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Abstract

Graphitization of polymers is an efficient way to synthesize graphenoid (graphene like) materials or
different substrates with tunable shape, thickness and prop§tiiekhis catalystfree growth results in
domain sizes of a few nanometers and has been termed nanocrystalline graphene. Ease of fabrication, be
control of shape, thickness and properties confgb@ata graphene makes ncg an easy to produce alternative
for graphene for different technological applications. Since the properties of these graphitized carbo
structures are largely affected by the domain size and other defects, a detailed undersfatiaing
graphitization and domain growth as a function of temperature is essential to tailor the properties of th
graphitic material. In the present thesis, situ TEM techniques are employed to understand the
graphitization and domain growth fsée-starding nanocrystalline graphene thin films prepared by vacuum
annealing of a photoresist inside a TEM. HRTEM, selected area electron diffraction (SAED) and electror
energy loss spectroscopy (EELS) techniques are used to analyze the graphitization anidttbe efo
nanocrystalline domains at different temperaturesirBsitu heating and current annealing, the present
study tries to understand the graphitization and structural changes in the intermediate to ultrahig

temperature range.

Thein situ studies showed that the graphitization process is highly dynamic in nature with a number of
intermediate reactions leading to the formation of different carbon nanostructurefre@&standing
membrane showed comparable graphitization to substrate seghpfims and a twestep growth
mechanism was identified. At intermediate temperatures-{600 °C) crystallite growth proceeds by
consuming amorphous carbon around the crystallites and at high temperatures1?DIIC) growth
proceeds by merging of ystallites. The amorphous carbon transforms in two ways, by attaching to the
active edges of domains and by catalyst free transformation on the top of graphitic layers. This catalyst fre
transformation forms new graphitic structures with different siapesland mobility. Some of these carbon
nano structures are highly mobile on top of the already graphitized layers, which enabled to study th

interaction of these structures with the graphitic substrate at high temperatures.

Time resolved HRTEM investigath of the high temperature dynamics of ncg supported by atomistic

simulations gave insights into the fundamental processes controlling the graphene growth, high temperatu



stability/mobility of the carbon nanostructures and their interaction with thehigragubstrate. High
temperaturen situ HRTEM investigations revealed the formation of graphene nano flakesagedike

nano structures during graphitization. The study showed that the growth of the domains is mainly by th
migration and merging of thgraphitic subunits. In addition to lateral merging of domains, experiments also
showed a merging of small flakes with an under laying substrate edge, which involves a slow vertica
material transfer. In addition to this, strong structural and size fhimtsaof individual graphitic subunits

at high temperatures were observed. Graphene nano flakes are highly unstable and tend to loose atom:
groups of atoms, while adjacent larger domains grows by the addition of atoms indicating an Ostwald typ
of ripenng occurring in these 2D materials as an additional growth mechanism. Beam off experiments
confirmed that the observed dynamics are inherent temperature driven processes and the electron beam ¢
provides additional activation energy increasing the m@adtinetics. Molecular dynamic simulations
carried out to estimate the activation energy for the different processes indicates a critical role of defects

the substrate for the observed dynamics.

Furthermoren situ current annealing dfee-standingncg constrictions were carried out to understand the
dynamics and structural changes at ultrahigh temperatures. Current annealing provides the possibility
reach temperatures in excess of 1200 °C inside the TEM, which is the maximum temperature possible |
commercial MEMS based heating chips. The graphitization at high temperature is comparable to the therm
annealing showing similar crystallite size evolution. However, growth of domains up to 50 nm was observe
with current annealing to ultdaigh tempertures (T > 2000 °C). Unlike the formation of well oriented
graphite during high temperature annealing, in current annealing of thick samples, formation of large muli
walled cagelike structures were observed. The thickness of the sample and the hdatiseeras to have

a critical influence on the structural evolution during current annealing. These initial observations on
comparable graphitization during current annealing at intermediate temperatures, growth of domains
formation ofcagelike structurestc., open up new possibilities to tailor the microstructure and conductivity

by controlling the thickness and heating rate of the sample.
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1. Introduction

1.1. Introduction

More than a decade since its first successful exfoliation, graphene continues to be an interesting mater
for different technological applications because of its unique propd@j8sGraphene is a $pybridized

single layer of carbon arranged on a hexagonal lattice. Graphene can be regarded as the fundamer
building block for other carbon nano structures like fullerene and carbon nano tubes. This 2D carbol
allotrope has been explored in different applications such as electronics, photonics, composite materials a

coatings, energy generation and storage, bio applications etc. to name juqdzbiew.

The main reason for the interesting properties of graphene is its unique structure. Carbon is tetravalent wi
four outer shell electrons and these etmtirbond differently to make different allotropes of carbon. The
six electrons in carbon occupy the 1s,252p.2p; orbitals in ground state with configuratiorf2ssg?. In
graphene, the $jiybridization leads to a trigonal planar structure consistirsgdouble occupied 2s orbital

and two 2p orbitals. The structure consists of thrgglanel bond between the two neighboring carbon
resulting in short inter atomic covalent boseparated by 1.4A. This gives graphene its remarkable
mechanical proparte s . T h e f ohomdtformedby theal2parbfals éhatre perpendicular to the
planar structurend $nce each p orbital has one extra electron, thmnd is half filled This peculiar
structureleads to interesting electronic propertieggrapheneThe band structure of graphene calculated
using tight binding approach shewhat it is a zero band gap semiconductor in which the conduction band

and valance band meet at Dirac poifMso]

Because of this peculiar structure, graphene has outperformed existing materials in different field with som
properties reaching close to the thedal predicted values. Graphene shows superior electronic and optical
properties, ultrahigh intrinsic strength, superior thermal conductivity and can sustain very high curren
densities. The room temperature electron mobility is 2.3%/10s [6] and thermal enductivity is above
3000 WmKL [7]Mechani cal properties are also interes
intrinsic strength of 130 GP48] It is also impermeable to any gas and can be easily functionalized

chemically to tune the propertidg]



These interesting properties are for a defect free graphene and different top down and bottom up approacl
have been used to synthesis graphgfieAll these techniques involve a transfer process which induces
defects and contamination on the graphene and is diffcuttegrate in production. Thus the efficient use

of these unique properties are largely hindered by the challenges involved in successfully transferrin

defect/contamination free graphene to various substrates for reliable device fabrications.

Graphitzation of polymers in small length scales to synthesize graphenoid (graphene like) materials
emerged as an easy to fabricate alternative for grapf@ta@] This method provides the flexibility of

growing on different substrates with defined thickness and also for patterning to achieve different shape
[10,11] Recently, thin graphitized films with comparable properties to graphene have been fabricated by
pyrolysis of polymer films[1,11] The catalysfree growth results in a matatiwith domain sizes of a few

nanometers, which has been termed nanocrystalline graphene (ncg). The ease of fabrication, control o\
size, shape and thickness, and the possibility to tailor the properties by varying the polymer precursor ar
the graphitiation temperature has made this material a potential alternative for polycrystalline graphene ir

different areas.

With the increasing application of polymer pyrolyzed ncg thin films, it becomes important to have a propeil
understanding of the structurefusttural evolution during pyrolysis and structure property correlation in
these materials. High resolution (scanning) transmission electron microscopy (HR(S)TEM) has alread
shown its effectiveness characterizing carbon nanostructures witanggbrom resution. [12,13]
Specifically in the case of graphene, HRETM/STEM was pivotal in understanding the nature of defect:
[14], edhe structurgl5] and defect dynamic$-{gure 11) [16] Furthermore, development of Low voltage
HRTEM facilitated the characterization of grapbal materials without inducing significant beam damage

or defects[17,18] The impovements in resolution, analytical capabilities ensitutechniques made TEM

a favorite candidate for the characterization of carbon nano materials. In particularsitbeapabilities
opened up new possibilities to understand highly dynamic mesgsombining imaging and analytical
methods. Also, there has been a growing interest to understand the dynamicsdsitirtgeating[19,20]

and electrical biasinfR1,22] of graphene.



Figure 11: Transmission electron micrscopy of ghene (a) SEM image of single layer graphene transfered
on to TEM grid, (b) HRSTEM image of the defect free graphene. (c,d) showing a grain boundary
missoriented at 27. [23] (c-d) showing the transformation of a divacancy under the electron h24m.

Even though all these improvements in transmission electron microscopy have been explbiad
understanding the structure and dynamics of graphene, these techniques have not been widely usec
understand the structural evolution during the pyrolysis of thin polymer films. A proper understanding of

structural evolution and structure progecorrelations during pyrolysis is essential in realizing a property

3



specific graphenoid material and low voltamge situ TEM can be the ideal characterization tool to
completely understand this kind of highly dynamic processes. In the present thesiglaeire situ TEM
methods to understand the catalyst free formatiofrezfstandingpolymer thin films. By combining
HRTEM, SAED and EELS, we look in to the chemical and structural evolution during graphitization of
ncg. Furthermore witln situ current anealing studies, ultrhigh temperature dynamics is studied along

with understanding the evolution of resistance.
1.2. Structure and properties of ncg

As the name suggests, ncg can be seen as graphene with very small crystallite size. The catalyst fi
synthesis limits the growth of the crystallites, resulting in crystallite size on the order of a few nanometers
as can be seerrigure 12). The structure consists of stacke@dhitic layers that are highly defective
consisting of lot of defects and disordered edges. The SAED pattern in the inset shows continuous diffus
rings corresponding to the nanocrystalline nature. The Raman signature of ncg shows a G peak, a promint
D peak and a broad 2D peak. The D peak is a defect induced peak and is absent in defect free coarse gral
graphene. The presence of a D peak is a signature of nanocrystallinity in ncg and the intensity ratio of tt
the D and G peak can be used as a measuanocrystallinity, where a more pronounced D peak indicates

smaller grain sizes.

(b)

2D

.

Intensity (a.u)

. "
e

0 500 1000 1500 2000 2500 3000 3500
Raman shift (cm'1)

Figure 12: (a) HRTEM of ncg[25]and the defective grain boundary with pentagon and heptagon rings.
SAED pattern of ncg is shown as inset, (b) Raman spectrum of ncg.



Nanocrystdine graphene shows interesting properties and can be a potential substitute to graphene |
different areas such as electrorfilc26], photonicg9,11], strain sensinfiL1], and as transparent conducting
electrodes[27,28] The reported values for the sheet resistance are in the rangesod 20 k2dof faw

layers of ncqd11], which is two orders of magnitude higher compared to cvd grown grag2&hd.he

higher amount of grain boundaries and defects result in a reduction of the conductivity. Since the she
resistance depends on the thickness of the film, this can be tuned by varying the thickness, e.g. the sh
resistance can be reduced1562 00 q by i ncreasi ng t[h&hus) thginitalhi c
polymer structure makes it easy to tailor the resistance of final structure by controlling khegkicThe
optical properties of ncg are comparable to graphene. Studies on photocurrent generation under illuminatic
show that the behavior is similar to doped crystalline graphg&heNcg also shows light emission under
electrical biasing where the power density and the electron temperature is comparable with crystallin
graphene[11] Compared to crystalline graphene, ncg shows an enharestrpsistive effect, which has
been attributed to the increased number of grain boundHrigsThe easy to fabricate nature of ncg has
made it a favorite candidate in transparent conducting electrodes also. With suitable conductivity (500
cm?) and transmittance (88 %), ncg thin films appear to be a potential replademigtium tin oxide

(ITO), which is expensir and has limited availability.

It is also worth to mention some of the peculiar mechanical properties of ncg due to its nano crystallite siz:
While considering the two main mechanical properties, toughneksstength, theoretical studies have
shown a strong dependence of toughness on the grain size of graphene in the nanocrystalline regime.
grain size dependent variation in toughness is limited only to the nano crystalline regime and after a critice
gran size, the toughness is independent of the grain[§8@FThe higher amount of grain boundaries and
defects resultsni a flaw insensitive tensile behavior below critical length scales of the rj8idhThis

means that the nanocrystalline graphene (grain sizes less than 100 nm) can withstand larger cracks compe
to the polycrystalline graphene. In contrast, the strengttireees to increase with grain size. This is due to
the reduction in the number of grain boundaries and triple junctions, which act as stress concentratic
centers. These interesting properties in different areas and the ease of manufacturing madasycm an e

fabricate alternative for graphene in lot of technological application.



1.3. Preparation of ncg

Different carbon sources and processes have been reported for the bottom up preparation of ncg filrr
Researchers have successfully grown ncg on differéstrsies such as SiN, Si, MgO8k and SiQ using

CVD. [28,32 35] There are also studies on growth of ncg using molecular beam epitaxy(arslbstrates.

[361 38] Recently, polymer pyrolysis emerged as a convenient way to fabricate ncg by the graphitization o
aromatic precursors at high temperatures. A wide variety of source materials and process are used for t

initial polymer film, which is then graphitized by substrate supported vacuum annealing.
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Figure 13: Process flow chart of ncg formation using SAMs on gold used by Turcbaalr{25]



Turchaninet al, demonstrated the thermal conversion of aromaticassémbled monolayers to form
nanocrystalline graphen€&i@ure 13). [25,26] These monolayers can be selectively crosslinked using an
electron beam to produce desiretructures[39] Even though the process can synthesize very thin
graphitized films ranging from 0.5 nm to 3 rj26], the use of a gold substrate requires a transfer process
for most applications, which limits the flexibility. Spin coating emerged as a versatile technique to make
thin polymer films, which can bgraphitized to form ncg on different substratésg(re 14). [1,11,35,40]

The thickness of the graphitized film can be precisely controlled by varying the initial thickness of the
polymer. Photoresists and electron beam resists containing aromatic molecules are used as carbon sou
This gives fexibility for patterning to different shapes in addition to the thickness control. Inert atmosphere
or vacuum annealing is used to graphitize the initial polymer film to form ncg. The thickness reduction ratic
is found to be around 1:10 and ncg can bei¢abed with different thicknesses ranging from 1 nm to 180
nm. [35] The maximum graphitization temperature used in these studies is 1Q@PDPEferent substrates

have beemised and the graphitization seems to be independent of the substrate. The crystallite size in the

studies, measured by Raman spectroscopy and TEM falls within a rangenofi.21,11,25]

Coated substrate

Substrate

Figure 14: Ncg fabrication by the spin coating on substrates.



