals for a eamd graphene applications,
including making contacts to circuft$, electrochemical catalysi§ biosensofé” and
studying interface$” So direct observation of the gold behaviour onpheme —e.g.,
nucleation and coverage— in particular via TEM,orse of the key requirements to
understand the nature of the interaction, and ito @&etter understanding of the properties
of metal contacts on suspended single layer graplaenl their effect on macroscopic
electrical transport. The graphene surface, duéstarelectron system, is inherently
reactive, especially with regards to adsorbing byeiarbon chains, which in turn are strong
competitors as metal nucleation sites and will isgpanpedances on electrical transport
into the metal, greatly defying the objective oplmiting the outstanding properties, such
as the phenomenal carrier mobilities in graphemeth@ other hand, ‘extrinsic’ nucleation
sites might prove crucial because of the weak actesn of graphene with metals, as also
predicted above. In this case it is essential entifly the right amount and nature of
essential extrinsic nucleation sites, e.g., hydndon contamination, in order to prevent
deterioration of the electrical properties. Sevgralips have studied the deposition of gold
nanoparticles on functionalised graphene in sahstf62® These studies point out that
oxy-functional groups, which act as nucleationssifacilitate seeding and growth of Au
clusters. However, in this article we explore theucural evolution of gold films
evaporated on graphene, which has been obtainegkiohation or CVD-growth methods.

Figure 1 shows results of various gold depositions: we nebserved gold atoms on
single or de-coupled (turbostratic) layers, howegeid clusters and nano-crystals form in
the hydrocarbon contamination, revealed by the witkencontrast in the HREM images.
This demonstrates the extreme mobility of gold arepgraphene, similar to observations

by Charlier et al., of Au-doped carbon nanotub®s.
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Figure 1. (a)-(d) TEM images of different gold coveragestltd same graphene sample,

which was repeatedly exposed to gold evaporatioauating to nominal thicknesses of
<0.1, 0.12 and 2.12 nm. (a) Sparse coverage anti€lmccasional group of clusters at 0.1
nm gold thickness. (c) Higher cluster densitie®.42 nm (1 s evaporation with 1.2 A/s
evaporation rate) and d) coalescence of cluste2zsl&nm (2nm evaporation on the same
sample) gold thickness. (e) STEM bright field (Bfage showing coverage following a
single gold evaporation to nominally 0.5 nm thicksieThe scale bar, 10 nm, is the same in

all images.

The gold cluster density increases initially witicieasing evaporated Au-amount, and
at a nominal gold thickness of >1 nm clusters startoalesce as a result of continued
evaporation. The images in Figure 1 a)-d) demotestitsis in samples evaporated with
<0.1, 0.12 and 2.12 nm of gold, respectively.

Figure 2 shows merging of clusters. The clusters stay saded by contamination,
indicating that even at high nucleation densitiefggred nucleation points remain within
the contamination. There are, however, lighter akgighin the clusters. This is due to the
fact that the clusters overlay clean graphene patchwo such positions are encircled in
yellow; the left one occurs at the coalescencetfodriwo particles, the right one in the
middle of a particle. The gold layer is also thinire these regions, suggesting that gold
atoms prefer deposition on existing gold clustesbote they are finally forced to spread
across, or indeed, bridge clean graphene areaicd amages are less clear in these
‘bridging’ regions, suggesting disturbance of tieceon wave function possibly due to
decoupled, randomly oriented lattices between e rhaterials. Particles contain planar

faults in the coalescence planes or undergo twan(iop and bottom arrow in figure 2b).
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Figure 2. Coalesced clusters after 2.12 nm gold evaporalwwing (a) variations in

thickness and relative crystallographic orientagiand (b) planar faults like stacking faults

(white arrows) and twin boundaries (black arrow)eBcale bar in both images is 5 nm.

Single gold atoms can only be observed on few-lay@phene films, where the
bonding contribution from sub-surface layers appetr prohibit their diffusion and
increases interaction with the graphene surf&egure 3a) is a BF (i.e., phase contrast)
STEM image with the beam focused onto the grapleere not onto the gold cluster
(which is positioned at the exit surface); hence gold atom aggregate is invisible.
However, the benzene rings exhibit strong contxadtrelatively little noise, and so the BF
image can be used as a guide to identify positiorthe corresponding, simultaneously
acquired HAADF image (fig. 3b), which has inhergntiuch lower intensity, but in which
the gold atoms are clearly visible. The loose agmpe (on the right in figure 3b) with
single atoms in its vicinity (some of which haveebenumbered) has formed as a result of
repeated electron beam scans, during which atome dissociated from a larger gold
nano-crystal (bright area on the left in figure 3m correlate the BF- and HAADF-
contrast with the location of the benzene rings=ETimage simulations were carried out
(3 layer simulations at -5 nm defocus giving thetbeatch) and shown as insets in figure
3c and d). The benzene ring centres of the top ley@espond to bright patches in the BF
(c) and to dark patches in the HAADF image (d). Thedel structure (black benzene
rings) is overlaid in identical locations on bothages. Hence C-atoms constitute dark
contrast in BF and bright contrast in HAADF imag€smparing locations of gold atoms
in the HAADF image with identical positions in tiB#& image (circles), the sites can be

identified as T-sites.
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Figure 3. (a) BF and (b) HAADF STEM image of 0.5 nm gold ewegied on few-layer
graphene. In the HAADF image individual gold atocas be seen to have separated from
a gold cluster on the left hand side. Identicalifpmss of the benzene rings are marked in
red in the image simulations overlaid on the expertal images, showing that bright
contrast in the BF image and dark contrast in tAABIF image corresponds to the centres
of benzene rings. Single atom positions 1-9 arekathwith numbers just to the right of
the bright atoms in the HAADF image; identical @aare marked by yellow circles with
the numbers inside in the BF image, showing thaafauns sit on T-sites on the sample

surface. All images represent raw, unfiltered dakee frame width is 3nm.

As mentioned before these singular gold atoms laraya found exclusively in close
vicinity of very thin gold clusters, from which théave presumably been separated by the
scanning electron beam. On few-layer graphene sguddl clusters were found to sit
directly on the pristine surface, giving rise to ikoeffects. The wide fringes in the cluster
in Figure 4a) arise from rotational Moiré effects, where theiM fringe spacing depends
on the difference in lattice spacing between gaid graphene as well as on the rotation
angle of the two lattices with respect to each rotbe largest proportion of gold clusters
shows Moiré fringe spacing as seen in figure 4ajalysis of the patterns shows that the
graphene 100-type planes with spacing 2.1 A conftonthe (200) planes of the gold
crystals (2.035 A). The latter present themselve$1i0] orientation on the graphene
surface, and due to the mismatch, undergo rotaﬁerti:). Figure 4b) is a noise filtered
HAADF image, using the circular low pass filtertire FFT in the inset. Image 4b) is taken
simultaneously with the BF image 4a). Both, thepgeme and the gold lattice can be seen
in the HAADF image. Sections of the two lattices ahown enlarged next to each other in

the inset: the gold (111) planes are slightly edatith respect to two sets of the graphene
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(100) planes; this achieves maximum coincidence of ptpeaeings in the gold [110] and
the graphene [001] zone. Further matching is aeliely the gold 200-planes being
oriented parallel to the third set of the graphét®@0) planes, as can be observed in the
FFT inset in figure 4b; the spacings of these @aaee the most similar in the two

structures. Rotation will, however, reduce congamnhts between gold and graphene.

Figure 4. (a) Atomic resolution BF STEM image of few layeaghene with gold clusters

revealed by Moiré effects. (b) Noise filtered HARISTEM image of same area as in (a),
showing both, the graphene and the gold lattice Bbttom inset is the FFT of the raw
HAADF image showing the low pass filter that wasdiso obtain image (b). The FFT also
reveals rotation of the gold (111) planes and daitgon coincidence of the gold 200 planes
and the graphene planes. The top inset showsgendlgold and graphene lattice structure,

revealing directly the gold and graphene lattiagergation relationship.

Further to doping with metals, an alternative way nodify and functionalize
graphene is by dosing, for example with hydroged finorind> 2 *% Hydrogenation
breaks graphene Sponds and leads to $pond formation, thereby opening up a band
gap. We have carried out gold deposition on graphsurfaces, which have been
hydrogenated. The reason for this experiment wamuestigate whether hydrogenated
surfaces might increase the sticking probability fwld atoms. To conduct a fair
comparison, gold evaporation was performed for #aene amount (0.2 nm) and
simultaneously on hydrogenated and pristine gragiseinfaces. As can be seerFigure
5a) the hydrogenated sample has a higher gold cgeeaad gold cluster distributions and
cluster sizes are of higher uniformity than in fhisstine graphene sample, as shown in the

image in Figure 5b), taken at the same magnifioatio the latter case less than half of the
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area is covered with gold and cluster sizes vahe diffraction pattern of the sample in
Figure 5a) (inset) shows a ring, which arises fremmall, randomly oriented clusters. In
contrast the diffraction pattern of the pristinenpde in Figure 5b shows distinct spots,
arising from few clusters with bigger sizes. Botffrdction patterns clearly show graphene

spots. However, similar to pristine graphene, gsldnly retained in the contamination in

the hydrogenated sample, as can be seen in thermgdgnification images in figure 5c)
and d).

Figure 5. (a)-(b) TEM f?ﬁag of 0.2nm gold evaporated r;tdrt;genated and pristine
graphene shown at the same magnification (scale 20amm). The corresponding
diffraction patterns are shown as insets. (c)-(d)ades of gold evaporated onto
hydrogenated graphene, taken in subsequent scatissh@wing how gold cluster have
coalesced (the solid circles and the dashes rdesgregale bar 5 nm).

The above observations can be explained as follo@sld does not stick to
(uncontaminated) graphene surfaces, pristine ordgghated. A possible reason why
hydrogen-modified graphene does not show an inerdses sticking probability might be
due to the fact that hydrogenation takes placegmnaaantly in the contamination; here it
appears to provide increased bonding, as it catlsesgold to adhere indeed more
effectively, hence the higher nucleation rate ofdgdusters in the contamination. This
might also explain the observable coalescence lof gaster under the electron beam in
the hydrogenated sample, which is not seen in thgtiree sample. An example of this
process in the hydrogenated sample is shown inr€&i&e) and d); the time elapsed
between the acquisition of the images is less th@arsecond. Hence agglomeration of
clusters (indicated with solid circles and dashecdtangles in Figure 5c¢ and d) occurs
relatively rapidly. In contrast, in the pristinengale coalescence of small clusters has most
likely already happened during evaporation; heeeglocess carries on between already
coalesced larger clusters after prolonged e-begmosexe (several minutes), comprising
the unfavourable route of bridging clean graphestehes (see Fig 2a, white shapes). This
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confirms the aforementioned suggestion that hydragen of the contaminants, which

appear to act as ‘the substrate’, enables stranggaction with the gold clusters; hence a
diffusion barrier has to be overcome in the firkdcp -with the aid of the e-beam- to

initiate coalescence of gold clusters.