1.4. Structural evolution during pyrolysis

Pyrolysis refers to the thermal conversion of a material at high temperatures in an inert atmosphert
Pyrolysis of organic materials to form graphite or bulk glassy carbon is stwdied field [411 44] Initial
pyrolysis studies were focused on the carbonization to form graphite ahighréemperature$41,45,46]

The early precursors studied for graphitization are different types of cokes and chars. Pitch and petroleu
coke, cokes prepared from coking coals and char prepared from jg/m@iymlyvinylchloride graphitize
completely forming graphite when heated to around 3000 °C. On the other hand, oxygen rich low rank coa
like sugar charcoal and char prepared from polyvinylidene chloride etc. do not result in the development ¢

a threedimensional graphitic structures, but forming highly disordered bulk glassy carbon strydfires.

The early efforts to characterize the structure of glassy carbon were mainly done with the heilpyof X
diffraction. The pioneering work to undgand the structure of pyrolyzed carbon was carried out by B.E
Warren in early 1940[48] The structural interpretation was mainly based on the diffuse bands that
corresponds to certaif®0l) and (hkO) reflections. The proposed structure consists of small grikdite
layers which are arranged in stacks with the layers parallel to one another, but with random orientation:
The (hkO) reflections give the crystallite size and the (00lgeeons give the stacking thickness. Later
works by R. E. Franklin and the earproposed models were based on the)X diffraction data while the

models after that were proposed based on TEM images and SAED patterns.



a Ordering of crystallites

Figure 15: (a) Ordering of domains during evolution, (b) the microstructural evolution from an amorphous

carbon to graphite during pyrolys[¢49]

According to the model proposed by R. E. Frankiigre 15). [41], at the initial heating stages, after the
evolution of the volatile gasses, a cardoeous backbone is formed. This serves as an initial structure for
further graphitization. After this initial carbonization of the organic material, the structure consists of small
misoriented crystallites with the space between them filled by uncoordiaaterphous carbon or voids.



These small crystallites contain up to 3 to 4 layers of hexagonally coordinated aromatic molecules with size
extending up to a couple of nanometers. The graphitizability of these structures depends on th
misorientation and vud size between the crystallites. As the temperature increases, at intermediate
temperature range, the size and the thickness of the crystallites increase mainly by consuming the amorphe
carbon around the crystallites. Further at high temperatures (@nmgs > 900C), the graphitization
proceeds by the merging of crystallites. In graphitizing carbons, the graphitization will proceed further ai
very high temperature and crystallites will orient completely leading to the formation of polycrystalline
graphite Figure 16). On the other hand, in nagraphitizing carbons, some defects cannot be annealed and
the complete orientation of the crystallites cannot happen even at high temperatures. This miss orientat
crystallites results in large number of pores and voids amantterial remains negraphitizing with its
characteristic low density41,43]
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Figure 16: Model of(a) graphitizing carbons leading to the formation of graphite and (byraghitizing
carbons proposed by Frankl[A.7]

The model attributes the graphitizability and non graphitizability to nature of cross linking in initial polymer
structure.According to the study, for precursors that can be completely graphitized, the cross linking is
weak which increases the mobility of the crystallites leading to an ordered graphitic structure. On the othe
hand, norgraphitizing carbons are formed fromastgly cross linked materials, which immobilize the
crystallites and thus hinder the ordering of crystallites and thus complete graphitization. This results in
hard structure with the fine porosity preserved even at high temperatures. Even though tkhameq#ain

the structure in a broad sense, it fails to explain the nature of the cross linking and the sharp proper
difference in graphitizing and negraphitizing carbong47]
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The initial pyrolysis studies were focused on complete gragttitin to form three dimensionally ordered
graphite, the later focus was more on the structure efyngphitizing carbon. The main motivation for this

is to understand the unique properties of the glassy carbon, which include high temperature résigtance,
thermal and electrical resistance, low friction, high chemical inertness and very low permeability for liquids
and gasses. The development of transmission electron microscopy enabled direct imaging which provide
new insights in to the structural evobn during graphitization and models were proposed for non
graphitizing carbon. Glassy carbon models based on curved and twisted graphene flakes were proposed
Jenking Kawamura[50] and Banet al. [51] Jenkin$ Kawamura proposed a ribbdike model for glassy
carbon based on their HRTEM investigatiomsthle ribbon model, the thickness of the ribbon is the stacking
thickness (Lc) and the width and length of the ribbon describes the crystallite size (La) in lateral dimension
(Figure 17a). The model proposed by Banhal.is similar b the ribbon model with curved graphene flakes
stacked in different orientationBigure 17b). However, these models raise a number of questions like the
high temperature stability of ribbon structures, explanation for closed poratsaride growth of graphene

as ribbon rather than as a flake that grows in all directions.

Figure 17: (a) Ribbon model by Jenkinsawamura, (b) model proposed by Ban et al., low temperature (c)

and high temperature (d) futene related structure of glassy carbon proposed by Harig43]al.
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These early studies based on TEM rely on bright field TEM imaging combined wéh diffraction. These

TEM images largely resolve only the 002 fringes, which gives a ribbon like appearance for the structure
Oberlin et al. studied the structe of graphitizable thin carbon films extensively using imaging and
diffraction techniques in TEM42,46,52]Combining SAED, BF and DF imaging, they proposed a model
similar to the one proposed by Franklin,which the graphitic carbons are built up from basic structural
units of small group of planar molecules. A tat@p growth mechanism was proposed in which the first
step is the establishment of a turbostratic arrangement during tegpiatization stge. The structure is
turbostratic until 2000 °C and mosaic elements of around 10 A vattagers become mostly parallel with
twist and tilt boundaries to form distorted layers. These layers are separated by defects such as tetrahec
or dangling bondsDuring this pregraphitizing regime, the thickness (Lc) increases while the crystallite
size (La) remains the same. At temperatures above 2000 °C, the twist and tilt boundaries disappear a
defects are annealed out resulting in an increase of La. The asadées the growth and the disappearance

of defects between the layers during low temperature, increasing Lc, and of defects in the layers at hic
temperatures, increasing La. Even though the model explains the structural evolution of graphitizirsgy carbo

well, it fails to explain the non graphitizability of some carbons even at high temperatures.

Improvement in TEM capabilities and the discovery of curved nanostructures such as fullerenes, carbc
nanotubes and other nano carbon materials containingg stalrsix membered rings, initiated new
investigations into the structure of glassy carbon. Based on thedsghution studies on bulk glassy
carbon, Harrigt al. proposed a fullerene related structure of commercial glassy cgBpihis is mainly

based on the observation of fullerenes, carbon onions and other curved/close cage structures in the gla
carbon pyrolyzed at different temperatur€gg(re 17c,d). The model consists of discreet fragments of
curved carbon sheets with neix membered rings that are randomly dispersed between the hexagons. A
low temperature model is proposed consisting of a high proportion of discrete fullereclsie cage
structures. This tightly packed microstructure makes the material more impermeable and less reactive.
high temperature structure is proposed with multilayer fullerene related nanopatrticles, enclosing the pore
which are much larger than aysed in the low temperature structure. The model predicts the presence of
completely closed structures contributing to the observed low density of the glassy carbon structures. Th
model can explain the low density and impermeability of glassy carborfaisitto explain the high
conductivity and the graphitizability of certain carbons at high temperatures.
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Apart from the previously mentioned examples, there have been a number of efforts to understand tt
structure of glassy carbon using various charaagon technique$54i 59] It is worth to mention the work

by Danielset al, where he carried out a systematic study on the carbonization and graphitization from ar
organic precursor using HRTEM EELS and XRB9] The variation in carbon core loss near edge spectra
as a function of temperature was acquired and analyzed to understand the structural evolution of sampl
heated to different temperatures. Even though the strumitgtassy carbon and structural evolution during
pyrolysis have been studied a lot, there remains a lot of interesting questions on the exact structure of t
glassy carbon, structure of the pores and edges, the origin of the the graphitizing-grefintining nature

of the carbons etc. This necessitates identifying new experimental and analytical methods combining wit
theoretical simulation studies to have a complete atomistic understanding of the structure and structur

evolution.
1.5. Structural changesduring passage of current in nano carbon structures

With the increasing interest in carbon MEMS and NEMS systems, graphenoid materials are widely used i
different fields and it is necessary to understand the structural changes happening during teeopassag
current. This is even more important in the case of ncg, which has potential applications in electronics
photonics and transparent conducting electrodes etc. There are a number of studies carried out to underst
the effect of passing current thrdudifferent carbon nanomaterials. The passage of current can induce joule
heating and also electron migration of carbon atoms. The high temperatures that can be reached duri
current annealing can be used as an effective way to tailor the structurepedi@s of carbons. Out of

the different carbon nanostructures, CNT and graphene remains the most studied. Different studies &
available on the current annealing of CNTs and graphene and most of them are caimiedwinside the

TEM. The early wdks on CNTs is by Huanet al. studying the mechanism of electrical break down and
the tensile behavior of carbon nano tubes. The studies on MWCNTs show that the break down proceeds
breaking from the outer most walls to inside dropping the current gasisiough it.[60] Superplastic
tensile behavior during the passage of current is observed when the CNT is strained under biasing. T

tensile elongation was 280 % under bias compared to less than 15 % at room tem&thture.

As in the case of CNTs, there leabeen growing interests to study the effect of current annealing of

graphene and graphene nanoribbons. Early studies investigating the current carrying capacity of few lay
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graphene nano ribbons using SEM showed a break down current densiti€sAadm®[62] and current

induced control formation of nano gaps in suspended graphene was demonstrated by pulsed electrical bre
down. [63] While these studies focused more on the electrical properties of graphene during curren

annealing, information on the structural transformations wertelihbecause of the resolution limitin SEM.

Figure 18: (ad) Transformation of amorphous carbon to highly ordered graphene patches up on curren

annealing[64]

Improvement in then situcapabilities in TEM motivated the researchers to look in to the structural changes
during current annealing leading to the better structure property comslafitestenfeldest al. studiedin

situ current annealing to find out the structural changes inside the T&}iIn the investigations, the
graphene sheet serves as botbstrate and heating element. At temperatures around 1000 K, hydrocarbons
absorbed on the graphene substrate, transformed into amorphous carbon and at higher temperature
complete catalyst free conversion of the amorphous carbon in to polycrystaljineigeas observed. The
study used melting of gold nanoparticles dispersed on the substrate to understand the local temperatt
profile. [65] Similarly Barreiro et al. studied the catalyst free transformation of amorphous carbon
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precipitates on the graphene during current anneakiguie 18). [64] The small amorphous carbon

precipitates rearrange and crystalize to form polycrystalline graphene at higher temperatures.

Moving forward from understanding the structural changes during current annealing, efforts were taken t
correlate the structural changes to the electronic properties on single and few layer graphene. In an ea
study, the conductance of graphene nanatrmtions (GNC) with different widths sculpted by electron
beam inside the TEM was studig¢f6] GNCs show higher conductance than the exfoliated graphene and
sustains high current densities e torder of 100puA/nf A controlled fabrication of mono and few layers

of graphene nanoribbons down to a width of 0.7 nm were demonstrated using electron beam sculpting. Fe
layer graphene nanoribbons show higher conductance and it is attributed tockbe édges, which provide
structural stability and additional conduction channels. The disordered edges of the few layer grapher
recrystallized to a sharp highly crystalline structure, increasing the conductance and the study shows th
the breakage of theanoribbons occurs layer by layer breaking of stacks.

The behavior under electrical biasing of bulk graphite was different from graphene dtatrextensively
studied the effect of electrical current on structural transformation of bulk grdpfité9]. An arc
discharge setup was used to pass current through the graphite rlmdsfmed samples were examined
using HRTEM. The studies claim that during current annealing there is transformation from a flat two
dimensional to a closed three dimensional struct{8%The structures consist of hollow three dimensional
graphitic shells bounded by curved and faceted planes. Fullerene and carbon nanotube like structures

also observed after the passage of curféii.
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Figure 19: (ad) Transformation of amorphous carbon fiber to a tube like structure up on current annealing.
(c) shows the intermediate structure consistingadba@n onions and (d) shows the hollow tube like structure
formed.[70]

Current annealing of amorphous aglkssy carbon structures are not studied extensively compared to
graphener CNT. One of the early studishowsthe formation of tubular structure of the carbon nanowire
after current annealingj70] Initially up on current annealing, crystallization of amorphous carbon outside
the tube in to curved graphitic basal plane is observed. The amorphous carfhemberior crystallized in

to graphitic nano oniong-{gure 19). With increasing power, the structure becomes continuous and parallel
forming a structure similar to multi walled nanotubes. The structure shows a continuous increase il

conductivity during graphitization.

In another study, amorphous carbon was deposited around the In As nanowire and was resistive heal
inside the microscope forming CNTs inside the microsdafi¢ Current annealing melts the nano wire and

the amorphos carbon around it crystalizes in to carbon nanotubes. The length, diameter and the wal
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thickness of the CNT can be precisely controlled by controlling the length, diameter of the nanowire an
the deposition of carbon respectively. In another study, rvgpmwn single carbon fibers were current
annealed inside the TEM to understand the structural evolj@@h.Current annealing decreased the
resistivity by 3 orders of magnitude with current densitigso 16 A/cm?. The study showed the exfoliation

of graphene flakes, mostly bilayer from the skin of the graphitic nano fibers. The suggested mechanism ft
this exfoliation is the accumulation of charges between the layers leading to the exfoliatidawaf Isyers.

Apart from these experimental studies, there are some theoretical studies discussiAgittierisg of

highly disordered amorphous carbon precursors. The molecular dynamic simulations studies show that ful
disordered carbon networks wiklfassemble spontaneously to form highly orderedtbepded closed
networks.[73,74] These theoretical studies also predict the formation of carbon nano onion, carbon

nanotubes and graphite sheets from amorphous clusters, amorphous nanowires and amorphous slabs.

These experimental and tretical studies show the different structural changes and transformations in
carbon nano materials due to the passing current. This necessitates a better understanding of the struct
changes during the passage of current. A better understandingcadrstrevolution can not only be helpful

to predict the behavior of these materials in different application but also current annealing can emerge ac
versatile method to tailor the microstructure by the passage of current.

1.6. Research Objectives

In the reent years, there haween growing interesta polymer pyrolysis at smaller length scales because

of the development of new fabrication methods and identification of new applications. These materials hav
been explored for wide spectrum of applications aew areas are emerging by identifying new properties
and fabrication method. The recent developments in these areas go beyondvaki® and NEMS and

new spectraf properties and application are identified with the fabrication of glassy carbon metalnate
[75,76] These developments show the importance of an improved understanding of the polymer pyrolysis
especially the structural evolution and the structure property caoredan these kind of materials

Thedifferent structural modslproposed for bulk graphitizing and ngraphitizing carbons and the reasons
for graphitizability and non graphitizability are yet to be completely undersfobdtter understanding of
the intermediate structure and the transformation from the amorphousiplete graphitizatioalso need

to beinvestigated This can give information about the presence of fullerene like struetndesther non
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six membered structuresportedpreviously[43,44,53]The main difficuly in understanding the pyrolysis
process igts highly dynamic nature involving a number of intermediate reactions and products at different
temperaturesThese reactions are inaccessible during the uswasitu analysis Thus, localin situ
characterization is necessary to understand the structural evolution during pyrolysis. Imaging an
understanding the structural evolution along with intermediate structures and processes can be an initial st
towards structure property correlations emaplefficient tailoring of propertiedn situ studies on the
formation of nanocrystalline graphec@n be ideal in this regard baikthin ncg films can be ide&br high
resolution imagingpectroscopy and can provide detailed information about theflstmichanges.

Apart from the in depthnderstanding of graphitizationanocrystalline graphene with lot of defects, active
edges and carbon nastructures provides an interesting system to study the high temperature
stability/dynamics of carbon nassfructures on the top graphitic substré&een though there are a number

of studies on the high temperature structure and dynamics of pristine graj@dené.79], only limited
studies are there on these kind of highly defective systeafect3 and active edges agmeatlyinfluence

the fundamental growth mechanisriidius with hidgp temperature studies on ncg, @anlook into the role

of defects on the fundamental growtiechanism of grapheraad thehigh temperaturstability/dynamics

of carbon nanostructures.

Along with the detailed understanding of structural evolution, itgisaly important to understand the
structure property correlations during pyrolysis situ current annealing studies can be used not only to
understand the evolution of resistance during graphitization but also to induce joule heating to reach ultr:
high temperatures in side TEMReaching ultrahigh temperatures by current annealing can increase the
crystallite size and make ncg similar to polycrystalline graphene. This also helps to understand the structur
evolution from the intermediate temperaturegaro the ultrehigh temperature. By reaching ultrahigh
temperatures by current annealing experiments, a complete understanding of the graphitization trajecto
from the intermediate temperature to ultrahigh temperature can be achieved. This not omlgsprovi
information about the graphitization and growth of ncg but also provides a comprehensive knowledge abol

the pyrolysis process in general.

The next chapter in the thesis, chapter 2 is intended to give an overview of the different experiments
methods ged in the present study. The chapter introduces TEM with detailed description of the backgrount
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and working principle of different imaging and analytical techniques in transmission electron microscopy.
In situ transmission electron microscopy and theest#tthe art inn situ heating and current annealing
techniques are also discussed in detail. Apart from TEM, the chapter introduces Raman spectroscopy an
brief description of electron beam lithography technique.

Chapter 3discusses thgraphitizationand growth of freestanding nanocrystalline graphene. Firstly, the
chapter discusses in detail the sample preparation method for fabrfoa¢tistandingthin films forin situ
graphitization. The challenges involved and the optimizations of parametedisaussed. The chapter
further discusses the situgraphitization and the study on the structural evolution during the graphitization
process byn situ TEM techniques. HRTEM, selected area electron diffraction (SAED) and electron energy
loss spectrosipy (EELS) techniques are used to analyze the graphitization and the evolution of

nanocrystalline domains at different temperatures.

By means of time resolvad situtransmission electron microscopy investigations, supported by atomistic
simulations, chater4 shows the influence of reactivity of defects and unsaturated edges on the dynamics
of ncg during high temperature heatingifferent dynamics observed such as migration/merging of
nanostructures, Ostwald like ripening etc. are discussed in detaileffects of electron beam in the
observed dynamics aemalyzedoy conducting beam off experimentsurthermore, atomistic simulations

are used to understand the activation energy associated with different process.

Chapter 5discusses about thaeitial results on the ultrhigh temperature dynamics of ncg usingsitu
current annealing experiments. Sample preparation forinthgtu current annealing experiments are
discussed with challenges faced and optimized parameters. The chapter fodbedpiby understanding

the structural evolution and evolution of resistance during current annealing. The results show an effect «
thickness of the sample and the heating rate on the structural evolution during current annealing and possi

mechanismsasponsible are discussed.

Chapter 6 provides the conclusions of thesis and gives an outlook and future work.
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2. Experimental Methods

2.1. Transmission electron microscopya brief history

In 1931 MaxKnoll and Ernst Ruska demonstrated the first working transomisdectron microscope and
used an electron beam instead of visible light as a source for img@fihghe first commercially available
electron microscope was produced by Siemens in 1939. Transmission electron microscopy became popu
with the development of different saie preparation techniques to produce thin electron transparent
samples. Improvements in sample preparation techniques and resolution resulted in lattice imaging «
crystals and identification of dislocatior{81] Later, developments in optics improved the resolution of
TEM, also the first practical STEM was developed in the late 1960s and became commercialhyeaivai

the 1970s. In parallethere was developmentn combining analytical techniques like-tdy (EDX)
spectroscopy{82] and EELS[83] with TEM. A major development in the history of TEM was the
introduction of aberration correctors capable of correcting sphericattibaes during late 1990s, which
improved the resolution limits furthe[84] Today with the developments in sample preparation and
instrumentation, sub asgom resolution is reached with the capability of atomic scale analytical
measurements. Also, there has been a growing interest in developing low voltage electron microscopes w
improved resolution to reduce the beam induced damage and transformagroniewed with high energy
electron beams[85] With the possibility of atomic resolution imaging and analytical capabilities,
transmission electron microscopy is one of the main structural characterization tool used in wide range «

research areas.
2.2. Interacti on of the electron beam with matter

To understand the different imaging and analytical techniques, we need to consider the interaction of tr
electron beam with the sample and the radiation emerging out of this interaction. This interaction produce
different signals containing a variety of information about structure and chemistry of the sagqyie21

shows the radiation emerging from the interaction of the electron beam with a thin specimen. Unlike bull
samples, when the samplesisfficiently thin, the sample becomes electron transparent and most of the
electrons will be transmitted through the sample. These transmitted electrons carry chemical and structut

information and is used for different imaging and analytical techniques.
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Backscattered electrons p A Characteristic X-rays

¥ Inelastically Scattered electrons

Figure 21: Interaction of the electron beam with a thin sample.

The interaction of the electron beam with the sample can be broadly classified into two types: elasti
interactions and inelastic interactions. While é¢festically scattered electrons are mainly used for imaging
purpose, the inelastically scattered electrons are used for analytical purposes. During an elastic interactic
no energy is transferred from the beam to the sample. The elastic scatteringftifisathe result of two

types of interactions: the weak coulomb interaction between the incoming electron and the positive potenti
inside the electron cloudFigure 22) and the strong interaction with the atomic nuclei (Rutherford
scattering) The scattering angle changes depending on the projected potential. The closer the electron com
to the nucleus, the higher the scattering angle. If the sample is sufficiently thin for TEM analysis, most o
the electrons do not undergo any deflection amochfthe so called unscattered or direct beam. Some of the
electrons close to the nucleus can be back scattered by the nucleus in the direction of the incoming electr:
These are high energy electrons with same energy as the incident electron. Thetyroblasadk scattering
depends on the atomic number of the atom. For higher atomic humber elements the probability for bac

scattering increases. During elastic scattering, coherent scattering processes will result in constructive a
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destructive interfemce of the electrons deflected by ordered atomic planes, which gives rise to a diffraction

pattern analogously to-Kay diffraction, which will be explained in more detail in sect2ofh.2

Back scattered beam

(b)

Electron Characteristic X-rays

cloud

e

® Secondary Electron

Transmitted beam with
corresponding energy loss

Direct beam Scattered beam

Diffraction/HRTEM

Figure 22: Atomic model for (a) elastic and (b) inelastic interactions.

During inelastic interaction, there is an energy transfer from the incident electrons to the specimen leadin
to a number of emittesignals containing structural and chemical information on the saifigieré 21).

These signals can be collected with different detectors to understand the structaherarsdry of the
samples. Secondary electrons can be ejeotaduseof inelastic scattering when an incident electron
transfers enough energy to knock out an electron from the atom. Closely related, the excitation of an electr
from an inner shell of #gnatom to an antibonding orbital takes it to acited state. This inner shell vacancy

will be filled by an outer shell electron and the corresponding energy difference will be emitted in the form
of electromagnetic radiation (ay or photon). This eneygs characteristic for a particular element and
can be used to determine the elemental composition. Apart from the emitted signals, the transmitted bee
can also be used for chemical and structural characterization of the mdatkaatransmitted beam

experiences an enerdgssescorrespondingo the different elastic interactions and can be measured using
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electron energy loss spectroscopy (EELS). While providing valuable information on the structure anc
chemistry of the material, the energy transfer ftbmincident beam can cause undesirable structural and
chemical changes in the material. This is camiy referred to as beam inducgdnsformation and can
cause significant damage to the sample under observation. These beam induced transformations :

discussed in detail in secti@y?.
2.3. Transmission electron microscopy design and principles

Figure 23 shows a schematiepresentatiomf a TEM, similar to the one used in the present study. The
source for the elctrons is a field emission gun, which emits electrons from a very fine tip with a strong
applied electric field. The FEG tip is made of tungsten with a thin layer of zirconia, which reduces the work
function of the tip. The electrons are extracted byypgla positive potential on the extractor anode. The
FEG is heated to a temperature of 1800 °C in order to increase the number of electrons emitted and to red
contamination on the tip. Compared to conventional thermionic sources, FEG sources haver a hig
brightness, greater coherence and lower energy spread. The extracted electrons are further acceleratec

an accelerator unit, which determines the operation voltage of the microscope.

The electron beam is shaped by the condenser system, which cofritbistsondenser lenses and condenser
apertures. Conventional TEM consists of two condenser lenses which control the beam diameter, intensi
and convergence angle. In modern microscopé8 condensefensis introduced which enables (almost)
independent optimization of beam current, diameter and convergence angiding a Kohledike
illumination of the sample. Spot size and the convergence angle are controlled by changing the crossov
between the corahser lenses thereby changing the part of the beam going through the apertures below. T
third condenser lens is followed by the mini condenser lens and the upper objective lens. The objective le
is split into two parts, the upper and lower objectiveslaith the specimen in between them. The mini
condenser lens is needed in order to switch between TEM and STEM mode. While the upper objective le
is essential to form a fine probe for STEM imaging, the upper objective lens would not be strong enough t
enable a parallel illumination for large area TEM imaging. Therefore, the mini condenser lens is used t
improve the flexibility of the illumination system, by providing additional focusing or defocusing of the
beam when switching between STEM or TEM moddee STEM coils allow the beam to be scanned across
the sample in the STEM mode.
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Figure 23: Schematic diagram of a TEN86]

After the beam interacts with the sample, an intermediate image is formed in the image plane and

diffraction pattern is formed at the back focal plane of the objective lensintdrenediate image or
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diffraction pattern is further magnified by the diffraction and the projection lenses to form the final
magnified image on the phosphors screen/camera attached at the bottom of the column. The microscope
further fitted with an imge aberration corrector to compensate for spherical aberration and other higher
order aberrations of the objective lens. Different cameras and detectors are attached after the projecti
system for image acquisition. This complex lens system in the TEWdeothe flexibility in operating the
microscope in different modes such as briggid TEM, darkfield TEM and selected area electron
diffraction (SAED).

The basic optics of a TEM is similar to a conventional optical microscope and it is easy tdantirs
image resolution of a TEM in terms of the classical Rayleigh criterion, which describes the smallest object

that can be resolved.

2.1)

This equation providet he t heor et i cal resol ut i ¢hawavelengthtof the f &
radiation, O is the refractive index and b is t
is called thenumerical aperture. From the equation, it can be seen that the resolution is limited by the
wavelength anthe numerical aperture. This leads to a resolution of <38@nm in classical light optical
microscopes. Based on the equation by Louis de Broglie, accelerated electrons have a much small
wavelength compared to light, thus providing the possibilitmtogase the resolution in microscopy. The

wavel engt h gacceldrated lny a pateatial tv s given by the relativistic relation

(2.2)

where m is the rest masof the electron and c is the speed of light.