In conclusion, it appears that gold atoms do nbeeelto clean single-layer graphene,
but, already at the lowest deposition thickness<@fl nm, form clusters (2-3 nm in
diameters), which nucleate exclusively in the alamd hydro-carbon surface
contamination. Higher deposition thicknesses resuli higher density of clusters. At a
thickness of >1 nm, the density remains rather temishowever gold particles grow to
coalesce. During this stage clean graphene areagahly have to be bridged, however,
whether and how gold actually bond with grapheme whether charge transfer into
electrical contacts deposited in this way proceeds,the largest part, across a
macromolecular (hydrocarbon) layer, requires furtineestigation. Gold thicknesses on
the hydrocarbon contamination are much larger, 3uld crystals grow under extended
fault and twin formation. 2-D gold nano-clustersnad| as single gold atoms do, however,
adhere to clean surface areas in few-layer graphbae2-D clusters here undergo rotation
to achieve matching of planes in the gold (110) graphitic [001] zone, and the sites of
single gold atoms were identified as T-sites, ba.top of carbon atoms. Gold nucleation
on hydrogenated graphene surfaces is confinedetacadhntamination; however, the gold
coverage is higher than on pristine graphene f@isdime evaporated amount of gold, with
a greater uniformity of cluster size and distribati This is thought to be due to provision
of stronger bonding within the hydrogen-modifiedfaoe contamination.

Experimental Section

We employ two different techniques for grapheneparation, (i) exfoliation from
HOPG graphite (few-layer samdi‘é)and (i) the CVD method, in which graphene is
grown on copper (Cu)mono-layer samplesj* We have evaporated various amounts of
gold, from less than 0.1 up to 2.12 nm, using ebectbeam and thermal evaporators.
Evaporation was performed at room temperature dff mbar pressure. Hydrogenation
has been carried out by exposing graphene on a gifitMo a cold hydrogen plasma. For
this purpose a low-pressure (0.1 mbar) hydrogeorangixture (10% k) was used.
Because the graphene is freely suspended on the griglyl hydrogenation occurred on

both surfaces. Graphene samples were kept in tdeoggn plasma for one hour; the
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system pressure before plasma formation was abel®@°5mbar. Details about the
hydrogenation can be found in the literatGte.

For high resolution imaging, including atomic regan lattice imaging of gold
crystals and atoms on the graphene surface, trasgmielectron microscopy was carried
out in stationary mode (TEM) as well as in scanmmgge (STEM), the former in a Tecnai
F30, the latter in an aberration corrected dedit&EEM (Daresbury SuperSTEM), where
advantage was taken of the high angle dark fielagimg mode, the contrast of which has
an approximate Z dependence and is therefore suited to directlyalea®mic sites of
singular metal atoms on graphene. Details of théhate and first results have been
reported previousl§?? Here we present an in-depth study of the behawduku-atoms
evaporated onto pristine and hydrogenated graphenfigces.

STEM image simulations of graphene layers wereoperd by using the Kirkland
TEMSIM program?®® The multislice approximation was employed to chii the
electron wave function exiting the specimen. Thausations have been carried out with
the microscope parameters used to acquire the iemgrgal STEM images. These
parameters are: beam energy 60 keV, Cs -0.03 mmyecgence angle 27 mrad, BF
detector angular range 0-6 mrad and HAADF angualage 70-210 mrad.
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6.4 Conclusions

Investigation of Au, Cr and Fe on suspended grapmeembranes showed that clean
single-layer graphene surfaces do not retain antalmeapurity atoms of these metal
impurities. All investigated metals reside in/ore thydrocarbon contamination that is
abundant on graphene surface. Metals tend to fdusters on the hydrocarbons rather
than exist as individual ad-atoms even for the Etwaeemount of metal deposition on the
graphene surface. Higher deposition thicknesseth®Au case result in a higher density
of clusters which eventually coalesce. As a resiiltoalescing of the clusters, the clean
graphene regions were bridged. Although neithewiddal ad-atoms nor clusters were not
observed on the clean parts of single layer gragph&n ad-atoms and their clusters were
observed on few-layer graphene. However, the siaglens are believed to be dragged
onto the few-layer graphene as a result of thersngrbeam as no such observation was
made in stationary mode (HRTEM) imaging.

On the other hand, Au behaviour on the hydrogengtaghene surfaces has changed
in comparison to the pristine surface althoughragai Au was found on clean parts of the
single layer areas. Individual ad-atoms and clgsbérAu again preferentially nucleate on
the hydrocarbon contamination. However, the gokkecage is more disperse for the same
amount of gold, with smaller cluster size of greateiformity. This is in contrast to much
bigger (3D) cluster on the pristine surface. Thehdviour also points out a stronger
bonding of Au with the surface contamination of thglrogenated sample that provides
more nucleation side.

Although investigations on fluorinated graphene las are at an early stage, based
on initial results no observable difference hasnbgsen for metals here in terms of their
distribution, interaction with clean areas and t@uag behaviour in comparison to pristine
graphene samples, although the fluorination wasep (based on DFT calculations) to
amend the metal behaviour on the graphene surface.

Cr shows a better distribution (homogeneous withilar sized clusters) on the
graphene surface than Au for similar amounts ofaimd¢position. This indicates a more
continuous contact throughout the membrane, anghg#r bonding to graphene. A
destructive behavior of Cr on graphene has beearedd: Cr dissociates carbon bonds in
the graphene lattice leading to the formation ofaveies in the graphene layer. These
vacancies might act as nucleation points for metalibsequent depositions; in practical

devices this is generally Au, which is used to famwontacts on graphene based devices.
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The weak interaction between the metal and graplaenke the preponderance of
metals to reside on the hydrocarbons might havectffon the electrical transport
properties (deterioration in mobility) of graphesethe hydrocarbon contamination on the

graphene surface is unavoidable unless annealegratemperatures in UHV.
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Chapter 7

Metal-Mediated Etching and Healing of
Suspended Graphene

7.1 Introduction

In addition to their potential application for emlcing device performance, metals have
been widely used to etch, pattern and even to ¢haphene layers for a variety of
purposes. There are well-established methods malsegf metals to cut graphitic slabs
and it was recently shown that these techniquetdcalgo be applied to graphene [16,
112]. There, elevated temperatures and gaseousoements were systematically
employed to activate the cutting reaction catalyisgdhe metallic nanoparticles. Species
other than metals, such as $Mhose reactivity on graphene surfaces at high ¢eatpres
is well-known, can also be used in these procddSés 136].

In the process of investigating the interactionwaein metal species and graphene in
the (S)TEM, an intriguing etching phenomenon waseobed. Although, as explained
above, metals have been used on the grapheneestofatailoring purposes, in these new
observations the etching occurred in the microsaagemn in near-UHV conditions at
room temperature. This behaviour was thereforengdistrom existing report of graphene
etching via metals at high temperature and undgefflga. On the other hand, recent DFT
calculations have suggested that the mere presd¢mde Fe, Co and Ni metal atoms could
cause an effective reduction of the defect fornmagoergy of graphene layers [22]. Thus
holes could potentially be created without extrdreat and gas environment. Interestingly
this destructive behaviour was not predicted for the presence of which did not appear
to alter the vacancy formation energy [22].

In addition, holes created in graphene using ttukieg behaviour were later observed
to fill spontaneously, in a unique self-healing ma@ism. While hole-filling in graphene
and graphite is reasonably well-known, all previalservations were achieved under

extreme heat (>100) in the TEM, making these observations quite ratze.
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7.2 Sample Preperation

CVD-grown single-layer graphene samples were usedtiese experiments. The
graphene layers were transferred to TEM grids asildd in Chapter 3. An accurately
controlled amount of Au, Ti, Pd, Al and Ni were dsjted on the samplesa electron-
beam evaporators, corresponding to a 0.2 nm sudagerage. Alongside these metals
unintentional dopants like silicon and silica, whiare abundant on the graphene surface,
were also studied.

Graphene layers were identified in a Tecnai F-36rosicope prior to metal deposition
to ensure the samples consisted mostly of singler lgraphene and were not heavily
contaminated. HAADF and EELS investigations wergied out at SuperSTEM on an
UltraSTEM 100 microscope at room temperature, &v/68cceleration voltage. The UHV
design of the column, its high brightness colddfiemission electron gun along with its
high stability made this microscope the ideal tfwyl these investigations. Metal species
could be identified directly either through contramalysis of HAADF images ovia
EELS. EEL spectra were recorded on a Gatan Enfiaetsometer.

In addition, first-principles calculations were fgmed to find out possible graphene
etching mechanism in presence of silicon and silithe SIESTA code with the

generalized gradient approximation was used forntbdelling.

7.3 Results and Discussion
The results of this project were published in AC&b and Nano Letters in 2012. The

original manuscript fofDirect Experimental Evidence of Metal-Mediated Etching of
Suspended Graphene’(ACS Nano, 2012, 6(5), p.4063-407d)d “Graphene Reknits
Its Holes” (Nano Letters, 2012, 12(8), p.3936-39402 presented below.
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Direct Experimental Evidence of Metal-Mediated
Etching of Suspended Graphene

Quentin M. Ramass®&ecep Zan Ursel Bangert, Danil W. Boukhvalo¥oung-Woo Son
and Konstantin S. Novoselov

*The first two authors have contributed equallyhe tvork.