The wavelength of electrons varies between 4.18kR0and 1.97x1& A for the typical acceleration
voltages between 80 kV and 300 kV used in TEM these days and thgsitoom resolution is in
principle accessible. However, in practittee resolution is reduced by the small numerical aperture, which
has to be used to prevent significant lens aberrations, and the temporal and special coherence of the be

and stability of the microscope, which are explained in detail in seZfon
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2.4. Operating modes in TEM
2.4.1.Bright -field / dark -field imaging

The basic operating mode in TEM is brigl@ld TEM imaging Eigure 24). The beam interactingith the
sample is scattered depending on the material, thickness and crystallinity/orientation. Parts of th
scattered/diffracted electrons are blocked by the objective aperture in the back focal plane and the objecti
lens forms a magnified image withet remaining electrons in the intermediate image plane, which is further
magnified by the projection system. Two different contrast mechanisms contributen@agjeecontrast in
BF-TEM: massthickness contrast and diffraction contragfassthickness comast is due to electrons
scattered to high angles by the interaction with the nucléhes scattering depends on the average atomic
number and the thickness and the contrast is therefore calledhitks®ss contrast. Areas with higher
massthickens willscatter stronger leading to more electrons being blocked by the aperture and thus thes
areas will appear dark in the bright field images. Diffraction contrast arises as result of the coheren
scattering events where the high angle diffracted beams aieelity the objective aperture. The areas
that are diffracting strongly will therefore appear dark in the bright field image. However, as the diffraction
angle varies depending up on the orientation of the sample, there can be some small angle defrasted b
contributing to the image formation in BFEEM. It is difficult to completely separate these contrast
mechanisms and the contrast we see in normal B¥ images as these arises from the combination of

both masghickens and diffraction contrast in ctgline samples.

Alternatively, the TEM can also be operated in dark field mode for imaging. In this case, the direct beam i
blocked and diffracted beams are selected for the image formation. This is accomplished by tilting the bea
to select a diffraetd beam in the objective aperture and blocking the direct and other diffracted beams
(Figure 24). In dark field mode, the image will be bright for the areas that diffitaongly in the selected

angular range. Depending on the size of the aperture used, one or more diffracted beams can be selecte
2.4.2.Diffraction mode

Another operation mode in TEM is diffraction modegure 24). A diffraction pattern is formed in the back
focal plane of the objective lens where the direct and the diffracted beams intersect. By adjusting the streng

of the intermediate lens, this pattern is imaged onirttege plane of the first projection lens and thus
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magnified further by the projection system onto the screen/camera. A selected area aperture can be inser
in the intermediate image plane of the objective lens to define the area from which the diffratteon is

recorded. This is called selected area electron diffraction (SAED).
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Figure 24: Different operation modes in TENB7,88]

The diffraction pattern contains crystallographic information about the structure, orientation and crystallite
size of the material observed. Diffraction patterns are formed when the beam of electron is reflected b
lattice plans |, which satisfy the Bragg condition. Acc
intensity for interference is fulfilled when the path length difference travelled by the wave between parallel

lattice planes is an integer number of the wavelergits is fulfilled when
N & = 2d sin d (2.3)

where & is the wave | ength of the incident bea
incidence angle. This shows that the diffraction patterns can be used to understand trstractsta and

orientation.
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When the number of coherently scattering domains satisfying the Bragg condition in the area of interest |
the TEM increases, the diffraction pattern transforms from a single crystalline pattern to a discrete ring
(powder) patrn. The width of the ring is inversely related to the crystallite size. For nanocrystalline
materials, the Scherrer equati@®] provides a good approximation to estimate the coherently scattering

domain size D and thus the crystallite size from the width of the diffraction rings:
D=z— (2.4)

where K is called the shape fag which is 1 for a perfectly isotropparticles and for all other shapes it
will be less than 1. The Scherer equation can be usually used to calculate the crystallite size if instrument

peak broadening effects are compensated.
2.5. Phase contrast and highresolution imaging

High-resolution imaging allows direct imaging of the atomic structure of a sample. The contrast in HRTEM
arises from the interference of the direct electron beam and diffracted electrons in the image plan
Interaction of a coherent pla wave electron beam with the specimen results in a modulation of its phase
and amplitude. This modulation is a result of the interaction of the incoming plane with the potential of the
specimen. For very thin specimens, we can assume that no eleceaissarbed, thus the amplitude is
constant and only the phase is modulated by the potential of the specim#s Iphase object

approximationthe electron wave function at the exit plane of the specimen can be described as

Q( r) = @xtp[i 4 V (2.5)

(o]

Where\bi s t he projected crystal potential, u the
For a very thin sample, acting as a weak scatterer, the phase modulation in the exit wave is small and c
be approximated only takingtmaccount the first order Taylor coefficient of the exponential function. In
this weakphase object approximation, the imaginary part of the exit wave is proportional to the projected

potential:

Ql{ r) = )t+ i & V (2.6)
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This exit wave proapgat es t hrough the | ens sysisecrdalindhet h e
image. While moving through the lens, the wave is affected by lens aberrations, which can be expressed
a convolution of the exit wave with the transfer function deswjikthe lens aberrations. These aberrations
can be described by the transfer functi gaanbé of
obtained by convolving the exit wave function with the transfer function, which can be expressed as direc

product of the exit wave function with the transfer function in reciprocal space.

A =@®q T (2.7)
a =M0qaT9 (2.8)
and the intensity | can be written as

(=9 Rg= [(Q*T(R] *(RF Y (2.9)
Using the weak phase object approximation, the intensity can be expressed as

(8 1+2Re{(Bi*T@WE6 BG4 Q (2.10)

When the object is assumed to be a weak scatterer the quadratic term in equation 2.10 wilbinel s

be neglected. So according to linear imaging theory

IL () 1+ 2 Re {atATYa} (2.11)

The transfer function T can be expressed as

T(9=A(Q (expti "9 ( (2.12)

where A is the aperture function (1 withintheo j ect i ve aperture, 0 outsic

Thus the observed intensitydan be expressed as

LR m 20 (8tsi N[ ¢ ( (2.13)
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This equation means that the | efswhiehdsemodulating tben s

intensity of the diffracted beams.

Only considering the aberrations due to spherical aberratanniCd def ocus z, the ab

be expressed as

¢ (g)yr—= 21 (2.14)

Combining equation 2.18nd 2.14, the relation between the image intensity and the exit wave depends on
the aberrations of the microscope and can be described by the contrast transfer figatier2%) as phase

factor, which depends on the spatial freguyefdiffraction angle).

CTF (g) = sin—6—)) = sin [2 [ (2.15)
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Figure 25: CTF of a microscope at Scherzer defocus with coherence envelop fun@ijns.

The oscillation in the CTF results in difficulties in interpreting HRTEM images. At different defocus values,
a set of lattice planes (and thus an atomic position) might appear dark (@Y,Brght (CTF = +1) or can

be invisible when the CTF = OThis means that the high intensity regions in a HRTEM image do not
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necessarily represent the location of an atom, but the interpretation of the image intensities is affected |
the defocus and other lens aberrations. Ideally, the CTF should be compéetily dl direct interpretation
of the image intensities. A good approximation is reached at Scherzer focus, where the CTF exhibits a lar
plateau and is of the same sign up to the se@pbint resolution glof the microscopemage intensities
until this special frequency can be interpreted with less ambiguity with proper understanding of the exi

wave. Only considering the spherical aberration of the microscope, the point resolution can be expressed

dp:—_é - (216)

Neverthelessadditional information is present in HRTEM images even beyond the point resolution. This
information limit determines up to which spatial frequency information is encoded in the microscope image:
and thus defines the resolving limit of the TEM. The infation limit is defined by the temporal jE&and

spatial (Es) coherence envelop functions of the microscope. The temporal coherence depends on the ene
spread of the electron beam due to the instabilities in accelerating voltage and the electron gum emiss
When the electron beais not perfectly monochromatic, the chromatic aberration of the lenses result in a
focus spread of the electron wave. This is enhanced further by any variations in the lens currents. Th
averaging of different focus conditioman be expressed as a damping functignhgioerimposed on the
contrast transfer function. The spatiad)(Eoherence envelop function is caused by the finite source leading
to a finite convergence angle of the beam. The illumination of an object ufffdeent angles results in a
distortion and shift of the object in the image plane depending on the spherical aberration of the lens. The
two envelop functions dampen out the CTF at higher spatial frequencies and limit the maximum informatiol
that can beransferred in the microscope. Conventionally, the information limit is defined as the spatial

frequency where the contrast falls (the temporal coherence function) to 13.5 %.
2.5.1.Higher order aberrations

From the previous discussion we can clearly see theteffedefocus and spherical aberration for the

uniform information transfer and thus interpretable information in TEM. Apart from these aberrations, it is
also important to understand the other lower and higher order aberrations. The two most commo
aberraions in TEM are astigmatism and coma. Two fold Astigmatism occurs when the focus of the lens is

different in two perpendicular directions. Higher order astigmatism produces directional dependent defocu
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along more than one axis. This arises due to thernfagt magnetic fields acting on the electrons. The main
reason for the inhomogeneity in magnetic fields is the imperfection in the symmetry of the pole piece. Twc
fold astigmatism can be easy corrected using stigmator coils which induce counter fieddad®e the
inhomogeneity. Coma occurs when the electron beam is tilted away from the optic axis of the electron bear
This results in a different phase shift for +g aigl beams creating an asymmetry in the image.
Conventionally coma can be compensatediltipg the beam to find the coma free axis of the objective

lens.

These lower order terms are sufficient in conventional microscopes considering the low spatial frequencie
involved. But in modern microscopes, to reach Bulgstrom resolution, high spatiequencies have to

be transferred in the image. At these high spatial frequencies, not only the lower order aberrations al
significant, but higher order aberrations also become more important. The higher order aberrations wit
higher folndness of rot@inal symmetries thus gain importance with an increasing information limit of the
microscope. This extendaberration function is expressedterms of wave aberration function which
denote the phase shift of the wave front during its transfer by the giEigal system. Considering the
higher order aberrations and expanding the aberration wave fuactiohg) t o fi ft h or de

G ( YI)RefCwo¥] +Ci13 +-Co1¥] +-Co3 +-Czo 1 +-Ca2¥ +-Cas +Cus1 ]

+-Ca3d7 +-Cus] -Csq ] -Cs3 1 +Cs5¥] +Csd 1}, (2.17)

Where ¥ = a9 is the complex scattering angl e,
the aberration coefficients arad@lefocus, @ twofold astigmatism, & secondorder coma, &3 threefold
astigmatism Gp third-order spherical aberrationz£hird-order star aberration,s¢fourfold astigmatism,

Ca1 fourthrorder coma, @ threelobe aberration, £ fivefold astigmatism, € fifth-order spherical
aberration, & fifth-order star aberration,s¢rosette aberration, andésixfold astigmatismFigure 26
shows the effect of mentioned aberration until themler. All these aberration induces an additional phase
shift and a tolerance limit &0° is proposed for each aberration with in the information limit. The effect of
these individual aberrations can be understood by expressing as phase plates ufj tvdbei g
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Figure 26: Phase plates of individuabarrations arranged with rotational symmetrjé§]

In conventional microscopes, only two fold astigmatism and coma can be compensated. Moderr
microscopes are equipped with aberration correctors, which correct for the spherical aberration and oth
higher order aberration§92] The spherical aberration correction is carried out using special correctors
consisting of norround lenses.nlthe case of the Titan &DO used in this work, the core consists of two
hexapoles. Unlike in round electron lenses, these can induce a negdireal aberration. By changing

the strength of the corrector, it is possible to compensate the positive spherical aberration of the objecti
lens. Higher order wave aberration can be determined using beam tilt diffractogram series, which in tur
can ke used to tune the corrector to compensate these aberr§®88l] This can extend the point
resolution of the microscope beyond the information liFigre 27a).[93] Figure 27b,c shows the effect

of aberration correction comparing the ditfi@grams of the corrected é@runcorrected system. The
distortion in theliffractogramsat highettilt angles showshe effect of spherical aberration and other higher
order aberrations on the phase shift. In the comesgtetemthe diffractograms showlentical shapes even

at high tilt angles.
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Figure 27: (a) CTF of aruncorrected system (dashed line) and uncorrected system (solid line) at Scherzel
defocus. The dotted line represents the improvement in information limit by reducing the energy sprea

form 0.7 ev to 0.2 ev using a monochromator (b) Diffractograms obt&imednoncorrected system and
(c) corrected systen©3,94]

2.6. Spectroscopy in TEM

2.6.1.Energy dispersive Xxray analysis

As mentioned earlier, the-Kays emitted as a result of the beam specimen interaction can be used as a toc
to understand the chemical composition of the sample. When the energy from an incoming beam is hic
enough to knock out an inner shell electron,heancy is filled by an outer shell electron. This process

results in the emission of-Kays corresponding to the energy difference between the shells. The energy of
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the emitted Xray can be detected and analyzed by electron dispersimag ¥DX) spectrsecopy. Every
element has characteristicrdy energy distribution corresponding to the possible transitiigsire 28,

note that not all these transition are detected by EDX). The allowed transitions can be used to identify tr
elements. The peaks are characterized by the shells between which the transition is occurring. The
characteristic Xray peaks provide both glitative and quantitative information on the presence of different

elements in the material.