ACS Nano, 2012, 6(5), p.4063-4071

ABSTRACT

Atomic resolution high angle annular dark field gmay of suspended, single-layer
graphene, onto which the metals Cr, Ti, Pd, NiaAtl Au atoms had been deposited was
carried out in an aberration corrected scanningstrassion electron microscope. In
combination with electron energy loss spectroscaayployed to identify individual
impurity atoms, it was shown that nano-scale hulese etched into graphene, initiated at
sites where single atoms of all the metal specxeem for gold come into close contact
with the graphene. The e-beam scanning processtisimental in promoting metal atoms
from clusters formed during the original metal dgpon process onto the clean graphene
surface, where they initiate the hole-forming psscéOur observations are discussed in the
light of calculations in the literature, predictigmuch lowered vacancy formation in
graphene when metal ad-atoms are present. Thereetgnt and importance of oxygen
atoms in this process, although not predicted bgh sprevious calculations, is also
discussed, following our observations of hole fatiora in pristine graphene in the
presence of Si-impurity atoms, supported by neweuations which predict a dramatic

decrease of the vacancy formation energy, when ®Si@ecules are present.
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Since the first isolation of single layer grapHiter, graphene, a large body of research
has been devoted to the remarkable electronicctatal and physical properties of this
unique material, often with a view to utilising fitr practical application$.Almost by
definition, however, the fabrication of any grapbdrased device involves the
incorporation of metal contacts, to exploit its rthal or electrical conductivity for
instance. The use of either Au, Cr, Ti or Pd hasnbghown to dramatically affect the
performance of the resulting devices and it folldhet the choice of metal is therefore key
to a successful design? Furthermore, metals like ZnNi,® * Ag® ® and Cd” ** or even
non-metallic SiQ'? have all been used to tailor graphite and grapivenespecific shapes
such as nano-ribbons, by either oxidation or hydnagion at elevated temperature,
resulting in the formation of various by-produti®s a result, a number of recent studies
have focused on the behaviour and interactionsepiosited metal ad-atoms or nano-
particles on graphene surfaces. Most of these asedoon theoretical simulations such as
Monte Carlo, molecular dynamics (MD) or density dtional theory (DFT) to calculate
the structure, bonding, and potential charge teansf different adsorbed metal ad-atoms
on materialg*™*® Unfortunately, depending on the approach usethfese calculations and
in particular the choice of parameters and apprakins, the results are not always
consistent. Ni, for instance, was predicted to leitfgither strontf" ° or weak® ?°binding
to graphene. As a general rule, however, transinatals (TM) have been predicted to
bond covalently to the graphene surface resultingignificant lattice distortions whilst by
contrast alkaline metals are ionically bonded @pgene and cause little distortigh?! In
practice, it was recently demonstrated experimbnthht instead of adhering to the free
surface of graphene metals tend to cluster on fofhe ubiquitous hydrocarbon-based
contamination, which seems to indicate a very wedlinity between metals and
graphené? This weak TM-graphene interaction can be mediabyd deliberately
introducing vacancied.€. defective sites) into graphene sheets prior tasiépn where
some metal atoms can then be trappé&ths a result of bonding rearrangements around the
defects and a decrease of the adsorption energieiban this case, it was recently
calculated that with the exception of Auhose interaction with graphene is consistently
predicted to be weak, the presence of Al, Fe, CGbNirmetal atom impurities on or within
the graphene layer can in turn lead to a dramaticiation of the formation energies of
further defects and therefore to the formationaofié holes in the sheet. This would imply
that graphene could be destroyed easily by the amuldion of metal atoms, a conclusion

that has serious potential implications for gragheievice fabricatiof® It is therefore
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essential to devote renewed experimental attemtionetal-graphene interactions in order
to confirm or disprove this predicted deleteriowhdwviour and perhaps to propose new
mechanisms whereby it could be alleviated. Transiomselectron microscopy (TEM) is
the ideal tool for such studies, especially with thounting interest in so-called suspended
devices, which eliminate substrate effects and #xudoit the intrinsic properties of free-
standing grapherfelndeed, the technique's ability to image and ifledirectly each and
every atom in 2D materials has already played nifsignt role in the establishment of
graphene as one of the most studied materialsed? 1kt century by providing arguably the
most visually striking proofs of its existente.

Here we present a systematic scanning transmisdexctron microscopy (STEM)
study of the interaction of suspended single-layaphene sheets with metals, namely Au,
Cr, Ti, Pd, Ni and Al, as well as with Si (presentour samples as an unintentional
impurity: see Materials and Methods), through a et@gstem consisting of individual ad-
atoms and/or aggregates of atoms (clusters) deposih free-standing graphene. The
effects on the structure of graphene were obseateambient temperature in ultra high
vacuum (10torr) and at a primary beam energy (60 kV) welblethe knock-on damage
threshold for carboff i.e. in conditions that are expected to allow for safimlonged,
observation of the material without altering itsustural integrity. A combination of
chemically-sensitive Z-contrast imaging and elattemergy loss spectroscopy (EELS)
allowed us to confirm that in spite of these spe@hvironmental conditions, etching does
take place in the presence of all deposited elesneith the exception of Au. Etching
systematically initiated at the edges between clgeaphene areas and the macro-
molecular contamination layers where the metaltelssand impurity atoms tend to sit.
Based on further theoretical results, we suggest tifis behaviour is due to the local
oxidation of the metallic ad-atoms, the oxygen\ation energy barrier being possibly
overcome by local heating as a result of energstea from the beam followed by C-atom
dissociation through C-O formation.

Although only on a model system, the observatiod aflucidation of this metal-
mediated etching behaviour is an essential res@tteme when graphene is moving from
the laboratory to the factory floor. A better urgtanding of the properties of metal
contacts on suspended layer graphene is essemtidlefice fabrication, patterning and
improving performance and our results point to tieed for more systematic studies of

nucleation and coverage in order to determine aptountacts: *
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Results and Discussions

The monolayer graphene sheets used for this stiatg yrown by chemical vapour
deposition (CVD) on a copper substrate accordinthéomethod described by Et al?®
and metals were introduced onto the graphene membrhay means of evaporation, prior
to STEM measurements. Figure 1 shows low magnificdd AADF images of Au (a), Cr
(b), Ti (c), Pd (d), Ni (e) and Al (f) deposited simgle layer graphene sheets (as verified
using electron diffraction in a conventional TEMaprto deposition: see supplementary
material, figure S1). The same amount of metal Y2vAs evaporated in each case for
accurate comparison. Consistent with recent obSenm the deposited metals have
formed clusters located exclusively on top of thquitous hydrocarbon contamination
(residues from the transfer, or contamination @guexposure to air) partially covering the
surface of grapherfé.No such clusters were observed directly on cleagleslayer
graphene (the darker patches on fig. 1) throughbig study, irrespective of the
preparation method. A similar amount of Au was d#ea on exfoliated single layer
graphene (not shown here) resulting in a simildrabeur to the CVD-grown samples, on
which we will concentrate for the rest of this studhis lack of adherence of transition
metal atoms on pure graphene, or in other words #pgparent high mobility on clean
graphene surfaces, illustrates how significanttpreder the metal-metal interactions are
than the metal—graphene interactiéhs® Indeed this behaviour was predicted by DFT
calculationd' and MD simulationg? which suggested that clustering is more enerdhtica
favourable for transition metal atoms than remangolated. By contrast alkali metals are
expected to form 2-dimensional continuous films@mof the graphene surfate.

In spite of identical deposition conditions the pimgnomy of the samples varies
significantly. Au clusters (fig. 1a) are larger ashehser and as a result coverage is sparser
than for the other metals. Pd (fig. 1d) and Ni.(fig) also agglomerate into well-defined
metallic nano-particles, albeit of much smalleresizthan Au, resulting in a more uniform
coverage of the sample. Cr (fig. 1b) and partidul@r (fig. 1c) and Al (fig. 1f) exhibit a

much higher fractional coverage with loose, flabnaic aggregates.
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Figure 1. Low magnification HAADF images of metals on mon@agraphene show an
overview of the metal distribution for: (a) Au; (B); (c) Ti; (d) Pd; (e) Ni and (f) Al. The
contrast and intensity were adjusted to revealsaoéalean graphene (dark patches) and
‘contamination’ layers (light grey patches) wherke t metals (white clusters) sit

preferentially.

The propensity of the latter to oxidise into alueimay explain the aspect of that
particular sample as the deposited Al may haveiseidduring sample transport from the
deposition chamber to the microscope or upon conéith the hydrocarbon layer. A
similar argument can be made for Ti and Cr, whigh@mmonly used as a precursor for
the fabrication of Au contacts on graphene: theebetoverage of the sample after
deposition of those two metals observed here magnbdustration of their effectiveness
for such applications. Although none were appliedeh surface pre-treatments such as
hydrogenation (or oxidation) have been shown tecafthe adherence of metals to the
samples, resulting for instance in smaller Au dtsiand a more uniform coverage which
in turn is easily degraded by beam-induced coatescef the clusters under the electron
beam?°

Although as can be seen in the overview imagesigof If the metal clusters sit
preferentially in the middle of the hydrocarbon w@mination, after a few scans of the
electron beam at mid- to high-resolution (for hgjgnal-to-noise images each scan can

take up to 30s), some of the clusters and/or iddai atoms can be dragged by the beam to
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the edge of the contamination layer. Figure 2a shaw HAADF image of such a Ni
cluster positioned at the very edge of a contananairea. Individual Ni atoms can be also
seen to form a raft above a region of clean sitagler graphene at the edge of the patrticle.
While some carbon chains may still be present imately under these Ni atoms, such a
configuration offers a great proximity between pgraphene and the metal atoms. After a
few additional scans of the beam, a hole has for(hgd2b), decorated by individual Ni
atoms as evidenced by the clearNii 3 signature in the EEL spectrum (fig. 2c), acquired
by placing the electron probe exactly on top of bnght atom marked on fig. 2b. This
hole formation is obviously dynamic and additiostills from a time series of over 90
consecutive images illustrate the process furtlee (supplementary material, fig. S2).
After the initial hole formation, individual Ni ates are observed to jump onto the exposed
edge before the hole is further enlarged, produbmnght horizontal streaks in the images
(figure 2a) as they are being captured at diffeygditions by the beam as it is being
rastered in a line. They can only be imaged on@enrore stable position at the edge of the
hole, such as on figure 2b. A strong indicatiort tie drilling process is indeed metal-
mediated arises from the observation that wheniratdyin is decorating the hole, the latter
merely re-shapes dynamically (as expected fromieearéportd®) but does not grow
further in size (see supplementary material, fig). 3 other words, the drilling stabilises
when the local reservoir of metal impurity atome&xhausted and until more Ni atoms are
drawn towards the energetically unstable edgebehblevia surface diffusion thanks to

the high mobility of single metal impurities on gle layer graphene.

Counts (a.u.)

80 90 100 110
Energy (eV)

Figure 2. (a) HAADF image of a Ni cluster sitting on the vesgige of the hydrocarbon
contamination layer. Single Ni atoms have beengiddy the beam from the cluster and
are in contact with the graphene monolayer. (bg®dt few more scans, a hole has formed,
whose edges are decorated by single Ni atoms,ifidéenby their NiM, 3 EELS signal. (c)
EELS spectrum acquired by positioning the beanmifoon the bright atom circled in (b).
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This behaviour (migration of the metal atoms unttexr beam to the edge of the
contamination layer, drilling and hole enlargemewgs reproduced identically when
imaging single layer graphene samples on whictagaiim (fig. 3a), titanium (fig. 3b) and
aluminium (fig. 3c) had been deposited, while inealier report a similar process had
probably been at play but not recognised for theraction of Cr with grapherfé.In each
case, the nature of the atoms decorating the edfjghe newly formed holes was
confirmed by placing the electron probe directlytop of them and recording an EELS
spectrum, as shown on fig. 3.

Metals have been used as catalysts for patterrfiggaphene devices in hydrogen or
oxygen flow at high temperatur&s; **and the addition of Ni in particular was predicted
to lead to very low defect formation energies whateracting with single layer
graphené® However, neither gas environment nor high tempeesat were used in our
study, which is to our knowledge the first expennta evidence of electron beam-induced
drilling of graphene through its direct interactiaith metals. D. W. Boukhvalov and M. I.
Katsnelson predicted this destructive behaviouedsgigally for Fe, Co, Ni and Al) by
calculating a drastic lowering of the formation &gyefor mono- and di-vacancies in single
layer graphene when metal ad-atoms are presertiegraphene surfaé® The precise
mechanism they propose in thaly initio calculations assumes a direct contact between a
metal atom and the surface of free-standing graplhefore the formation of the defects:
as noticed above, some direct contact can be adxbeat the very edge of the
contamination layer after a few scans of the edectream, as illustrated on fig. 2a. While
our observations seem to provide a direct expetiahavidence of this metal-mediated
destruction of graphene, it is important to consioliner possible reasons for the severe

drilling behaviour we observed.
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Figure 3. HAADF images of holes formed in monolayer graphégmeugh metal mediated
etching for (a) Pd, (b) Ti and (c) Al. EELS speduired by positioning the beam for 1s
on the atoms circled on the images are shown beltw.dotted lines correspond to the

EELS signal after background subtraction with a @olaw.

Although all are transition metals, these eleméatge been predicted to interact with
graphene quite differently. Palladium has been usedin electrical contact in device
fabrication for many yeat$and most recently in graphene devicdmecause of its lower
cost compared to gold. Although it has a full disheis expected to bond covalently to
graphene with a reasonably high adsorption en¥rgy.Recent DFT calculations also
suggest that Pd atoms have a strong tendencyrtotfoee-dimensional rather than planar
clusters on graphene, which indicate a weak Pdhgrag interactioft as evidenced by our
observation, see fig 1d. Of all the metals usedtlicg study, Ti is predicted to have the
strongest interaction with graphene, bonding tsitfacevia chemisorptiort” *° Finally,

Al is predicted to have ionic bonding to the graphesurface, similarly to the case of I-1lI
metals, which unlike transition metdisare not seeing a significant modification of their
electronic state. Furthermore, Al-doped grapheng Ibeen shown to be a promising
material for hydrogen storaffewhile the deposition of a layer of aluminium oxicien be
used as a gate insulator in graphene device falnic¥

A constant trait of all those elements is theirganesity to form oxides, which suggests
that oxidation could be playing a major role in #féects we are observing. This theory
could be further strengthened by the fact thatdmtrast no hole-forming was observed on

Au-deposited samples (see supplementary mategalS# and, for instance, Za al*?),
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Au being of course not prone to oxidation exceptviry specific circumstancés.
Nevertheless, even in the mono-vacancy formatiodahtor the destruction of graphene
proposed by Boukhvaloet al,?® Au is not expected to lead to a major loss iniktatas

its defect formation energy remains high so thiseobation cannot definitively point to a
role of O in this etching process. As the deposgiizvere conducted in thermal and e-beam
evaporators where the vacuum is at leasftafr, all metals being degassed prior to
evaporation, the most likely sources of oxygenusthany be involved in this process, are
therefore: the oxidation of the metal clusters antiie retention of O by the hydrocarbon
contamination during transport of the samples frdm deposition chamber to the
microscope; or a relatively high partial pressufeCoin the microscope column. All
samples were systematically left within the micayse vacuum for several days to ensure
perfect thermal and mechanical equilibrium duridgservation: after such long waiting
periods the slight pressure increase in the coldoeto sample insertion had subsided and
the sample chamber was systematically at its bassspre of <5xI&orr. Sample
degassing can be thus considered as an unlikelges@f O. Graphene etching in oxygen
environment is well-documented and the energy reduior the oxidation of graphene is
expected to be lo&’ Therefore, should a high partial pressure of Qhim chamber be
responsible for the observed hole formation it &thdwe occurring everywhere, not only at
the edges of the hydrocarbon contamination. Furibez, at 60kV and in otherwise
identical conditions perfectly clean patches opfene were imaged by scanning the beam
repeatedly for over an hour without any drillindieThole formation mechanism we report
here must therefore be either solely metal-mediateth the model from Boukhvalaat
al.,?® or involve metal ad-atoms and oxygen from eithédised metal clusters or oxidised
surface contamination.

As a control experiment we studied a 'pristinepgeme sampld,e. a single layer
graphene sheet produced and processed in ideatindltions but on which no metal was
deposited. As mentioned previously, in the condgiaised for our observations pristine
single layer graphene patches can be imaged withioytvisible damage for extremely
long periods of time, and with very large electroiloses. Some carbon surface
contamination may occasionally diffuse into thédfief view depending on the area being
observed (the C support film may act as a 'contatiin reservoir'), but drilling or etching
was never noticed when imaging clean areas of ampkes. Although every attempt was

made at obtaining extremely clean single layer lygap samples prior to metal deposition,
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Si contaminants, either in the form of relativedyde SiQ clusters or of small single Si
atoms are commdhand were readily observed in our samples.

Substitutional Si impurities were found to be vetgble. Figure 4a shows an HAADF
image of a such a Si impurity, identified by EELysd#acing the beam directly on top of it
(figure 4b). Several such datasets were acquirgdesgially, with the Si impurity atom
always appearing on HAADF images recorded immelyiatiter the 2s EELS acquisition
took place, proof of the great stability of thisrusture. However, when imaging
continuously the edge of a hydrocarbon contamindager containing some Si impurities
(identified by EELS), we were able to observe ewsn such 'pristine’ samples the
formation of a hole in the graphene sheet, althaughas readily as with metal-deposited

samples.

Counts (a.u.)
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Counts (a.u.)
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Figure 4. (a) HAADF image of a single substitutional Si atomithin a graphene
monolayer. An EELS point spectrum (b) acquired bgifoning the beam for 1s on the
atom confirms it is Si. This defect is extremelgtde as it was possible to record several
successive such datasets, the atoms remainingsitigpothroughout. (c) HAADF image
and corresponding EELS point spectrum (d) of at@nadecorating a hole, just formed at
the edge of the hydrocarbon contamination layee 3ignal after background subtraction

with a power law model is shown as the dotted line.
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As in the metal case, the edges of the thus-forhwdel were subsequently decorated
by single atoms (figure 4c), identified as Si atdmg<EELS (figure 4d). Again, the process
was observed to continue until the local reserebiSi impurity atoms is exhausted, at
which point the drilling is halted and only a dynameshaping of the edges of the hole can
be observed under the beam.

SiO; has been shown to have potential applicationsiloring graphene sheets to
specific shapes during annealing in hydrogen atimersp around 90C, the high
temperature, high pressure environment being drtwithe production of SiQparticles
from the surface of a Si/SjOwafer’? The previously un-reported drilling mechanism
observed on pristine samples is therefore quiteréit and may depend crucially on the
vacancy formation energy barrier in case of a sif8jlad-atom, Si cluster, Si@olecules
and/or SiQ cluster. We found computationally that single &iasaoms and crystalline Si
clusters have similar vacancy formation energie33@V and 8.36eV, respectively). These
are close to the energy required for the formabéra single vacancy in graphene by
irradiation (7eV§? and it can therefore be concluded that the presefSi ad-atoms or
crystalline clusters should not lead to any dmjlibehaviour. Similarly, un-passivated
quartz (ordered Si§) was revealed to be relatively 'safe’ for graphéme energy required
for the migration of a single oxygen from i@ the graphene surface is 3.14 eV (much
higher than the energy required for the oxidatibgraphene reported in the literature),
while the unzipping of graphene along defect 'lirdscarbon monoxide molecuf€sis
unlikely as the required energies for a single anghir of epoxy groups are 6.94 eV and
9.69 eV, respectively. On the other hand, disodisikcon oxide molecules and clusters
provide a plausible solution as both have a ternylédncform metastable intermediate
Sik0,C, structure$? The energies required for this process are 3.1/ 2.46 eV for
silicon oxide molecules and silicon oxide clustersspectively, which are very much
comparable to the 2.5 eV energy formation of a meamancy in the presence ofR({see
supplementary material for details on the modellpagameters, fig. S5). We therefore
propose that as in the case of metal-depositechgreg disordered SiOnolecules find
themselves dragged to the edge of the contaminigar, where they interact with the
graphene sheet. Upon formation of an initial urlst&8,0,C, structure, as suggested by
our calculations, a hole appears and grows throliglsame mechanism, Si atoms or,SiO

clusters being drawn energetically to the exposk:e.
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Finally, we point out that the exact role of theadton beam in either the metal-
mediated drilling or in the Si case could not beeclly elucidated from our sole
observations. However, the formation of holes & ¢dge of the contamination layers
away from the region being imaged (up to tens of) mmd the excellent conduction
properties of grapheffepoint to a heat transfer mechanism, whereby lbealting as a
result of the irradiation by the beam is sufficiemtovercome the defect formation energy

barriers.

Conclusions

Using atomic resolution HAADF imaging and ident#ion of single atoms by EELS,
we have observed etching of suspended, single-lgnghene upon which metal atoms
had been deposited. Etching occurred with all eggadometals (Cr, Ti, Pd, Ni and Al)
apart from gold. It also occurred in pristine saesplvith (unintentional) Si contamination.
Metal clusters nucleate initially exclusively ondngcarbon contamination. Nano-scale
holes form in locations where metal atom clustératsthe border of the contamination
with pristine graphene, following the drag of indiwval metal atoms onto the pristine
graphene surface during the e-beam scan. Thedretiodelling predicts that vacancy
formation energies in graphene are substantialbeted in the presence of metal atoms.
Although according to such calculations the preseoicoxygen is not required in this
metal-mediated vacancy formation, we suggest oxyggmwesent and indeed assists C-C
bond dissociatiorvia graphene oxidation. We derive this from the fdwhttvacancy
formation in the presence of Si-oxide has much fogredicted energies -similar to these
calculated for vacancy formation in the presencéiefthan for Si-atoms or Si-clusters
alone. The presence of O is further indicated leyfttt that holes form at the edges of
hydrocarbon contamination, added to observatioasatoms from the deposits are being
dragged onto the clean graphene. Lastly, etchireg amt occur in the presence of gold
atoms, which do not oxidise, although the predistechncy formation energy is lowered.
The role of the scanning electron probe is notyfeltablished, but since hole formation
also occurred in regions adjacent to but not diyeotthe e-beam scanned area, we suggest

that the e-beam acts as a heat source.

Materials and Methods
The monolayer CVD grown graphene membranes wemsfeaed to the TEM

support grids using a standard wet chemistry metlogy. Conventional TEM was used to
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assess quality of the produced films: electronralition data confirmed near perfect
coverage of the entire TEM grids with a single fageaphene she&t.The samples were
then placed either into an electron beam evapo(aiodepositing Au, Cr, Ti and Pd) or a
thermal evaporator (for depositing Al and Ni). lih @ases, the same amount of material
(2 A of Au, Cr, Ti, Pd, Ni and Al) was depositedtha precisely calibrated rate of 0.1 A/s,
in a custom-made deposition chamber whose presanged from 16 to 108 torr during
the evaporation. While Si atoms were not introdudeliberately, they were consistently
observed as a widely present contaminant both dalvdeposited samples and on pristine
graphene samples. The presence of Si (and)Si@htaminants on graphene has been
widely reported for both CVD-grown and exfoliatedapghen&'. The support films,
another possible origin for the Si contaminantstenad! but ruled out as a source in our
case: Si single atoms and §i€@usters were indeed consistently observed onregsaped
pristine graphene samples transferred onto diffeygres of support grids (lacey carbon
film, holey carbon film and Quantifdil') purchased from different suppliers.