The X-rays produced by the electron beam are measured using a semiconductor detector. The mc
commonly used detector is a lithium drifted silicon (SiLi) deteatat more recently silicon drift detectors
have been implemented. Anrdy reaching the detector creates electron hole pairs corresponding to the
energy of the incident Xays. By applying a bias tihe detector, the electron hqglairs are separated and

will move to the collection electrode. Here they produce a current corresponding to the number of electro
hole pairs produced. By measuring the amount of current produced by eaghtKe original energy of

the X-ray can be measured and the elementgifdeh The detector crystal is isolated from the high vacuum
using a window. Previously beryllium winads were used which absorbs low energyays (< ~ 1 keV)

and detection of elements below Na (Z = 11) was difficult. Modern microscopes usdhinlivindows

made of polymefilms, boron nitride or silicon nitride which allows the passage of low keNys down

to ~0.1 keV. Si(Li) detectors are cooled down to liquid nitrogen temperatures to reduce the noise as tf

thermal energy can produce electron hpaés.
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Figure 28: Possible electron transitions that give rise to K,L and M series of characteristys XNot all

of these are detected byrdy analysis[95]

A quantitative compositional analysis requires knowledge of they>emission efficiency of each element.
However, the quantification is not straightforward and diffeffactors have to be taken into acnbtu
Reabsorption of Xays withn the specimen and at the detector entrance is particularly important for light
elements, which produce legnergy signals owing to the low ionization potential and-ém&rgy Xxrays
arestrongly reabsorbed by matter. Higher energsa}(s can excite a lower energy emission leading-to X

ray fluorescence, which becomes important when two elements have similar emission energies. Also prop
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subtraction of the Bremsstrahlung background is ssag, which is difficult for losses less than 1 keV.

These factors make the detection and quantification of low atomic number elements difficult.
2.6.2.Electron energy loss spectroscopy

Electron energy loss spectroscopy analyzes the energy distributioretédtrens after the interaction with

a specimen. The inelastic interaction provides information on the composition, electronic structure, valanc
state and band gap etc. down to atomic resolution. The major advantage of EELS is that unlike EDS, it cz
detect and quantify all elements in the periodic table and is particularly sensitive to light elements. The mair
component in EELS instrumentation is a spectrometer mounted below the viewing screen/detectors in tf
TEM column Figure 29). The electrons are selected by an entrance aperture and travel down the drift tube
through the spectrometer. The spectrometer consists of a magnetic prism, which can bend electrons throt
the Lorentz force depending on the energy of the electrons. Theoakethat have experienced higher
losses by the interaction with the sample are deflected more than the ones without energy loss.

Pneumatic Entrance
Aperture
Retractable TV-Rate
Camera

Energy-Selecting Slit

Quadrupole/
Sextupole
Lenses

Magnetic Prism Dispersion MultiScan CCD Camera
Magnifying Quadrupole

Figure 29: Schematic of Gatan Imagirkilter. [95]
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In the Gatan Imaging filter (GIF), the spectrometer is also equipped with energy filtering slit, after the
magnetic prism, to select electrons with a fffgeenergy. The energy selected electrons pass through an
optical system, consisting of a complex lens system, to create an energy filtered image. This technique
called energy filtered TEM (EFTEM) and provides energy specific images. Even furtheesesof@nages

can be acquired of the same region with varying selected energy. These images can be combined to form
EELS data cube in which each pixel carries the spatial information in 2 dimensions afidittneRsion
provides the information of thenergy. Using this, it is possible to produce chemical maps of the elements
present.

A typical EELS spectrum consists of two main regions, the low loss region and the core loss region. Th
low loss region consists of both elastically scatezlectronszero loss) and elastically scattered electrons

with low energy lossKigure 210a). The region close to the zero loss peak is dominated by collective
excitation of valance electrons (plasmon excitations) and-losied transitions. They give information
about the dielectric properties of material, i.e. band structure and plasmores.ti8slow loss region
contains both the elastically and most of the inelastically scattered electrons, this can also provid
information about the sample thickness by subtracting the inelastic interaction from the elastic interaction:
[96] At higher energies, the spectrum shows characteristic core loss edges which can be used to ident
different elementsind their bonding/coordinatiofrigure 210b). These edges are called ionization edges
and formed when the incident beam transfers sufficient energy to a core shell electron to excite it to th
fermi level or an antibonding state. Thespible transitions are similar as showafore(Figure 28). This
ionization loss is characteristic for the atom involved and gives direct chemical information aladobthe

The core loss edges contain further information, because the bonding effects and the density of states in’
sample. This result in complex near edge oscillations called energy loss near edge spectra (ELNES), whi
usually extend up to 50 eV fromeltore loss edge. There can also be energy losses due to the diffraction
effects from the atoms surrounding the atom and can extend above 50 eV and are called as extended ene
loss fine structure (EXEFLS).
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Figure 210: EELslow loss region (a) and core loss region (b) of carbon.

Figure 2.10 shows a typical low loss and core loss edge of a graphitic material. In the low loss region, th
peakintherangeot? eV, resul ts f r wansitionkand d sacopeak indhe ngé of t o
15-26 eV isdue to the collective oscillation of bulk valance plasmons. The core loss edge contains twa
prominent peaks which st art s amdtthe &é&itations sorrdspondingite  t
excitat i ctates We can alshsee alpeak called multiple scattering resonance (MSR) peak, whicl
corresponds to the scattering from the nearest neighboring atoms. An increase in the intensity of the MS
peak corresponds to an increasing order of the nearest and rrest beads. In the core loss edge, the first

peak is characteristic for sponding.

The experimental conditions for acquiring EELS spectra are also important for a precise quantification. Th
most important acquisition parameters are the convergergieU of t he i ncident be
angle b, which is determined by the width of t
guanti fying EELS of graphitic materials, where
perpendicular direction. This anisotropy effec:
and b, where t'mae dpedkisindepentent ofdhe bonchodentation. This combination is

called magic angle and can be experitaliyndetermined for different accelerating voltagés.,98]
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With the magic angle acquisition, integrated ir
quantify the sppercentage in disorded carbon by comparing it with a completely graphitized sample.
[5999]The i ntegr at e dpedkistcacolaed tising eo5feV wihdew starting from 282.5 eV
and the “+0 intensity is calculated using a 20

2.7. Electron beam induced transformations

During the interaction o&n electron beam with the specimen, the beam can induce transformation to the
sample, which is usually termed as beam damfdg®)] The main damages caused are electrostatics
charging, radiolysis (ionization damage), displacement damage and sputtegung (211). Electrically
insulating samples will suffer electrostatic charging due to the charge transfer framdheng beam or
secondary electron generation. If the energy transfer to an atom is more than the displacement energy, t
can lead to a displacement of an atom to an interstitial site thereby degrading the crystallinity of the
specimen. If the energy traferred is even higher, this leads to the removal of an atom to the free space

(sputtering).

The beam can induce ionization damage in which the inelastic scattering leads to degradation of tf
structure. Unlike the knock on damage, this occurs by creairggcited state due to electronic transitions.
While gaining sufficient energy from the incoming beame electroms excitedabove the fermi level in to

the conduction band or an abtnding statelf thede- excitation processhefilling of the hole, is not rapid
enoughsome of the excitation energies stored will leathéchange in inter atomic bonding and breaking

of bonds, thus degrading the structure. The mechanisms responsible for beam damage can be different
different materials and ia broadesensethe beam damage depends on the delocalization of the excited

state and the possible pathways for that.
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Figure 211: Beam damage due to high energy electron bEE0].

There are also secondary effects due to the electron beam. Frequently observed beam induced effect is
carbon deposition on the sample, which occurs due to the cracking of hydrocarbon impurities in the TEN
column. These impurities can attach and cad®man the sample under the electron beam making it difficult

to do imaging and analysis on the sample. Furthermore, the electron beam can activate oxygen, hydrog
and other metallic impurities, which may react with the sample forming undesirable products.

Considering carbon materials, the main damage mechanisms identified are sputtering and radiolysi
[101,102]Beam induced transformation of graphite and other carbon nanostructures like fullerene, carbol
nano tubes and graphene is a vetlidied field. Studies of graphitic layers show that the displacement
threshold ishighly anisotropic in nature. It is easier to displace atoms normal to the plane than in any
direction parallel to the plane. The displacement threshold for graphitic layers reported earlier is about 10
kV. [103] The displacement threshold for fullaeeis reported to be below 80 k104] and for singled wall
carbon nanotubes, a value of 86 [{\05] is reported.
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The studies on electron beam transformation became more prominent after the successful exfoliation
graphene. There has been a lot of work focusing on beam damage in single and few layer of graphene. T
studies show that thateraction with electron beam can introduce structural changes and bond rotation in
the graphene latticEl6] One of the important works in this area is carried out by Jannik Magey where

they studied the threshold for beam induced sputtering on single layer grale@h@he beam induced
sputtering threshold is found to be just above 80 kV in the case of defect free graphene and it is consider
safe to image grapheneativbeam energies of 80 kV and below. However, the threshold decreases to arounc
50 kV for defective graphene and eddé&€6]

There are also studies which show low voltage beam damage in grgp@éirt09] and CNTY110,111]

which results in a degradation of the electrical and optical properties. At these low valtaigbss well

below the threshold for knock on damage, radiolysis will be the main damage mechanism. In these o\
voltage studies on graphene, continuous exposure with 5 to 20 kV electrons led to the introduction c
disorder in the crystalline material. i§thas been characterized by the emergence of the D peak in Raman
spectroscopy after exposure to the electron b§Hd8] Continuous exposure resulted in a transformation

of graphene to ncg and finally to an amorphous phageclkear that the beam damage caused by this low
energy beam is not because of the sputtering of atoms. The possible mechanisms discusse@ drerttie C
breakage and a subsequent excitation of the atoms due to the energy transfer from the beame Also lal
inelastic scattering strength can effectively excite an atom to higher ean@tiggnding states, which will

lower the activation energy for bond rearrangement or breakagkective oscillations of plasmon and
valance electrons are also possible witis fow energy electron beam. Even though the mechanism of
damage due to sputtering is well studied, the low energy beam induced damage in these carbc

nanostructures are yet to be completely unders{@é68]

Apart from this direct damage, a highergy electron beam is known to induce differemicstiral changes

in graphene and carbon nasiouctures on top of a graphene substrate even at 80 kV. There are a numbel
of studies on purely beainduced transformations of carbon nastouctures on top of graphitic substrates

at 80 kV. The direct transfmation of graphene to fullerengsl2,79]and graphene nano ribbons to carbon
nano tube$113] were observed with an electron beam even at 80 kV. Carbon nano structures are seen |
be highly active on top of the graphitic substrate under the electron beam. Furthermore, the electron bee
can also act as a source to add new atorhggiAamount of agtoms have been observed previously during
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in situ heating of graphene in the TENL14] These aeatoms are highly mobile on tay the graphitic
substrate and can attach and heal vacancies and nano pores at high temgédzt]ifée source of these
ad-atoms can be sputtering cdirbon atoms by the electron beam or residual hydrocarbon impurities in the
TEM column.[64,114,78]The hydrocarbon impurities in the TEM column can be cracked and act as a
carbon source, graphitizing on the top of a graphitissate with and without the support of a catalyst.
[64,78] Similarly, activation of oxygen, hydrogen and metallic impurities in the column by the electron

beam results in catalytic type etching of graphene edges.
2.8. Electron beam lithography

The electron beam induced transformations are not alwagiesired. The interaction of an electron beam
with samples can be used favorably in electron beam lithography. Electron beam lithography is a proces
which uses a focused beam of electrons to precisely pattern a beam sensitive polynieéguilen212).

The process is one of the most important techniques in nanofabrication. Electron beam lithography is simil;
to photolithography and is usually carried out using a scanning electron microscope. A focused beam
electrons is precisglscanned across a substrate, which is covered by an electron beam sensitive materie
This results in a change of the solubility of the polymer in the exposed and unexposed areas. The differen
in solubility is used to precisely pattern at the nano sddle solubility upon exposure from the electron
beam changes depending on the resist. The most widely used electron beam resist is PMMA, which is
positive resistln positive photoresistshe exposed areas will have higher solubility and can be s&lbcti
removed by developing it using a suitable solvent. There are also negative beam resists, which decrease
solubility after the interaction with the electron beam. The resolution of electron beam lithography depend
on the focused electron beam diaengprecise movement of the sample stage and the properties of the resist
used[115]

43



Electron Source

(a)
Anode
Beam Blanking
Plates
Focusing, deflection
and scanning coils
Electron Detector
Sample Laser and
interferometer
Interferometric stage g .
; nur
| B B = =
Coating Exposure Developing

Figure 212 (a) Schematic diagram of an EBL system, (b) schendigjcam of the electron beam

lithography proces$115]

2.9. In situ TEM

Along with the improvements of the imaging and analytical capabilities, there has been a growing interes

in the development oin situ capabilites for TEM. The main objective is to shift from postmortem

characterization to livim situmeasurements of structure, chemistry and properties of materials. This enables

the detailed examination of transient stages of different dynamic processes & laargih scales, which
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are otherwise difficult to observe. A wide variety of holders have been developed for imaging and analytica
measurements under applied heat, stress, electrical biasing, magnetic field, optical excitation and in liqui
This has bee revolutionized with the introduction of MEMS based systems, which provide better control
over the applied stimuli and have better stability for higdolution imaging. A number of commercial

systems are available for heating and electrical biasingfefelt materials.

(b)
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Figure 213 (a) Schematic diagram of Aduro system, (b,c) magnified images &fetastandingheating

area and (d) detailed cross section view of the heating[@i)].

An example for a MEMS based heating system, the commercially available Fusion system from Protochip:
is shown Figure 213). The system consists of a holder onto which MEMS based heating and electrical chip
can be mountedlhe holder consists of 4 electrical contacts, which can be connected to a potentiomete
(Keithley) and controlled by software. The heating chips consist of a 500 micron $cpeestanding
membrane which acts both as heating element and sample supp®fte€standing region is resistively
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heated using the contacts in the holder connected to a source meter. The chips are pre calibrated

temperature. Very thin smdhee standingareas facilitate rapid heating and cooling rates.

The electrical biasig system uses the same holder, but different MEMS based chip. An electrical biasing
chip consists of dree-standing50 nm thick SiN window on to which electrodes are lithographically
patterned. Thigree-standingmembrane acts as electron transparentd@iwnwith electrodes on to which

the sample can be attached. In the Fusion system, 4 different electrodes are patterned facilitating 4 po
electrical measurements. Combinations of heating and electrical biasing chips are also available in whic
two contats will be used for heating and the other two will be used to electrically contact the sample. The
maximum temperature that can reach with these MEMS based heating systems is 1200 to 1300 °C depend
on the manufacture. The heating electrical systemsaillyrmork below 1000 °C due to the stability of the
patterned electrode on top. The number of contact pads for electrical biasing also varies from 4 to
depending on the design and manufacture.