All electron micrographs were acquired at the S8p&M Laboratory on a Nion
UltraSTEM100" dedicated scanning transmission electron micrascapipped with a
cold field emission gun with a native energy spred.35 eV and operated at 60 kV to
prevent knock-on damage to the graphene samples. if$trument has an ultra-high-
vacuum (UHV) design throughout, allowing pressuaethe sample of below 5xfaorr.
The beam was set up to a convergence semi-angd® ofrad with an estimated beam
current of 45 pA at the sample. In these operatimgditions the estimated probe size is
1.1 A. The high angle annular dark field (HAADF)teietor used to record the Z-contrast
images had inner and outer radii of 86 mrad andmM@@ respectively. Detectors with
lower inner angles (medium and low angle annulak deeld detectors, MAADF and
LAADF) can provide an increased signal-to-noiseinmages of low atomic number
materials while retaining good signal interpretépifor ultra thin samples (there is no
dynamical effect for samples one atom thick) arelythave been used recently to great
effect for atom-by-atom chemical analy&isAs this study is concerned with impurity
atoms deposited on top of the graphene samples,[HAmaging was used throughout to
avoid potential non-linearity effects in MAADF imas, thus retaining the approximate
dependence of the imaging process whereby the sityemecorded with the probe
positioned on an atomic site is approximately propoal to the square of the average

atomic numbeiZ of this site?’ Electron energy loss spectra were recorded ontanGa
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Enfina spectrometer with acquisition times betwgenand 2 s (as specified in the text) for
point spectra. The spectrometer acceptance serte-aag calibrated at 33 mrad.
Interactions between graphene and silicon adatdustées) or SOy clusters were further
studied using a first-principles calculation methisgplemented in the SIESTA cod®as
was done in previous wofR: ?° “In modelling these interactions, the generalizexiigmt
approximation (GGA-PBEj was adopted to describe the exchange-correlatiengg,
which has been used in understanding grapheneudestf® and oxidatiorf> “° Another
theoretical consideration is the interaction betwgephene and a quartz substrate. In this
case, the local density approximation (LDNpstead of the GGA-PBE is used because the
latter fails to describe the weak graphene-sulsstirteractions’ The atomic positions
were fully relaxed within the maximum force of 0.84/A on individual atoms. The ion
cores are described by norm-conserving non-refaiivpseudo-potentials with cut off
radii 1.90, 1.15 and 1.25 a.u. for Si, O and C eespely, and the wavefunctions are
expanded with localized atomic orbitals (a doublplus polarization basis set). All
calculations were carried out with an energy meshoff of 360 Ry. We used a
rectangular shaped supercell containing 48 carbbomsato model interactions between
graphene and silicon atoms or clust@Bor the modelling of the interaction of graphene
with an un-passivated quartz (ordered $iQurface we used a graphene supercell
containing 32 carbon atoms over 9 Si atomic layéra-quartz previously used in Ref.
[51]. For these two models we used the k-point mesl8x6x1 and 4x4x1 in the

Monkhorst-Pack schermierespectively.

Acknowledgments

This work was supported by the EPSRC (UK). We ackedge computational
support from the CAC of KIAS. Y.-W. S. was suppdrtey the NRF grant funded by the
government of Korea, MEST (Quantum Metamaterialsedech Center, R11-2008-053-
01002-0).

References

1. Novoselov, K. S.; Geim, A. K.; Morozov, S. Viadg, D.; Zhang, Y.; Dubonos, S. V,;
Grigorieva, I. V.; Firsov, A. A. Electric Field Edtt in Atomically Thin Carbon Films.
Science2004,306, 666-669.

2. Ponomarenko, L. A.; Geim, A. K.; Zhukov, A. Aalil, R.; Morozov, S. V.;
Novoselov, K. S.; Grigorieva, I. V.; Hill, E. H.;i@ianov, V. V.; Falko, V. lL.et al.

136



Tunable Metal-Insulator Transition in Double-Lay&raphene Heterostructurégat.
Phys.2011,7, 958-961.

3. Pi, K.; McCreary, K. M.; Bao, W.; Han, W.; Ch@ny. F.; Li, Y.; Tsai, S. W.; Lau, C.
N.; Kawakami, R. K. Electronic Doping and Scattgrby Transition Metals on Graphene.
Phys. Rev. R009,80, 075406.

4. Venugopal, A.; Colombo, L.; Vogel, E. M. Cont&#sistance in Few and Multilayer
Graphene Device&ppl. Phys. Let2010,96, 013512.

5. Dimiev, A.; Kosynkin, D. V.; Sinitskii, A.; Slesev, A.; Sun, Z.; Tour, J. M. Layer-
by-Layer Removal of Graphene for Device PatternBmgence2011,331, 1168-1172.

6. Campos, L. C.; Manfrinato, V. R.; Sanchez-YarshgiJ. D.; Kong, J.; Jarillo-
Herrero, P. Anisotropic Etching and Nanoribbon Fation in Single-Layer Graphene.
Nano Lett2009,9, 2600-2604.

7. Ci, L.; Xu, Z.; Wang, L.; Gao, W.; Ding, F.; HglK.; Yakobson, B.; Ajayan, P.
Controlled Nanocutting of Grapherdano Res2008,1, 116-122.

8. Booth, T. J.; Pizzocchero, F.; Andersen, H.;$¢am T. W.; Wagner, J. B.; Jinschek, J.
R.; Dunin-Borkowski, R. E.; Hansen, O.; Boggild,[Hscrete Dynamics of Nanoparticle
Channelling in Suspended Grapheano Lett2011,11, 2689-2692.

9. Severin, N.; Kirstein, S.; Sokolov, I. M.; RalleP. Rapid Trench Channeling of
Graphenes with Catalytic Silver Nanoparticldano Lett2008,9, 457-461.

10. Schaffel, F.; Warner, J.; Bachmatiuk, A.; Rghaus, B.; Buchner, B.; Schultz, L.;
Rummeli, M. Shedding Light on the CrystallograpBiching of Multi-Layer Graphene at
the Atomic ScaleNano Res2009,2, 695-705.

11. Schaffel, F.; Wilson, M.; Bachmatiuk, A.; Rumim®l. H.; Queitsch, U.; Rellinghaus,
B.; Briggs, G. A. D.; Warner, J. H. Atomic Resoartiimaging of the Edges of
Catalytically Etched Suspended Few-Layer Grapha@& Nand®011,5, 1975-1983.

12. Gao, L.; Ren, W.; Liu, B.; Wu, Z.-S.; Jiang; Cheng, H.-M. Crystallographic
Tailoring of Graphene by Nonmetal SiOx Nanoparicle Am. Chem. So2009,131,
13934-13936.

13. Biro, L. P.; Lambin, P. Nanopatterning of Grapé with Crystallographic Orientation
Control.Carbon2010,48, 2677-2689.

14. Chan, K. T.; Neaton, J. B.; Cohen, M. L. FPstaciples Study of Metal Adatom
Adsorption on Graphen@hys. Rev. R008,77, 235430.

15. Sevincli, H.; Topsakal, M.; Durgun, E.; Cira8i, Electronic and Magnetic Properties
of 3d Transition-Metal Atom Adsorbed Graphene amdpBene NanoribbonBhys. Rev.

B 2008,77, 195434.

16. Giovannetti, G.; Khomyakov, P. A.; Brocks, &arpan, V. M.; van den Brink, J.;
Kelly, P. J. Doping Graphene with Metal Contaétkys. Rev. Let2008,101, 026803.

17. Gong, C.; Lee Geunsik; Shan, B.; Vogel, E.; Mallace, R. M.; Cho, K. First-
Principles Study of Metal-Graphene InterfacksAppl. Phy2010,108, 123711.

18. Vanin, M.; Mortensen, J. J.; Kelkkanen, A. &arcia-Lastra, J. M.; Thygesen, K. S.;
Jacobsen, K. W. Graphene on Metals: A van der Waaisity Functional Studyhys.
Rev. B2010,81, 081408.

137



19. Yazyev, O. V.; Pasquarello, A. Metal AdatomsGmaphene and Hexagonal Boron
Nitride: Towards Rational Design of Self-AssembmniplatesPhys. Rev. B010,82,
045407.

20. Zolyomi, V.; Rusznyék, A.; Koltai, J.; Kiirti,;Lambert, C. J. Functionalization of
Graphene with Transition MetaBhys. Status Solidi B010,247, 2920-2923.

21. Liu, X.; Wang, C. Z.; Yao, Y. X.; Lu, W. C.; igalo, M.; Tringides, M. C.; Ho, K. M.
Bonding and Charge Transfer by Metal Adatom Adsompon Graphend?hys. Rev. B
2011,83, 235411.

22. Zan, R.; Bangert, U.; Ramasse, Q.; Novoselo\s.KMetal-Graphene Interaction
Studied via Atomic Resolution Scanning Transmis$ttectron MicroscopyNano Lett.
2011,11, 1087-1092.

23. Krasheninnikov, A. V.; Lehtinen, P. O.; FosierS.; Pyykko; P.; Nieminen, R. M.
Embedding Transition-Metal Atoms in Graphene: Stree; Bonding, and Magnetism.
Phys. Rev. Let2009,102, 126807.

24. Okamoto, Y. Density-Functional Calculationdafsahedral M13 (M = Pt and Au)
Clusters on Graphene Sheets and FlaRaem. Phys. Let2006,420, 382-386.

25. Boukhvalov, D. W.; Katsnelson, M. I. ChemicahEtionalization of Graphene with
Defects.Nano Lett2008,8, 4373-4379.

26. Boukhvalov, D. W.; Katsnelson, M. ., Destroctiof Graphene by Metal Adatoms.
Appl. Phys. Lett2009,95, 023109.

27. Gass, M. H.; Bangert, U.; Bleloch, A. L.; Walg, Nair, R. R.; Geim, A. K. Free-
Standing Graphene at Atomic Resolutibiat. Nanotechnol2008,3, 676-681.

28. Egerton, R. F.; Wang, F.; Crozier, P. A. Beaniulced Damage to Thin Specimens in
an Intense Electron Probdicrosc. Microanal.2006,12, 65-71.

29. Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; YanQ.; Piner, R.; Velamakanni, A.; Jung,
l.; Tutuc, E.;et al.R. S., Large-Area Synthesis of High-Quality andfahm Graphene
Films on Copper FoilsScience2009,324, 1312-1314.

30. Zan, R.; Bangert, U.; Ramasse, Q.; Novoselo\.Kvolution of Gold
Nanostructures on Grapher@mall2011,7, 2868-2872.

31. Akturk, U., Olcay; Tomak, M. AfPt, Clusters Adsorbed on Graphene Studied by
First-Principles Calculation®hys. Rev. R009,80, 085417.

32. Neek-Amal, M.; Asgari, R.; Tabar, M. R. R. Tlh@mation of Atomic Nanoclusters
on Graphene Sheetdanotechnolog009,20, 135602.

33. Girit, C. O.; Meyer, J. C.; Erni, R.; Ross#ll, D.; Kisielowski, C.; Yang, L.; Park,
C.-H.; Crommie, M. F.; Cohen, M. L.; Louie, S. @t;al. Graphene at the Edge: Stability
and DynamicsScience2009,323, 1705-1708.

34. Raub, C. J. Electroplating of Palladium fordiieal ContactsPlatinum Met. Rev.
1982,26, 158-166.

35. Xia, F.; Perebeinos, V.; Lin, Y.-m.; Wu, Y.; éuris, P. The Origins and Limits of
Metal-Graphene Junction Resistanidat. Nanotechnol2011,6, 179-184.

36. Cabria, I.; Lopez, M. J.; Alonso, J. A. Theaai Study of the Transition from Planar
to Three-Dimensional Structures of Palladium Cliss&upported on Grapherighys. Rev.
B 2010,81, 035403.

138



37. Ao, Z. M.; Jiang, Q.; Zhang, R. Q.; Tan, T.[i,;S. Al Doped Graphene: A
Promising Material for Hydrogen Storage at Room peratureJ. Appl. Phys2009,105,
074307.

38. Wang, X.; Tabakman, S. M.; Dai, H. Atomic Layposition of Metal Oxides on
Pristine and Functionalized GraphedeAm. Chem. So2008,130, 8152-8153.

39. Boyen, H. G.; Kastle, G.; Weig|, F.; KoslowsRi, Dietrich, C.; Ziemann, P.; Spatz,
J. P.; Riethmuller, S.; Hartmann, C.; Moller, Mt;al. Oxidation-Resistant Gold-55
Clusters.Science2002,297, 1533-1536.

40. Boukhvalov, D. W.; Son, Y.-W., Oxygen Reducti®eactions on Pure and Nitrogen-
Doped Graphene: a First-Principles ModeliNgnoscale2012 4, 417-420.

41. Zhou, W.; Prange, M.; Oxley, M.; Pantelides,P&nnycook, S.; Nanda, J.; Narula, C.;
Idrobo, J. C. Atomic Scale Study of Point Defeat&raphene using STEWlicrosc.
Microanal.2011,17, (SupplementS2), 1498-1499.

42. Banhart, F.; Kotakoski, J.; Krasheninnikov \A.Structural Defects in Graphen&CS
Nano2011,5, 26-41.

43. Li, J.-L.; Kudin, K. N.; McAllister, M. J.; Pdihomme, R. K.; Aksay, I. A.; Car, R.
Oxygen-Driven Unzipping of Graphitic MateriaRBhys. Rev. Let2006,96, 176101.

44. Tribaudino, M.; Artoni, A.; Mavris, C.; Bersam.; Lottici, P. P.; Belletti, D. Single-
Crystal X-ray and Raman Investigation on Melanoghé&from Varano Marchesi (Parma,
Italy). Am. Mineral.2008,93, 88-94.

45. Balandin, A. A.; Ghosh, S.; Bao, W.; Calizg,Tleweldebrhan, D.; Miao, F.; Lau, C.
N. Superior Thermal Conductivity of Single-LayeraheneNano Lett2008,8, 902-907.
46. Meyer, J. C.; Geim, A. K.; Katsnelson, M. Igwselov, K. S.; Obergfell, D.; Roth,
S.; Girit, C.; Zettl, A. On the Roughness of Singlad Bi-Layer Graphene Membranes.
Solid State Commu@007,143, 101-109.

47. Krivanek, O. L.; Chisholm, M. F.; Nicolosi, WRennycook, T. J.; Corbin, G. J.;
Dellby, N.; Murfitt, M. F.; Own, C. S.; Szilagyi,.sS.; Oxley, M. P.gt al. Atom-By-Atom
Structural and Chemical Analysis by Annular Darkl&iElectron MicroscopyNature
2010,464, 571-574.

48. Soler, J. M.; Artacho, E.; Gale, J. D.; Garéig,Junquera, J.; Ordejon, P.; Sanchez-
Portal, D. The SIESTA Method for Ab Initio Order-Materials SimulationJ. Phys.
Condens. Matte002,14, 2745.

49. Perdew, J. P.; Burke, K.; Ernzerhof, M. Geneeal Gradient Approximation Made
Simple.Phys. Rev. Letl996,77, 3865-3868.

50. Perdew, J. P.; Zunger, A. Self-Interaction €ction to Density-Functional
Approximations for Many-Electron Systenttys. Rev. B981,23, 5048-5079.

51. Cuong, N. T.; Otani, M.; Okada, S. Semiconaugklectronic Property of Graphene
Adsorbed on (0001) Surfaces of $i®hys. Rev. Let2011,106, 106801.

52. Troullier, N.; Martins, J. L. Efficient Pseudupntials for Plane-Wave Calculations.
Phys. Rev. B991,43, 1993-2006.

53. Monkhorst, H. J.; Pack, J. D. Special PointBiallouin-Zone Integrations?hys.

Rev. B1976,13, 5188-5192.

139



Supporting Information

All TEM samples were screened in a conventional THMcnai F30) prior to metal
evaporation to assess the quality of graphene ageeof the grids and to identify the

number of layers by using electron diffraction.

Figure S1. Bright field HRTEM image (a) and diffraction patte(b) from the
imaged area of a graphene sample prior to metaisitegn. The intensity profile in
the inset is taken between the two red arrowsdisated and confirms the presence

of monolayer graphene.

Over 90% of the surface of the samples was comsigtielentified as a monolayer by
comparing first and second ring spot intensitieshm diffraction pattern, as illustrated in

figure S1.

Holes were observed to form under the beam at dige ef the contamination layer
where the deposited metals (0.2nm of Ni, Pd, TiAdy sit preferentially. These
contamination layers are believed to be due in foacarbonaceous residues from the wet
chemistry methodology used to transfer the graplegrexs onto TEM grids, but mostly to
post-transfer exposure of the graphene tb @his drilling/etching behaviour is extremely
dynamic and was captured as time series with latgebers of consecutive images with
very short pixel times. Many such series were aegufor all metal deposited samples:
Figure S2 illustrates the process with stills frarseries of images of Ni-mediated drilling.
The initial hole (top) can be seen to open up lathg the metal clusters with single metal

atoms decorating its edges before being 'drilledya
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Figure S2. Stills from a time series showing the metal-mextiaformation of hole at the

0.5nm

i

0.5nm

.5l
.5

edge of a Ni cluster. The time elapsed between maabe (a)-(h) is approximately 5s. To
improve signal-to-noise, the images shown are time sf 10 consecutive members of the

time series.

The drilling or etching behaviour continues as l@sggnew metal atoms jump to the
edge of the holes from the neighbouring clustetsclvact as a reservoir. The images in
figure S3 are taken from another time series from RPd-deposited sample. The hole is
initially enlarged, with bright atoms decorating dges jumping from the neighbouring
cluster (figure S3(a)). This jumping process is tast to be captured in a single frame,
even with short pixel dwell times, so a detailedalgsis of the atomic movement is
difficult to provide. But bright horizontal streaks the images, corresponding to the same
atom being captured at different positions by tearb along a line, provide evidence of
these jumpsand show that the metal atoms can travel at kedstv nm within a single
image line (a few ms). After a few seconds, the sizthe hole stabilises (figure S3(b)) as
the reservoir of mobile ad-atoms is exhausted. ddteed outlines on figure S3 (b) and (c)
illustrate how the edges of the hole then simpbondigure without any further expansion,

in spite of the long time elapsed (40s betweenSRy(b) and (c)).
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Figure S3.(a) A hole formed in monolayer graphene at the edga Bt cluster is further
enlarged as metal atoms jump onto the exposed edgkthe reservoir of impurity atoms
is exhausted (b), approximately 10s later. The hwdeely reshapes dynamically (c) in spite
of a further 40 scans (approximately 20s), as ateat by the dotted outline of the hole and

the arrow.

The type of metal mediating the etching processdidappear to influence the shapes
of the holes formed, nor the speed or ease witltlwtiieir sizes grew. Such relationships
may not be entirely ruled out but the variationsnietal cluster sizes and distribution, and
more generally the large number of parameterswbatd need to be controlled (exact size
of the clean graphene patch being drilled, geomatityre contamination patch, proximity
to the edge of the metal reservoir, etc...) makelifficult to draw any statistically
significant conclusion.

This metal mediated etching was observed for atlistt metals with the exception of
Au, in spite of extensive observations due to thpdrtance of Au as a potential contact in
the metal-graphene syst&énFigure S4 shows simultaneously acquired brigaidfiand
HAADF STEM images of Au-evaporated monolayer graggheobtained in conditions
identical to the other metal-deposited samplesshatving no hole formation.




Figure S4.Bright field (a) and HAADF (b) images of Au-evapted monolayer graphene,
observed in the same conditions as all other naipbsited samples. No hole formation

was observed with Au.

Although the destruction of graphene by metal asratwas predicted by theoretical
calculations in the literatutewe also observed this etching process on ‘peissamples,
consisting of monolayer graphene processed inicrdonditions but on which no metal
was deposited. In this case, Si atoms were founttorate the holes and to mediate their
formation. Si/Si@ are commonly found contaminants on pristine graphbut were not
previously thought of as potentially deleteriousldional calculations were thus carried

out to shed light on this behaviour.

\N{ +833 eV

II ( 8 +2.46 eV F
ﬁ

Figure S5. Optimised atomic structure and energetics forahifleft column) and final
(right column) steps of the formation of C vacasdiethe presence of (a) a single Si atom,
(b) a metallic Si cluster, (c) a Si@olecule and (d) a Siluster

When modelling the formation of vacancies in graghén the presence of a single

silicon ad-atom (Fig. S5(a)) or of a pure silicdaster (fig. S5(b)), we calculated that the
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energies required for are in both cases higher tiamenergy required for the formation of
a single vacancy by mere irradiation (about 7 éM)y mechanism involving pure Si is
therefore unlikely to result in the drilling behaur we observed and it can be concluded
that pure silicon is safe for graphene.

Another model involves the possible migration ofygen atoms from unpassivated
quartz (arising from the sample preparation) togrephene surface. The energy required
here for the activation of graphene with the foloratf a carbon monoxide molecule is
for a single epoxy group 6.94 eV, and 9.69 eV fquair of epoxy grougs Again, these
calculations suggest that perfect Si®rather safe for graphene.