2.10. Raman spectroscopy

Raman spectroscopy is a vibrational spestopictechnique, whiclprovides information on the structure

of a material. This is carried out by exciting with a monochromatic laser excitation. Raman spectroscopy i
based on Ramadfect which arises because of the interaction of incoming photon théthmolecule.
During the interaction, most of the light is elastically scattered by the molecule and the scattered light ha
the same wave length of the incident light. However a small fraction undergoes inelastic scattering whetr
the scattered intensitis different from the incident intensity and this difference can be used for
spectroscopy. The energy transfer from the incident radiation to the scattering molecule results in th
excitation of the molecule to a virtual state and can result in two diffprecesses. If the molecule is
situated in the ground state it can beitd to a virtual state. This result in a lower energy (higher wave
length) for the scattered radiation and the process is called stokes process. If the molecule is already in 1
excited state, it will be de excited to the ground state this results in higher energy (lower wave length) fo

the scattered beam and the process is called anti stoke process.

Raman spectrum of graphene consists of two prominent peaks named as G p&akeaidZgure 214).
[117] The position of G peak is at 1580 ¢rand the position of 2D peak is at 2700 crpart from these
two peakswith increasing defects, another peak called D peak (defeck iseathservedit 1300 crit. The
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Raman signature of ncg shows a G peak, prominent D peak and broad 2D. The presence of D peak is
signature of nanocrystallinity in ncg and the ratio oéisity of the D peak over G peak can give a measure

of nanocrystallinity, where a more pronounced D peak indicates smaller grairfk18s.
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Figure 214: Ramarspectrum of graphite and graphene at 532 laser excitations (a) and (b) Raman spectrun
of different types of nano carborj$17]

Even though Raman spectroscopy of graphite and nanocrystalline gfapBiteras studid long ago, this
technique became increasingly popular with fabrication of ncg thin films. Raman signature especially the
Ip /g ratio is a quick and easy was to get the quality of the graphitization and the crystallite size associate
with it. Early effots were made to quantify the defects and crystallite size with the help of Raman
spectroscopy in graphite and nano crystallite graphite. F.Tustsadaidentified that the single crystalline
graphite shows only one peak at 1575'and polycrystalline gphite exhibits one more band at 1355 cm

! [119] The intensity of the second peak is inversely proportional to the crystallite size in the direction of
the graphitic plane. The study correlated #i&slratio to the crystallite size using the equation

Iblc=C( &)/ La (2.18)
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Where C is the proportionality constant (C for 515 nm laser is 440 nm). This relation is valid only for low
defect concentration and large crystals. This equation was later modified by Luetchiefee higher defect
coneentration and lower crystallite siZ&@20]. As the defect in graphite increases, th#clratio also
increases to a maximum and then it will start to decrease because of the introduction of amorphous carbc
This initial high defect region, where an increase in tbéglratio is observed can be called as
nanocrystalline graphite in which the material is completefynsth lot of associated defects. The initial
increase in the D peak intensity and thi#d is because of the increase in the scattering from defects and

the later decrease can be attributed to the decrease in all Raman peaks because of amorphous carbon.
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Figure 215 Amorphisation trajectory proposed (a)l& ratio for different and (b) G peak position for

different laser excittions.[121]

Ferrariet al characterized the amorphisation trajectory of carbon from graphite to disorderead wasbo

on the intensity ratio of D and G peakidure 215). A 3 stage amorphisation trajectory is identified
comparing thed/lg intensity ratio in which graphite tramsfns in to nanocrystalline graphite in the first
stage. Further increase in the defect density leads to the amorphisation of the graphite leadifg to a ¢

amorphous carbon and will further lead to the third stage containing completely disordered tetrahedre
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amorphous carbon. Depending on this amorphisation trajectory, he proposed thét ttaid is directly

proportional to the square of the crystallite size in the high defect region, giving the equation
— #10 (2.19)

WhereC ( &8s a value of 0.0055 at 514 nm laser excitation. In the low defect region the study shows the
the relation follows the equation proposed by Turettid. This study uses same laser excitation of 514 nm.
The later work by Cancadst al [122] generalized the approach to find out the crystallite size taking in to

account the excitation wave lengthRaman laser giving the equations
- — 0 =— (2.20)

WhereOi s t he energy (eV) and & is the wave | engtHt

Further in another study Cancaeloal [123] showed that the full width at half maximum (FWHM) of all
the 3 peaks of graphite is independent of laser excitation and gave the relation between crystallite size a
FWHM as

1 (FWMH) = A+B La (2.21)

A and B are linear fit parameters obtained fritv@ plot of FWMH for D G and 2D peaks at different laser

energies are given as

FWMH A(cm?) B(cm*nm)
lp 19 500

lc 11 560

120 26 1000
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2.11. Molecular dynamics simulations

To get an atomistic understanding of the different structural changes obserwegjtth€EM studies were
supported by molecular dynamics simulation. Simulation studies were carried out by Manuel Konrad an
Prof. Wolfgang Wenzel at INT, KIT. The molecular dynamics simulations were carried out using the
LAMMPS packagd124] with the AIREBOforce field for hydrocarbon$125] Nudged elastic band (NEB)
calculationd126] were used to calculate the activation energies associated with the structural changes an
size reduction. NEB calculatisrwere carried out with the ASE package in conjunction with the-semi
empirical solver MOPAC (MOPAC2016, Version: 18.1171L27], using the PM7 functiona]128] The
visualizations of the changes are created with the OVITO soft{i#¥@] The NEB method is used to find

the saddle point of the minimum egg path between given initial and final atomistic configurations.
Therefore, intermediate states of the system (images) are coupled by harmonic springs, which ensure
uniform distribution of sampling points along the path. This coupled system is thiemzeth which results

in the minimum energy path. Additionally, a cl:
towards the saddle point, can be used to improve the transition state. Detailed information about this meth

can be found in Enkelmaret al.[126]
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3. Graphitization and growth of free-standing nanocrystalline graphene

3.1. Introduction

Preparation of different types of carbon materials with varying structure andtgsjpgrpolymer pyrolysis

is a wellstudied field.[41,43,46] Advances incarbon based NEMS and MEMS attracted interest in
graphitization at smaller length scales for the preparation of carbon materials in diffestrateabwith
controllable shapethickness and propertiegl30,131] Since the properties of these graphitized carbon
structures are largely affected by the domaime and other defects, a detailed understanding of
graphitization and domain growth as a function of temperature is essential for the controlled tailoring of the
properties of the graphitic material. This chapter discuss the graphitization and doméim gfrdnee
standing nanocrystalline graphene thin films prepared by vacuum annealing of a photoresist inside a TEN
In situ TEM techniques such as HRTEM, selected area electron diffraction (SAED) and electron energ)
loss spectroscopy (EELS) are used tolym®athe graphitization and the evolution of nanocrystalline

domains at different temperatures.
3.2. Method development forin situ graphitization

Nanocrystalline graphene can be formed from different source materials, which are polymers containin
aromatic madcules that can be carbonized and graphitized at higher temperatures. In this study, we us
commercially available S1805 photoresist from Microposit. The photoresist was diluted with propylene
glycol monomethyl ether acetate (PGMEA) to tune the viscositdyrasulting film thickness. Initiallgx

situ studies were carried out to understand the thin film formation and graphitization. The polymer was spir
coated onto a S$i0, membrane (1 cfsize) with rotation speed of 8000 rpm. Graphitization was carried
out in a quartz furnace under a vacuum of arountMPa. The graphitization temperature was 1000 °C for

10 hours similar to the previously reported studj@d]. After graphitization, samples shavRaman

signature (Peak positions andl ratio), which is similar to the reported values in the literature.

To performin situ graphitization, it is required to form thin polymer films on MEMS based heating chips.
Fusion heating chips without any coating over the holes were used in the study. This is to form large are
free-standingthin films which are ideal for EM characterization. Graphitizing the films on the chip can

eliminate defects and artifacts associated with sample preparation and transfer processes. This w
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accomplished by spin coating the photoresist directly on the heatindrupe 31 shows the experimental
process flow for graphitization on MEMS based heating chip. The photoresist was diluted with PGMEA
with a solution ratio 1:12 to form thin polymer film acrdke holes. After the spin coating, the electrodes
were exposed by carefully dipping the bottom part of the chip in to acetone. The chip was then loaded in 1
the Fusion TEM holder and an initial heating was carried out in a Gatan TEM holder pumpimgasta€io

6 MPa for 5 hours at 600 °C. This is to avoid the contamination of the TEM column by the gases evolve
during the initial stages of pyrolysis. In the MEMS based heating chip, the heating is confinefide-the
standingceramic membrane that acts laoth heating element and sample support and the graphitization
only happens at this confined area. This will avoid the formation of conducting ncg on other parts of the
chip which may lead to a short between the electrodés:. the initial graphitizatin,the chip was analyzed

with optical microscopy and Raman spectroscopy.

Heating region ‘ Microposit $1805

- -

Heating chip Spin coating

Graphitized region

I

u

Heating @ 600 °C for 5 hours Exposing the electrodes

Figure 31: Schematic process flow of the graphitization on MEMS based heating device. The chip was spir
coated with the photoresist and the electrade® exposed by dipping in acetof32]
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3.3. Graphitization of free-standing layer on MEMS device

Figure 32 shows the characterization of the annealed photoresist on the heating chipxafitu
graphitization at 600 °C. The Ramaharacterization of the samples was carried out using confocal Raman
spectroscopy (Renishaw Raman microscope) with 514 nm laser excitagare 32a gives the optical
micrograph of the graphitized frestanding area of the heating chip. Carbonized films were formed across
the 5 micron diameter holes in the SiN film. This means tiraestandingoolymer film was formed across

the holes during thep coating and a substrate free graphitization has happened. The film shows broad C
and G peaks at around 1600tmand around 1300 ct which is characteristic of partially graphitized
materials Figure 32b). To understand the quality of tfree-standingfilm, the graphitization is compared

with a film grown on Si@ using otherwise comparable condition. Comparing the Raman signature, we
observe that the graphitic chater of the freestanding film is similar to the substrate supported fHigire

3.2b). The G peak position of tHfeee-standingfilm is compared across the heating ate@analyze the
homogeneity of the graphitized film formdeigure 32c). It can be observedom the G peak position that

the graphitization is homogeneous across thargeatea. This shows that with the adopted method, a large
uniform film can be grown across the heating area of the chip. Furthermore, to understand the uniformit
of the graphitizedree-standingfilm, the Ip/Igratio map is acquired across thee-standng film extending

to the substrate supported regibigure 32d shows the higher resolution Raman mayl l ratio) of the
free-standing film across a hole. A unifollgilc ratio is observed which confirms the uniform graphitization
over the freestanding layer. The substrate supported region outsideestandingarea shows a slight
reduction in p/lc ratio which can be attributed to the background from th&ufported region. Form the
Raman signature (Peak positions agftlratio), comparing it with the graphitization trajectory proposed

by Ferrariet.al [121], we can conclude that the material is partially graphitized with some amourit of sp
coordinated amorphous carbon left. This is expected since the temperature is fairly low and does ni
facilitate complete graphitation.

The experiment shows thixee-standingpolymer films can be graphitized without support of a substrate
and the graphitization yields similar results. This is important from a TEM point of view as a large area,
thin free-standingfilm is ideal for detailed TEM analysis. Since the substrate free graphitization yields
similar results, heating this film inside the TEM can provide information about the inherent structural

changes happening during pyrolysis. The sample being graphitized on the hagtitsglfhit is free from
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defects or structural changes that could occur during sample preparation and transfer. The vacuum in t
TEM is comparable or even better than the conventional vacuum ovens used for pyrolysis. With all thes
the conditions foin situ heating inside the microscope are comparable to the normal pyrolysis at small
length scales. Thus the structural changes dunngjtu heating can be directly correlated to the real
pyrolysis at small length scales. By combining different analytezhniques, this can provide valuable

information of the highly dynamic structural and chemical changes during graphitization.
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Figure 32: (a) Optical micrograph of the graphitized heating area, (b) Raman spectra ofihitiged at
600 °C, (c) G peak position near the center hole on heating chip/llydtio map overlaid on an optical
image of a film over a hol¢132]

The ex situpartially graphitized samples were heated inside the microscope and imaged starting from 60
°C. Since the samples were already graphitized 6861 °C, no major structural changes are expected to
happen below this temperature. A heating rate of 10 °C per minute was always used and the samples w:
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heated to 600 °C without an electron beam to prevent beam induced transformations. Bright field TEM
images and SAED patterns were acquired at every 100 °C interval after holding for 10 minutes. The holdin
time is to stabilize the temperature and reduce the drift of specimen. The beam was always blanked aff
imaging to minimize the exposure. Also imadesm the norexposed areas were compared at each
temperature to analyze the beam induced effect on the graphitizatsita.TEM observations were carried

out on an aberration corrected (image) TitarBB0 TEM (FEI company) operated at 80 kV equippetth wi

a Tridium 863 imaging filter (Gatan Inc.).

3.4. Structural evolution during graphitization

Figure 33 (a-g) shows a series of bright fielEM images of the growth of naaxystalline domains during
heating, (h) shows the SAED pattern of the sample graphitized to 1200 °C. At 600 °C the structure i
dominated by curved and wrinkled small features. As the temperature increases, formation of domains at
its further growth is okerved as small domains start to appear by 800 °C. At 1000 °C, clear well defined
domains are observed and further heating results in an increase of the domain size. It is well known the
during the graphitization of a polymer precursor, after the imiéigdonization, the material consists of small
crystallites of hexagonally coordinated aromatic molecules extending up to few nanometers in size with 2
3 layers.[43] These crystallites are separated by disordered carbon and voids in between them. As th
temperature increases, two different mechanisms operate, 1. attachment of the disordered carbon to
edges of the crystallites thereby increasing the size and&imaydand merging of the crystallites leading

to an increase in crystallite siZd1] This can be observed in the images at intermediate temperature (600
°C to 1000 °C), where the film transforms from a disordered structure talefeled domains. At 1000 °C

the domains are clearly visible@ subsequent heating results in an increase of the domain and crystallite
size by merging of small crystallites to form bigger ones. This high temperature growth by the merging o
flakes can be observe#ligure 34), where two small domains merge together to form a large one during
heating from 1100 °C to 1200 °C.
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Figure 34: Merging of smaller domains to form larger ones during heating from 1100 °C to 12032(C.

3.5. SAED Analysis

SAED patterns were recorded along with the bright field images which provide information about the
orientation and crystallite siz&€igure 35a shows an intensity profile of the SAED patterns acquired at
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different temperatures. The intensity profiles show two prominent peaks at 4.8mh8.5 nrit. These

two peaks correspond to {100} and {110} planes in graphitic carbon. It should be noted that there is nc
indication for an {002} peak at around 2.9 AnThis means that the growth of graphene is in plane with a
strong [001] texture. The FWHM is redng with increasing temperature, which can be attributed to
crystallite growth during heating. In agreement with the ordering observed at around 800 *TEMBE&

weak diffraction ring corresponding to (200) starts to evolve at 800 °C. This ring becmreeprominent

at higher temperatures indicating an increasingly ordered crystallite structure. The crystallite size evolutio
was determined from SAED intensity profildagure 35b) using a simple Scherer analysis of the {100}
diffraction rings.[89,132] There is an increase of average crystallite size from 2 nm at 600 °C to 3.2 nm at
1200 °C. The observemntystallite size in the BF TEM images seems to be high8m(@) than the crystallite

size obtained from the Scherer analysis. The difference arises from the fact that the electron diffractio
measures the coherent scattering size, whereas t#i&BFmages are not very sensitive to sraitigle

boundaries and individual defects.

(100)

3.5
(110)
| e, P
€

1100-¢c| & /
- [ N
= 1000°c| @
s, 2
2 s0°c| =
— m |
2 2.5 -
£ 800°C S'

700°C

6"""‘“:2-0. e p—p———
5 2 ¢ & 1 o 600 800 1000 1200

1/nm Temperature [°C]

Figure 35: (a) Evolution of intensity profile and (b) crystallite size evolution with temperature.

In simple terms, this means that the observed domains in the BF TEM image need not be single crysta
but contains defects or small angle boundaries. Previous repods siugraphitization on different

substrategl1,25Jat 1000 °C show a comparable crystallite size (2.7 nm). This indicates that the temperature
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dependence of graphitization in fre@anding films is comparable with the subsraupported

graphitization.
3.6. EELS spectroscopy

EELS low loss and core loss spectra of the carbon edge were recorded at each temperature to furtt
understand the structural evolutidfigure 36a. gives the carbocore lossedge at different temperatures
during heating. At 600 °C, the core loss edge of carbon contains-ia low e ri geaktay 285 eV and
foll owed by aadektendet near edgeersgmn. The @a85 eV corresponds to a transition

f r om t h erbitdl and shows the presence oflspnding in the material. The EELS spectrum at 600

°C is similar to the typical spectrum obtained from amorphous carbon films. This shows the structure of th:
material at 600 °C containing considerable amount dfapl sp bonding.[133] As the temperature
increases, three major changesamtes er ved i n the car bon c o'transitioro s s
increases indicating an increase ifsgh ar act er , 2) ‘eeakvituawellainedBELNES c |
region indicating an increased graphitic orfd&¥4,135]and 3) evolution and increase in the intensity of the
multiple scattering @sonance (MSR) peak around 330 ¢59] This evolution can be attributed to a
decreasing variation in nearest neighbor and next nearest neighboc aistances and reflects the
formation of welldefined coordination spheres. All these changes in the core loss spectra can be attribute
to the increase in the graphitic content and also to the ordering of the crystallites. To understand the evoluti
of the sp content quantitatively in the graphitized layer at different temperatures, the integrated intensity
rati o ‘oou e rt "hteh feansition is compared to a fully graphitized stand§8€] The integrated
intensitpeakf itsheal cul ated using a 5 eV window |
+ "iitegrated intensity is calculated using a 50 eV window starting from the same region. For statistica
analysis five spectra from different places are acquired at each tempétigiure 36b shows the calculated

sp? content during pyrolysis. The Spontent increases from 70 % at 600 °C to almost?aGa 1000 °C.

This shows the transition from a disordered amorphous carbon structure at 600 °C to a completely graphi
structure at 1000 °C. A two stage growth mechanism can be identified here in which the intermediate
temperature (600 °C to 1000 °C) growth of domains is mainly facilitated by consuming amorphous carbot
around the domains and the high temperature growth (ID@91200 °C) proceeds by merging of graphitic

domains.
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Figure 36: (a) EELS carborore lossat different temperatures; (b) sp2 content at different temperatures

and (c)low lossregion of thefree-standingayer at 1200C.

Figure 36¢ shows he low loss spectra of thire-standingfilm after graphitizing to 1200 °C. The low loss
shows two distinct peaks around 5 eV and 18.5eV,wheeet f i r st pe ak -'Ciotar-bards p o r
transition and the second one shows the coll ect
with the thickness of t he - Ttransiton whiElis masly dug thein | ay
plane mode, appears at 4.8 eV. As the thickness increases the peak will shift towards higher values a
appears at 7 eV for graphite. The ~+0 Pl asmon
for graphite [136] From the position and the structure of the peaks in low loss region and core loss regior

at 1200 °C, we can conclude that the structure consists of few layers of highly graphitic material
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3.7. Raman spectroscopy of the structural evolution
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Figure 37: Raman spectra of samples graphitized at different temperatures.

To compare the TEM results, Raman spectra of sample heated to different temperatures were acquired. T
first Raman spectrum was acquired at 600 °C after the ieXiagdtu heating. Two more spectra were
collected after heating inside the TEM for 1 hour at 1000 °C and 1200 °C resped¢itigalg 37 shows

the evolution of Ramn spectravith the temperaturat 600 °C, the spectrum is similar to an amorphous
carbon film with broad D and G peaks. The D and G peaks become shagplandtib increases during
subsequent heating. At 1200 °C, the spectrum consists of sharp D and G peakfcTato is 1.25 and

the position of G peak position is 1585 ‘&nThis b/ I ratio (1.26) and G peak position (1585 tm
confirms that the sample is fully graphitic in nature. This is also in agreement with the graphitization
trajectory suggested errariet al. [118] The development of sharp 2D and D+G peaks at 1200 °C further

shows the highly crystalline nature of tinee-standingfilms.

By combining HRTEM imaging, SAED, EELS dnRaman spectroscopy, we can understand the
graphitization and growth of domains during pyrolysis. The graphitization observed here fits well with
models proposed for the graphitization and crystallite growth during heating from different source materials

[41,43,52]As discussed in the introduction, after the initial carbonization of the polymer, at intermediate
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temperatures, the structure consists of small misoriented cregstaitintaimg 3 to 4 layers of hexagonally
coordinated aromatic molecules with sizes extending up to a couple of nanometers. The space between th
crystallites is filled with uncoordinated amorphous carbon or voids. The degree of misorientation of
crystdlites and the number of voids, decide on the further graphitizability of the majétiad3,52] The
transformation from an initially disordered, partially graphitized structure to an ordered graphitized structure
can be observed from the situ TEM and Raman analysis. From the TEM images, transformation of
domains from small misoriented crystahtin to more extended and ordered structure can be observed.
This transformation and growth is also visible looking at the decreasing width of the (100) peak in SAED
and the appearance of the (200) peak. From the EELS spectra we can see an increagedartest,

which shows the conversion of disordered carbon t& asspon, which means that the amorphous carbon
around the domains is consumed during this temperature range. This growth continues until the sample
almost completely graphitized atoand 1000 °C. At temperatures above 1000 °C, the growth of the
crystallites mainly proceeds by coalescence of the small crystallites. It should be noted that, in the prese
study, the layer formation is imaged for a completely-ftamding film and theirial structure of the
graphitized film at 1200 °C is comparable to the graphitization of substrate supported films. This can b
observed from the comparable average crystallite size ancbsfent of the film grown on different
substrateq1,11,25,35]

3.8. High resolution imaging of the graphitized layers

To understand the structure of the graphitized film, HRTEM images were acquired inatyedftdr
cooling down from 1200 °CHigure 38). HRTEM images show that the structure is highly defective, both
with a lot of defects within the layers (marked by redajras well as disordered edges. Extended graphene
domains are stacked on top of each other with lot of small graphitic structure with size of 2 nm or les:
(marked by white arrows). The edges are disordered and do not show well defined facets whichanheans t
the edges may contain unsaturated bonds;spommembered or a mixture of zigzag and armchair
configuration[20,137]Nevertheless, during extended heating we observe a transformation from curvy and

disordered edges to neodefined faceted edgdsigure 39).
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Figure 38: HRTEM images of a thin region heated to 1200 °C.

FFTs from two different regions are comparto understand the stacking of laydfggre 38a). The first

FFT shows six reflections corresponding to a single crystalline region, whereas the region marked as
corntains another set of spots rotated by 22°. This corresponds to few layers of graphene misoriented by 2:
Similar misorientation between the layers is observed in the marked réggure 38b) and in other
regions in the sample. This misorientation angle (21.79°) is commonly reported in multilayer graphene
corresponding to a low energy commensurate strucfl88 140] Similar rotation angles have been

reported during catalyst free transformation of amorphous carbon on the top of a graphene $G8ktrate.

Figure 39: BFTEM images of transformation of a domain with disordered edges to defined faceted edges

during prolonged heating.
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3.9. Reheating of ncg

HRTEM images of the graphitized samples show the presence of lot of carbon nanostructures on the top
the graphitized layers, even after heating to I’Z00rhese small structures are formed by the catalyst free
transformation of amorphous carbon on the top of the graphitic substrate during intermediate temperature
To understand the formation and dynamics of these carbon nanostruatthesgjngexperiments were
carried out inside the TEMn situ graphitized samles were taken out and exposed to the atmosphere.
Exposing the samples to the atmosphere, after the first heating to 1200 °C, resulted in the deposition
carbonaceous material on the top of the already graphitized samples. This is expected sinczultee str
contains lot of free edges and active surface, favorable for adsorption of carbonaceous material. Tt
structure consisting of active edges with a lot of amorphous carbon around is similar to the initial stages
graphitization where the crystallgeare surrounded by amorphous carbon or voids. Téheating
experiments can provide insights in to the structural changes during initial stages of graphitization and th

dynamics of carbon nanostructures during heating. Duringetieatingexperimentsimages were acquired

every 10 °C and the structure compared to-eqgmosed areas at each temperature.

Figure 310: Deposition of amorphous carbon on the sample (a) sample before adsorption of amorphou
carbon (b) sample witadsorbed amorphous carbon and (c) after reheating to 1200 °C. After reheating the

sample, the amorphous carbon completely graphitizes.

Figure 310 shows a region in theample after the first heating, after exposing to atmosphere and reheating

inside the TEM. After the reheating, it can be seen that the amorphous carbon completely transforme:
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During this reheating, two main transformations are observed for the amor@rbos.cl) Amorphous
carbon near domain edges attaches to the edge of the domain, increasing the size of the domain.
Amorphous carbon graphitizes on the top of the graphitic substrate to form different carbon nanostructure
The size/shape of these natmostures is varying and they are highly mobile and can merge with edges of
neighboring domains. Some of the observed structures have sizes comparable to fullerenes and could
cagelike structure[104,141]The observed dynamicd the nanostructures is in agreement with previously
reported studies. Current annealing experiments on graphene shoeatdlyst freetransformation of
amorphous carbon absorbed on graphitic substrates to nanocrystalline grapheng4hiessshown by
experiments and molecular dynamic simulations that the amorphous carbon on top of graphene will nc
sublimate but rdter graphitize on the top of the graphitic substrate forming graphene nanoflakes. At higher
temperatures, these nanoflakes merge forming larger graphene sheets. It is interesting to note that simila
what has been observed in the present study, a emsation of 22°, was often observed between the layers.
Thus the formation of graphene nanoflakes can be due tocathbst freeransformation of amorphous

carbon on the top of the graphitic substrate.

We also observe some structures, which appear toagelike structures with a size comparable to
fullerene. This formation of cagike structures with sizes of less than 1 nm can be by bending and closing
of small flakes formed during conversion. A similar mechanism has been reported by Chuvil{@gt al.
under the influence of the electrbram. Beaninduced transformations resiit knock on damage at the
edges, leading to formation of pentagons and thus subsequent bending. Another similar study o
transformations of small flakes into fullerene by repeated addition of atoms by -@toaschechanism

from a graphene edge has also been repdité@] Adding atoms at the edge results in the formation of
pentagon and heptagon rings which induces bending and formation ofrcatyerst The key to the folding

of the small flakes is the formation of neix membered rings. Even though the reported transformations
are observed under the influence of the electron beam, in the present study, similar structures are obsen
in previowsly unexposed areas also. This means that the transformation can happen without the electrc
beam. At higher temperatures, the structures are highly dynamic with active edges, the formatien of nor
six membered rings can apparently happen without the @beb&am. This could trigger the bending and
closure of the edges as heating may provide the favorable condition.
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These different nanostructures formed by the catalyst free transformation of amorphous carbon are high

dynamic at high temperatures. Theseidures are mobile on the surface of larger graphene domains and
combines to form bigger domains when heated furtfigure 311 shows a similar dynamics of a carbon
nanostructure during reheating. The carbon nanostructure (size less than 1 nm) is migrating and attachi
to an edge extending the edge during reheating. This structure presumably formed during the reheating,
intermediate temperatures (475 °C to 500 W&taches from a minor edge and move on the graphitic
substrate towards the edge of a larger domain. The migrated nanostructure attaches to the new edge. As
temperature increases (675 °C to 700 °C), both graphitic structures merge at the edgeesf thaedaging

the graphene sheet.