Lastly we modelled the vacancy formation energthapresence of disordered silicon
oxide, either in the form of SigOmolecules (fig. S5c¢) or of Sihased loose clusters (fig.
S5d). The energies required here are much lowethadteraction of graphene with the
non-stoichiometric surface of Si@anoparticles could provide a path for the fororanf
metastable SO,C, structures and thus the unzipping of the graplsaueture.
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Graphene Reknits Its Holes

Recep Zan Quentin M. Ramasse, Ursel Bangert and Konst&htiMovoselov
Nano Letters, 2012, 12(8), 3936-3940

ABSTRACT

Nano-holes, etched under an electron beam at reampdrature in single-laygraphene
sheets as a result of their interaction with matapurities, are shown to heal
spontaneously by filling up with either non-hexaggraphene-like, or perfect hexagon 2D
structures. Scanning transmission electron micimscaas employed to capture the
healing process and study atom-by-atom the re-grstwrcture. A combination of these
nano-scale etching and re-knitting processes cdeddl to new graphene tailoring

approaches.

TOC

The development of graphene devices has entereewaena: graphene is rapidly
moving from the laboratory to the factory floor vian increasing effort directed towards
achieving devices that employ suspended membrasesell as graphene of defined
geometries, e.g., nano-ribbons and quantum dotsause of their predicted novel,
exceptional electronic propertiés.”® As a result, the interfaces between graphene and
other components of the devices such as metal dsnéme under intense scrutiny. We
have recently shown that in the presence of metaphene can be etched on the nano-
scalé®* under exposure to an electron probe following queace of point defect

reactions, a process different from previous attsmpgraphene etching. In earlier studies,
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graphene and graphite were etched or tailoredgasaenvironment (hydrogen or oxygen)
at high temperaturés. 3 *|n particular, the interaction of metals with tgeaphene
surface in such extreme conditions was shown beogerémentally and theoreticalf/to
provide an efficient means of controlling the etchiprocess and effectively sculpt
graphene/graphite nanostructures. A recent revidwgm@phene tailoring and its
applications can for instance be found in *RAdditionally, a number of papers have
previously discussed defects in graphene, eithbowimg experimental transmission
electron microscopy (TEM) studiés,*® > 6 8083 here defects were introduced by the
electron beam, or by simulations based on Densitynctonal Theory (DFT)
calculation$>® Defects studies in all those papers are basedecwonstruction of the
graphene lattice as a result of knock-on of caditems from the graphene lattice (mono-
and multi- vacancy) or/and as a result of bondtiarta, e.g., the formation of Stone-Wales
(55-77) and 8-ring defects. Dynamics, stability afadourable arrangements of the
reconstructed lattice, with the occurrence of langgcancy aggregates and holes, as well
as edge reconstructions thereof, are further asp#cthose studies. Furthermore, new
structures with long range order, such as haeelsglitonsisting of 5-, 6- and 7-member
rings, or pentaheptid&sincorporating 5- and 7-member rings, have beempgsed as
result of theoretical calculationklere we report the first observations of reconsioag
i.e. the mending and filling of many-vacancy holes (al@0 vacancies) in graphene, in an
electron microscope. We show that provided a reseof loose carbon atoms is readily
available nearby, holes in graphene can be ralilleth either non-hexagonal near-
amorphous or perfectly hexagonal 2-dimensionattires.

To study atomic arrangements we employ high angtaular dark field (HAADF)
imaging in a Nion UltraSTEM108' aberration-corrected scanning transmission electro
microscope (STEM). The microscope was operatedGientle STEM' conditiorf§ at
60 keV primary beam energy to prevent knock-on dgm@ the graphene sheets, even
after long intervals of repeated scanning of srasdlas of a few square nanometers. The
ultra-high-vacuum (UHV) design of this instrumetibas clean imaging conditions with
pressures below 5xT0Torr near the sample. The beam was set up to\seogence semi-
angle of 30 mrad with an estimated beam currem5gbA. In these operating conditions
the estimated probe size is 1.1 A, providing thefgoé tool for atom-by-atom chemical
analysi§’. These experimental conditions (scanning prohe gomary beam energy, high
vacuum conditions) are significantly different froother studies of the dynamics of

defects and edges in graphene, which employ higkem energies and are typically
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carried out in much poorer vacuum conditidh€?°Samples were obtained by transfer of
graphene membranes grown by CVD on copper substtateTEM grids. Two different
metals were deposited by electron beam (Pd) amchéi€Ni) evaporation. Although there
is no damage inferred to pristine graphene witl® &/ electron beam, we have recently
demonstratetf that in the presence of transition-metal or siliaoms, hole formation
does occurs under the e-beam. It is believed ktigaptocess occurs due to metal-catalysed
dissociation of C-C bonds, which leads to pointedeformation. The role of the electron
beam in this is mainly to mobilise the metal atmnggraphene, and not to initiate the hole
formation in the first place, i.e., by carbon atdisplacement. The beam may also act as a
local heat source and thus help overcome the dsfienation energy barriérThis process

is however different from high-temperature TEM alagions of graphene using a
dedicated hot-stage holder, during which amorplommaminations layers were shown to
either be removed totalf}, thus cleaning the graphene, or be transformeddrystalline
patches?

Here, the resulting defects are enlarged in thegmee of further metal atoms, which
have migrated under the electron beam to the etigigeancurred hole, upon which the
process repeats itself. The nature of the inteatipideposited metal impurities was
confirmed by single-atom sensitive electron endogg spectroscopy (EEL$When the
reservoir of metal atoms is exhausted, the prostegs and the hole remains of almost the
same size, although the edges undergo repeatedstaation in consecutive scans. If
metal impurities are not present and, at the same, ttarbon atom supply is warranted,
e.g. through near-by hydrocarbon contaminatiomeiitd towards the hole by the scanning
probe, filling’ occurs and the hole mends itsejf ton-hexagon arrangements. However,
if no hydrocarbon contamination is present, heattag occurvia reconstruction of the
perfect graphene hexagon structure. The followingoitrast images depict the hole
evolution and two filling scenarios, by non-hexagorm by hexagon structures, in freely
suspended graphene films where heavier foreign satare present either as residual
impurities or as a consequence of metal evaporation

The deposition of metal atoms on CVD-grown graphegsellts in the formation of
nm-sized metal clusters sitting preferentially @tghes of C-based surface contamination,
ubiquitous in suspended graphene membréh®sl atoms, dislodged from a nearby Pd
cluster by the electron beam and 'dragged’ actossample until they settle in a new
stable position as the beam is being scanned, ea®eén in fig. 1a to decorate a hole in

graphene. Newly arriving Pd atoms lead to hole egjmm (fig 1b), whereas in the absence
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of metal atoms the hole formation slows down angeectconstruction takes place under
the electron beam (fig. 1c). Furthermore, figureshbws that the hole is bordered by
hydrocarbon contamination, which constitutes theb@a reservoir for the hole healing

described below.

Figure 1. Atomic resolution HAADF images (raw data) from esenutive scans of
suspended graphene, showing a) an etched hole atedowith Pd atoms; b) the
enlargement of the hole following further supplyRd atoms; c) the stabilization of the
hole size in the absence of Pd atoms at the edge.

Figure 2 shows the same hole as in fig. 1. afterntietal reservoir has been mostly
exhausted. The hole then starts to heal with carbtwmms being supplied by the
contamination patches (light grey features at dpesind bottom of fig. 1 and 2). The image
in figure 2a was taken after that in fig. 1c ardsilrates the start of the healing process.
The blue dotted line in fig. 2d shows the bordertlué hole at the pre-healing stage
(immediately after fig. 1c was acquired). After absequent scan the hole has filled
completely with what can be described as a 2-dimeas amorphous carbon patch (fig.
2b), constituted almost randomly of 5, 6-, 7- andre8-member rings. Notably 5-7-/ 8-
member ring pairs can arise from dissociation dticda vacancies and constitute
dislocation dipole$’ Additional impurity atoms are also captured withtris newly-
formed 'net': bright atoms are clearly seen onZmand 2b. Figure 2c is of a subsequent
scan of the same area as in figs 2a and b. Thesiigmoof carbon ad-atoms, which are
dragged out of the hydrocarbon contamination bystenning beam can be seen from
slightly lighter patches and streaks on the cantiags in fig. 2c, making atomic position
identification slightly more difficult. Nevertheles a redistribution of the defects is
noticeable, indicating bond rotation during thersaaotably in fig. 2c the carbon atoms

have re-organized themselves solely into 5-7 rimigge the more unstable 8-member ring
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structure has disappeared. The bottom row imageshar same as in the top row but in
order to reduce the noise levels and to improveteeracy of the image analysis (to show
the carbon-atom 'network’ more clearly), a probeodeolution algorithm based on
maximum entropy methods was applied to the raw rast images. This algorithm also
has the advantage of removing the contributiorheftails of the focussed electron probe
to the neighbouring atom intensities, which is B8ak for quantitative contrast
analysis’>* This sequence of images shows clearly that thksfam the reconstructed
graphene do not arise from damage by the e-beanaréuwrown-in features as a result of
an ‘epitaxial-like growth. The incorporation of tseof 5-, 6- and 7-member rings
structures, called Haeckelites, into highly defdajeaphene was suggested by Terrones et
al.'® but had never been observed experimentally hih&igure 2 shows clearly that this
kind of structure can exist in suspended form altfiothey form here an amorphous patch

rather than organising themselves into an ordemey af polygons.

1nm

Figure 2. Atomic resolution Z-contrast images illustratingethole filling process in

suspended graphene. a) a hole created at the bofdeyrdrocarbon contamination b)
complete reconstruction with incorporation of 54ngs and two 5-8 rings, and c)
redistribution of defects in the ‘mended’ regioty, B7 rings. Images d-f are processed
versions of a-c. A maximum entropy deconvolutiogoathm was used and the contrast
was optimised to visualise the carbon atoms. Thieotaatom positions are highlighted by

light green dots and polygons numbered accordiriggamumber of atoms in the rings.
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Such 2-dimensional near-amorphous carbon layerslsargrow 'epitaxially’ on graphene,
as illustrated on figure 3. After long observatiafishe same area of single layer graphene
(more than 40 minutes of observation in this casee contamination can occasionally
‘creep in' and cover the graphene sheet. The dindgion on figure 3a is a single
additional carbon layer (as can be clearly deddo®d the contrast in the image), which
has formed on top of the clean, underlying (dar@pbene patch after repeated scanning.
The presence of a Moiré pattern indicates thatabditional layer has a similar structure
to the underlying graphene, but the patter is gighégular and interrupted (as highlighted
by the arrows), unlike the patterns observed ire fBernal-stacked graphetre.

S
2

Figure 3. Atomic resolution HAADF image (raw data) obtairedter repeated scanning of
the same area; the circled area is an additioradadom-thick carbon layer that has grown
‘epitaxially’ as a result of carbon atom supply nfrothe hydrocarbon contamination
surrounding the pristine graphene patch. The Mgpiaétern, however, is non-regular
(arrow), indicating the existence of random deféatarbon ring networks in the newly-

grown layer as well as in the already existing aonnbation.