Figure 311: Migration and merging of a small graphitic domain.

Figure 312 c indicates the region whereethanostructure iprevious figure figure 311) has merged with
the edge. This image confirms that the small structure completely merged with the layer without noticeabl

discontinuity.
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Figure 312 Migration of a small graphitic structure during heating merging with aafloedge (marked
by white arrows). The black arrow shows the area where a sagalike graphitic nuclei merged without

discontinuity.

Figure 313shows HRTEM images @he merging of two similar sized nanostructures. The nano structures
are coming close and merge during heating to 1200 °C. It can be observed that there is a shape chang:
the small structures during merging. A similar shape change can be obsenesshiralistructures adjacent

to the merging structures. These structures are presumably flatialstructures with open edges formed

by transformation of amorphous deposits, which are probably merging by bond formation between the ope
edges of the flee. These observed dynamics suggests that different nano structures with varying size shay

and mobility are formed by the catalyst free transformation of amorphous carbon.

Figure 313: HRTEM images of the merging processwbtsimilar sized domains.
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Apart from the highly mobile structures we could observe some pinned structures that are not moving eve
after two cycles of heating. The immobility of these small structures is an interesting observation which i
opposite to thalready reported high mobility of the carbon nano structures on the top of graphitic substrate
Even more, cagbke structures are expected to be more mobile than the planar structures due to their weake
interactions with the substrate. However, with shéstrate structure being far from perfectly crystalline,
there are a considerable number of defect sitéscspers, voids, grain boundaries) which could pin the

motion of small graphitic structures.

Apart from pinning, the size and the shape of theg®ped structures are changing during heating. The size
of the trapped structures reduces after rehedkigure 314). This reduction in size is also observed in
othe structures during prolonged heating. This means that the structure is losing individual atoms or grou

of atoms and these detached atoms can move on the top of the graphitic substrate.

Figure 314: Trapped structures befoaad after reheating.

3.10. Conclusion

In situ TEM studies were performed to understand the graphitization and grain growth in nanocrystalline
graphene during heating ofr@e-standingpolymer film. Thin polymer films were formed on the top of the

MEMS based hating chips by spin coating. Graphitizing the films on the chip eliminates defects and
artifacts associated with sample preparation and transfer processes. The graphitizatiree$tiweding
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film is comparable to substrate supported graphitizaliositu TEM studies showed that graphitization and
grain growth during pyrolysis is a highly dynamic process with a lot of intermediate reactions and steps
With free-standingfilms showing graphitization comparable to the substrate supported heating, we can
directly correlate the structural changes duringsitu heating with conventional thin film pyrolysis
processes. A two stage growth process was identified: growth of the crystallites in the intermediat
temperature range of 6dMO0 °C mainly occurs byoasuming residual amorphous carbon around graphitic
domains; at higher temperatures of 1A@DO0 °C, growth proceeds by merging of mobile domains. The
amorphous carbon transforms in one of two ways, either by attaching to active edges of graphitic domair
or by catalyst free growth on top of a graphitic layer. Gdalyst fredransformation of amorphous carbon
forms new small graphitic structures, some of which are highly mobile at higher temperatures and ge
attached to the edges, extending the edgesttAfmm merging, the study also showed shrinking of pinned

nanostructures by the detachment of atoms or group of atoms from the small pinned nanostructures.
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4. In situ high temperature studies on nano crystalline graphene

4.1. Introduction

Thein situ graphitizdion presented in the previous chapter showed the presence of carbon nanostructure
with varying size, shape and mobility formed due tod#lyst fregransformation of amorphous carbon

on top of a graphitic substrate.situ high temperature studies mcg provide the possibility to understand

the stability/dynamics of these nanostructures and their interaction with the graphitic substrate. Analyzin
these interactions can help to understand the fundamental mechanisms that control graphene ggbwth at h
temperatures. Even though lot of research has been performed in the area of high temperature behaviol
graphene usino situ TEM techniques, most of these studies are on single layer graphene with a focus or
the stability and dynamics of individuaéfécts or small groups of defecf$7,65,114,142]0n the other
hand,in situ TEM studies of the behavior of small carbon nanostructures on top of a graphitic substrate ar
mostly carried out at roortemperature and the transformations were driven by electron beam induced
effects.[79,143 145] The ncg films with a high density of defects, active edges and carbon nanostructures
used here, provala completely different system to study the high temperature dynamics and reactions o
carbon nanostructureqn situ heating of nanocrystalline graphene combined with molecular dynamics
studies provide an atomic level understanding of the fundamentadgses during growth of ncg. This
leads to better structure property correlations and eventually contributes to an efficient tailoring of the
properties. This chapter discusses a series situ high temperature experiments to understand the high
temperaure dynamics of ncg. Time resolved HRTEM investigations, supported by molecular dynamics
simulations, were carried out to identify characteristic processes during high temperature heating and asst

their role in polymer pyrolysis.

Thein situstudies vere carried out using an aberration corrected (image) Tit& 8T EM (FEI Company)
operated at 80 kV equipped with a US1000 slowscan CCD (Gatan Inc.) camera. The samples were heal
at 10 °C per minute until the desired temperature is reached. Imagsitamywas caied out at intervals

of 5 seconds with a 1 secomaposure time. The beam was blanked in between image acquisition to
minimize bearrinduced effects. The dose for each higholution TEM image varied between 2.0 X 10
e/nnt and 4.1 x 1®emhn? depending on the magnification. To understand the structural changes in detail,

we carried out 16 different heating experiments at various temperatures using 4 different samples. Due
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the high dynamic nature of the samples, more than hundreds efediffevents were observed during
heating. Out of this, 30 different events were analyzed in detail to understand the main structural chang

occurring during heating.
4.2. Migration of nanostructures

As already discussed, amorphous carbon is deposited grafiteene film every time the sample is exposed

to atmosphere. This disordered carbon transforms and forms new nanostructures during every reheati
process. Thus the amorphous carbon acts as a continuous source for new nanostructures, which help:
imageand understand the dynamics of these structures at high temperatures. During continuous imagin
we observed nanostructures appearing and disappearing from the field of view, which shows that th

nanostructures are highly dynamic at these high tempesancecan move fast on top of the substrate.

Figure 41 shows the dynamics of a small graphitic flake at 1200 °C. The flake is not visible for the first 590
seconds (118 frames) of observation and migrates in to the field of view in the nextRrgune 41b).The

flake is pinned at this position for the next 100os®ls(20 frames). It moves to a nearby positon and comes
back to the original position in next two frameBiglre 41c,d). The flake remains at this position fhet

next 42 seconds (84 frame#)en it quickly moves and attaches to an edge around 10 nm away. The
nanostructure completely merges with this edge, thus extendiigutr¢ 41g). This observed migration is

not in agreement with the previously reported high mobility of carbon nanostructures on top of graphitic
substrates. GNF are known to be highly mobile on the top of diegecgraphitic substrates. Super fluidic
behavior of gaphene nanoflakes even at temperature as low as 5 K has been reported experifhééjally.
The theoretically calculated diffusion coefficient for GNF on top of defeet graphea substrates at 300

K is 6.7+0.6x1C cn?/sec[147], which is significantly higher than the observed diffusion here. In fact, it
would be difficult to clearly image nanostructures moving so fast with the presenad@gisition time.
However, in the case of nanocrystalline graphene with a high defect density, the defects are playing &
important role in the observed dynamics. It is known that defects result in unsaturated bonds and stra
fields in the graphene latéc This can lead to local rearrangements and induce vertical displacements of
carbon atoms close to the def¢td8] This displacement can cause bond formation between the unsaturated
atoms at a flake edge and the defect site, thus pinning the flake. Molecular dynamics sinaléatishew

the bond formation with underlying defect&adure 42). MD simulation at 1500 K shows high diffusion
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coefficient for the nanoflake on the top of defect fregppitic substrate. However the fast migration is
largely hindered by the introduction of defects in the substrate. The nanoflakes tend to from bonds with th
underlaying defects and this pins the flake to the defect. This can be obselBdsimulations(Figure

4.2 a) where the moving flake forms bond with the defect and it is pinned.
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Figure 41: (a-h) Migration and merging of a natflake during heating at 1200 °C. The time stamp
corresponding to each snap shot is shown as label in each micrograph.
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Figure 42: Pinning of defects to the darlying defects.

The nanoflake edges are observed to be highly reactye@nstantly rearranging at high temperatures,
which is favorable for bond formation and pinning. Depending on the number of defect sites, there can b
simultaneous pinning at more than one site, which will further reduce the diffusion speed of the flake:s
(Figure 42b). This explains the observed low diffusion of the nanoflakes at high temperatures, which are
not in agreement with the reported high diffusion of nanoflakke observed high structural dynamics of
nanoflakes is in agreement with the theoretical studies on high temperature behavior of GNF. Previous ¢
initio calculations revealed strong eaftplane vibrations for edges of an isolated nanoflake at high
tempeatures[149] This structural vibrations of the edges fast compared to the exposure time used in
the experiments, so that only an average can be observed in the TEM images. Moreover, our simulatio
suggest that rearrangement of the edges are fast compared to the exposure time used in the experiment

tha only an average edge structure can be observed in the TEM images.

Apart from the nano flakes, we also observe structures that look similagaétike structures which show

constant edge contragtigure 43). These structures also migrate and pin to defects, but we have not
observed merging for these closed structures. This high shape and size stability can be attributed to t
closed cage structure, which is knowib&ostable and less reactive. Nevertheless, these experimental results
show that the defects play a major role in the migration of these nanostructures on the top of defecti

graphene.
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Figure 43: BF-TEM images shownigrating cagelike nanostructure during continuous imaging for 30
minutes at 1200 °C.

4.3. Lateral and vertical merging of nano flakes

As observed inFigure 41, the migrating nanaflkes often merge with large flake edges during high
temperature heating. The nanoflake observdtdgare 41 merges with a layer on the same graphene plane
by lateral matrials transfer. As seen in the images, this lateral merging is fast, the complete merging
happened within a couple of frames. This merging depends on the mobility of the flake (the defect densit
of the support) and the availability of suitable edges @oge As the structure of ncg consists of stacked
graphitic domains with a lot of locally varying defects and free edges, the frequency of merging events ca
vary considerably. 10 different lateral merging events were analyzed and in all the casetaribe died

the time of merging were different

Figure 44: Dynamics of the large flake edge (a) before the attachment, (b) attachment of additional mas
from the flake and (d) flake edge after complete distributionadditional mass. Parallel line like moiré
patterns can be observed at the flake edge.
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Similar to edge fluctuations in the smaller flakes, the large flake edges are also dynamic and constant
rearranging. The edge at which the small flake is merging lyhitynamic. After the merging of the flake,

the additional mass is redistributed quickly and the flake tries to reduce the overall curvature until it reache
a flat dynamic equilibriumKigure 44). This near edge region shows a continuous change of the Moiré
pattern indicating strong structural rearrangements. Different Moiré patterns are observed intermittentl:
indicating distinct commensurate rotation angles betweenagers. This is similar to the previously

observed superstructures in bilayer graphfrig]

This highly dynamic nature of the edges can facilitate bond formation leading to a complete materia
transfer. MD simulations of small flakes heated on the fofh@® graphitic substrates shaat lateral
merging is initiated by the bond formationtlae edges. Merging starts by the formation of bonds when the
flakes get closer. This is flowed by further bond formatfeigre 45c) and can lead to a material tragrsf

in the vertical direction.

Figure 45: MD simulations of the lateral merging event.

The experiments also show that small flakes sitting on top of a step edge of a large layer can merge with t
layer underneath. This kind energing result in a vertical material transfer and the dynamics are slow
compared with the fast lateral mergifggure 46 shows such a merging event of a small flakieng on

top of an edge, merging completely with the graphene layer underneath. The uniform Fresnel contra
observed initially, is a good indication that the whole flake is sitting on top of the step edge. The contrast i
initially uniform (up toFigure 46c), when the bottom edge of the upper flake attaches to the step edge
below Figure 46d). Subsequently, the edge of the upper flake slowly disappears as the flake is merging
with the edge below. This means that the rearrangement and bonding mechanism is different in this type
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merging. Unlike the fast lateral merging happening inuploof frames idrigure 41, this merging is slow

and takes around 5 minutes. In order to merge vertically, there should be an initial bond formation betwee
the reactive flake edge and the step edge below. This can be seen from the MD simufagjoreif6r.
Afterwards, this bond has to shift leading to an atom transfer to the step edge below and a new bond has
be formed at the flake edge. Thus, vertical merging requires a coordinated r@aeanhgt larger scales in
contrast to the lateral rearrangements in the previous case. This slows down the vertical rearrangement t

time scale of several minutes, in contrast to the fast lateral merging shévwguiia 41.

Figure 46: (al) Slow merging of a nanoflake with an edge in the layer underneath during heating at 1200

°C, the time interval is shown as label in each micrograph.

4.4. Dynamics and size evolution of graphene flakes

In addition to the observed migration and merging, the nanoflakes show strong structural and siz
fluctuations at high temperatures. Small flakes tend to loose atoms or group of atoms and at the same til
largerflakes adjacent to it are seen growing. This is illustrateldigare 47 for ncg heated to 1200 °C.

Figure 47a shows the overall area investigated and as observed previously, a flake is migrating in to th:
field of view and merges with an edge. During migration, the small flake is constantly getting smaller, losing

atoms, which can be ebrved from images {§). At the same time an adjacent large edge is growing by the
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