The newly-grown layer must therefore be heavilyltedi It likely contains a high
density of 5- and 7-member rings, similar to theeKnitted’ layer in fig 2b. This can again
be interpreted as an amorphous 2-dimensional lay#r some degree of short-range
graphene-like order. The re-grown structures is.fiyand 3 provide a remarkable glimpse
into the atomic arrangements of amorphous carbarctstes; they show the precise
atomic arrangements of a 2-D amorphous carbon rabteBy close inspection of atomic

resolution Z-contrast images of graphene filmsah ¢hen be concluded that a large
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fraction of the ubiquitous contamination (such hs tighter patches in fig. 3b) where
material deposited on graphene sits preferentiatipsists of stacks of these amorphous
mono-layer carbon films.

By contrast, when a small hole is created away ftieenhydrocarbon contamination,
the self-healing mechanism appears to lead to dhmdtion of perfect hexagons. Two
holes are apparent in fig. 4a, both created assaltref Ni-atom mediated graphene
etching. The small hole was created when Ni ataors the edge of the larger hole, which
had formed earlier, were dislodged by the elecbheam and 'dragged’ onto a clean patch
of graphene where the etching was initiated, thinotltge e-beam scanning motion. In
subsequent scans, after cessation of the migrafionetal atoms to its edges, the small
hole is observed to fill up with perfect carbon agans (fig. 4b). This 're-knitting' process
happened within a much shorter time span (less 1#8ageconds: two consecutive scans)
compared to the previous case (figs. 1&2). Impuatyms are again trapped within the
newly formed lattice, such as the brighter atomadatdd in fig. 4b by an arrow. After the
contribution of the electron probe 'tails’ to trevrHAADF images has been removed
(using for instance a maximum-entropy-based pram®volution algorithrif), a careful
comparison of atomic intensities vs. atomic numbBewith the model value of Z for
HAADF imaging (in our experimental conditions) camable the chemical identification of
these impuritied’ Figure 4cshows a histogram of the frequency of occurrencatoiis
versus their HAADF intensity in the vicinity of tHeight atom in Fig. 4b, obtained from
the deconvoluted image in the inset in fig. 4c. Ppbsitions of the intensity maxima are in
the ratio of 1:1.66, which is close to th&Zatios for Z = 6 (C) and Z = 8 (O), of 1:1.63.
Although there is only one such impurity in thisaige (and the statistics are therefore low)

this is a good indication that the brighter atortikisly oxygen.

0.8 1.2 1.6
HAADF Intensity

Figure 4. Atomic resolution HAADF images (raw data) from safuent scans of

suspended graphene, showing a) two holes as shiitmediated etching, b) complete
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reconstruction of small hole with perfect hexagoap@pene structure. c) histogram of the
atom intensities, in the vicinity of the brightetomn: the analysis was carried out after

processing image 4b with a probe deconvolutionrélyo (inset).

The size of the hole to fill is an obvious diffecenwith the previous case and may
explain the formation of perfect hexagons: arguaBigéfects are less likely to form across
such a short growth distance. Moreover, the lamjstance from the contamination
reservoir and the proximity to a much larger pefion in the graphene sheet may also
play a role. Edges in graphene are known to be mpstable even at low voltad&s®
atoms ejected from the edge of this larger neighbguhole may have been captured
during the re-knitting while the long edge may haeeonfigured to accommodate the
newly formed material into the usual, energeticalvourable honeycomb pattern.
Additionally, using a low primary beam energy (60/§, clean vacuum conditions (<5x10
®Torr) to reduce the ionization damage probabilayd a scanning probe, can help
explaining our observations of hole-filling, whiclontrast with previous reports of hole-
expansion at 80 keV with a stationary bem.

In conclusion, etching of graphene occurs in thes@nce of metals; when the metal
atom supply ceases graphene reconstructs its lgylerming perfect hexagonal or
polygonal,i.e. 5-, 6-, 7- and 8-member ring structures, which esist either in suspended
form or grow ‘epitaxially’ on top of clean grapher@arbon atoms knocked out from
neighbouring edges, or supplied by nearby hydrasarbontamination patches, are
incorporated into the holes in a remarkable retkigtprocess. This observation of self-
healing of graphene might open up possibilities o use of e-beam techniques in
tailoring graphene in a ‘bottom-up’ fashigia nano-scale-controlled etching and epitaxial

growth from sheet edges.
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7.4 Conclusions

Graphene etching was observed for all studied mé@d, Ti, Pd, Ni and Al) except
Au. It was also observed in presence of uninteati®@n impurities on the pristine samples.
Deposited metals were seen to cluster exclusivelyyarocarbon contamination patches
rather than on clean graphene areas. However,idudivmetal atoms could occasionally
be dragged by the electron beam to the edge ofdhtamination patches and therefore
placed in close contact with the clean graphenéaserr As a result of the interaction
between graphene and these metal atoms, nano Wweles formed in the suspended
graphene. Although it is know that the defect fdiora energies in graphene are
substantially lowered in the mere presence of natahs, the actual etching mechanism at
play here is not fully resolved. An oxidation megisan may provide the most likely
explanation, whereby oxygen released from nearlbyacoination may lead to a C-C bond
dissociation mediated by the oxidation of the meataims. Our recent DFT calculations
(unpublished work) may further support this scemathe chemisorption energies of
hydrogen and oxygen atoms onto the surface of grapldemonstrate a visible decrease in
the presence of all studied metals compared tastineg graphene sheet, even for very
sparse oxygen or hydrogen environments.

Following this etching behaviour, once the metahateservoir is exhausted, the holes
can be spontaneously mended through the formafienquasi-amorphous 2-dimensional
network of carbon atom polygons, the carbon atoetessary being supplied from nearby
hydrocarbon contamination patches. The growth isf kind of highly defected structure
was also observed on top of clean graphene.

These metal-mediated etching and self-healing nmesims might open up possibilities
for the use of metal nano clusters for graphereriag applications under the electron

beam.
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Chapter 8

Summary and Future Work

The work presented in this thesis was aimed atstiy&ting graphene on the atomic
scale and in particular to probe the metal-grapheieeaction. The thesis started by setting
the scene with background information about graphésilowed by details of graphene
fabrication and suspended sample preparation alathgtechnical information concerning
TEM and STM characterizations. TEM studies of sngeé pristine graphene layers are
presented and complemented by first ever STM iiyasbns of them. Then, metal
behaviours on suspended graphene were investig@eEM and STEM; these studies
led to unique observations.

Graphene layers used in this research were fabdda two techniques, which were
mechanical cleavage of graphite and CVD-growth aliygrystalline copper surface. After
the fabrication, wet transfer technique was usettaosfer the layers to TEM grids, as
suspended membranes are required for both eleatrdmprobe microscopy investigations.
Graphene layer identification and atomic scale stigations were performed in TEM and
STEM. Single, two and few layer graphene were wBfiiated via diffraction patterns as
was turbostratic graphene and the rotation anglesvden the layers. Hexagonal
periodicity and individual carbon atoms were obedrin TEM and STEM operated at an
acceleration voltage below the knock-on threshdidcarbon in graphene. Cleanliness,
surface contamination and foreign ad-atoms on ttaphgne layers were identified in
HAADF and EELS in the STEM. Structural studies cdghene grown on copper surface
were performed at liquid nitrogen temperature & 8TM and atomically resolved single
layer graphene, ripples, wrinkles and moiré appearan copper surface were observed.
The structure of suspended graphene layers hasiteestigated for the first time in the
STM. Annealing conditions and imaging techniquesewestablished that enabled to
observe atomically resolved graphene structure.itboahally, ripples in graphene were
seen to be static and comparable to what was adxdémvTEM in terms of their amplitude
and wavelength.

After studies of pristine graphene in (S)TEM andV§1h the main part of the project,
the behaviour of the metals Au; Cr; Ti; Ni; Al; R well as of the semi-metal Si on

suspended graphene surfaces were investigatedga@sexal behaviour, all studied metals

156



did not interact with the clean graphene surfacaas of them were observed on clean
parts of the graphene. They were mainly clusteretl faund to be on the hydrocarbon
chains. Although these surface contaminations @ dgraphene can be minimized by
annealing in UHV they are unavoidable when the darapposed to the air. The size and
distribution of the clusters were found to vary the graphene for different metals, for

example Au clusters were the biggest and Ti is Estaln size for the same amount of
metal deposition that indicates Ti has better itistion than Au as witnessed in STEM

micrographs as well. Unequal distribution and inlag size of Au clusters were amended
upon chemical modification of the graphene that ingdrogenation. However, none of Au

ad-atoms or clusters has been observed on cletofghe graphene surface similar to Au-
pristine interaction.

On the other hand, interesting results have bednessed for all studied metals
(except Au) and Si in that they etched the grapHawer during STEM investigations.
Although the metals nucleated on the hydrocarbbey tvere dragged by the scanning
electron beam to clean parts of the graphene surfs& soon as the metal interacted with
carbon atoms of the graphene a vacancy appearéavéol by creation of further
vacancies that ended up as a hole. This was olssaltt®ugh the microscope column was
kept in UHV and operated at 60 kV that is below tteenaging threshold of carbon.
However, another phenomenon, which is more intexgshan graphene etching, graphene
healing was observed in the STEM. Graphene he#deldoies after their evolution as a
result of metal mediated etching. Different healmgchanisms were observed; when the
hole was near hydrocarbons it was filled with Cygoins, however, when it was away
from the contaminated regions the filling took @aeith hexagons.

To be able to get detailed information about mgtaphene systems, graphene should
be free from any residues and contaminations theatvgeen to host all metal species.
Although contamination on the graphene surfacebsaminimized by annealing in UHV,
when the sample are taken out of the UHV systenmfetal deposition or even during
transport they are contaminated. Thus, annealingtalndeposition and measurement
should be performed all in situ to minimize any gibe contaminations. Commercially
available TEMs and STEMs are not capable of dolihthase together, Future work will
employ STM for such in situ studies, Metal-suspehdmphene interactions in the STM
are currently under investigation; these will pa®/inew insight along with spectroscopic

data which enable electronic information about ¢ér®stems.
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There are also more future applications regardiegnetal-graphene interaction in the
(S)TEM with view of nano-sculpting. Firstly, defecan be introduced either by energetic
particles, oxygen plasma or acid treatment to nyogliiphene layers; these defects can act
as nucleation centres for metal species. The nuadifins can be done by functionalization
as well, hydrogenation, fluorination or by expostogother gases with varying time and
temperature. Implantation is another way to intaemetal species to the graphene plane
that is also under investigation.

As well as graphene, other 2D materials, such as BMNS, and WS and
heterostructure combinations thereof are gainingenaitention and are heavily under
investigation to uncover properties of these newtenns. Understanding structural,
topographic and transport properties of 2D materiale is immensely important in

overcoming difficulties with graphene based devioeghe 2D electronics era.
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