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Abstract 

Graphitization of polymers is an efficient way to synthesize graphenoid (graphene like) materials on 

different substrates with tunable shape, thickness and properties. [1] This catalyst-free growth results in 

domain sizes of a few nanometers and has been termed nanocrystalline graphene. Ease of fabrication, better 

control of shape, thickness and properties comparable to graphene makes ncg an easy to produce alternative 

for graphene for different technological applications. Since the properties of these graphitized carbon 

structures are largely affected by the domain size and other defects, a detailed understanding of the 

graphitization and domain growth as a function of temperature is essential to tailor the properties of the 

graphitic material. In the present thesis, in situ TEM techniques are employed to understand the 

graphitization and domain growth of free-standing nanocrystalline graphene thin films prepared by vacuum 

annealing of a photoresist inside a TEM. HRTEM, selected area electron diffraction (SAED) and electron 

energy loss spectroscopy (EELS) techniques are used to analyze the graphitization and the evolution of 

nanocrystalline domains at different temperatures. By in situ heating and current annealing, the present 

study tries to understand the graphitization and structural changes in the intermediate to ultrahigh 

temperature range. 

The in 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 nanostructures. The free-standing 

membrane showed comparable graphitization to substrate supported films and a two-step growth 

mechanism was identified. At intermediate temperatures (600-1000 ºC) crystallite growth proceeds by 

consuming amorphous carbon around the crystallites and at high temperatures (1000- 1200 ºC) growth 

proceeds by merging of crystallites. 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 free 

transformation forms new graphitic structures with different size shape and mobility. Some of these carbon 

nano structures are highly mobile on top of the already graphitized layers, which enabled to study the 

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

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

simulations gave insights into the fundamental processes controlling the graphene growth, high temperature 
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stability/mobility of the carbon nanostructures and their interaction with the graphitic substrate. High 

temperature in situ HRTEM investigations revealed the formation of graphene nano flakes and cage-like 

nano structures during graphitization. The study showed that the growth of the domains is mainly by the 

migration and merging of the graphitic 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 vertical 

material transfer. In addition to this, strong structural and size fluctuations of individual graphitic subunits 

at high temperatures were observed. Graphene nano flakes are highly unstable and tend to loose atoms or 

groups of atoms, while adjacent larger domains grows by the addition of atoms indicating an Ostwald type 

of ripening 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 only 

provides additional activation energy increasing the reaction kinetics. Molecular dynamic simulations 

carried out to estimate the activation energy for the different processes indicates a critical role of defects in 

the substrate for the observed dynamics. 

Furthermore in situ current annealing of free-standing ncg constrictions were carried out to understand the 

dynamics and structural changes at ultrahigh temperatures. Current annealing provides the possibility to 

reach temperatures in excess of 1200 ºC inside the TEM, which is the maximum temperature possible by 

commercial MEMS based heating chips. The graphitization at high temperature is comparable to the thermal 

annealing showing similar crystallite size evolution. However, growth of domains up to 50 nm was observed 

with current annealing to ultra-high temperatures (T > 2000 ºC). Unlike the formation of well oriented 

graphite during high temperature annealing, in current annealing of thick samples, formation of large multi 

walled cage-like structures were observed. The thickness of the sample and the heating rate seems 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 of cage-like structures etc., 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 material 

for different technological applications because of its unique properties. [2,3] Graphene is a sp2 hybridized 

single layer of carbon arranged on a hexagonal lattice. Graphene can be regarded as the fundamental 

building block for other carbon nano structures like fullerene and carbon nano tubes. This 2D carbon 

allotrope has been explored in different applications such as electronics, photonics, composite materials and 

coatings, energy generation and storage, bio applications etc. to name just a few. [4,5]  

The main reason for the interesting properties of graphene is its unique structure. Carbon is tetravalent with 

four outer shell electrons and these electrons bond differently to make different allotropes of carbon. The 

six electrons in carbon occupy the 1s,2s,2px,2py,2pz orbitals in ground state with configuration 1s22s2sp2. In 

graphene, the sp2 hybridization leads to a trigonal planar structure consisting of a double occupied 2s orbital 

and two 2p orbitals. The structure consists of three in-plane ů bond between the two neighboring carbon 

resulting in short inter atomic covalent bond separated by 1.42 Å. This gives graphene its remarkable 

mechanical properties. The fourth bond is a ˊ bond, formed by the 2pz orbitals that are perpendicular to the 

planar structure and since each p orbital has one extra electron, the  ́band is half filled. This peculiar 

structure leads to interesting electronic properties in graphene. The band structure of graphene calculated 

using tight binding approach shows that it is a zero band gap semiconductor in which the conduction band 

and valance band meet at Dirac points. [4,5]  

Because of this peculiar structure, graphene has outperformed existing materials in different field with some 

properties reaching close to the theoretical predicted values. Graphene shows superior electronic and optical 

properties, ultrahigh intrinsic strength, superior thermal conductivity and can sustain very high current 

densities. The room temperature electron mobility is 2.5x 105 V-1 s-1 [6] and thermal conductivity is above 

3000 W mK-1. [7] Mechanical properties are also interesting with a Youngôs modulus of 1 TPa and an 

intrinsic strength of 130 GPa. [8] It is also impermeable to any gas and can be easily functionalized 

chemically to tune the properties. [2]  
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These interesting properties are for a defect free graphene and different top down and bottom up approaches 

have been used to synthesis graphene. [4] All these techniques involve a transfer process which induces 

defects and contamination on the graphene and is difficult to integrate in production. Thus the efficient use 

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

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

Graphitization of polymers in small length scales to synthesize graphenoid (graphene like) materials, 

emerged as an easy to fabricate alternative for graphene. [9,10] This method provides the flexibility of 

growing on different substrates with defined thickness and also for patterning to achieve different shapes. 

[10,11] Recently, thin graphitized films with comparable properties to graphene have been fabricated by 

pyrolysis of polymer films. [1,11] The catalyst-free growth results in a material with domain sizes of a few 

nanometers, which has been termed nanocrystalline graphene (ncg). The ease of fabrication, control over 

size, shape and thickness, and the possibility to tailor the properties by varying the polymer precursor and 

the graphitization temperature has made this material a potential alternative for polycrystalline graphene in 

different areas.  

With the increasing application of polymer pyrolyzed ncg thin films, it becomes important to have a proper 

understanding of the structure, structural evolution during pyrolysis and structure property correlation in 

these materials. High resolution (scanning) transmission electron microscopy (HR(S)TEM) has already 

shown its effectiveness characterizing carbon nanostructures with sub-angstrom resolution. [12,13] 

Specifically in the case of graphene, HRETM/STEM was pivotal in understanding the nature of defects 

[14], edge structure [15] and defect dynamics (Figure 1.1) [16] Furthermore, development of Low voltage 

HRTEM facilitated the characterization of graphenoid materials without inducing significant beam damage 

or defects. [17,18] The improvements in resolution, analytical capabilities and in situ techniques made TEM 

a favorite candidate for the characterization of carbon nano materials. In particular, the in situ capabilities 

opened up new possibilities to understand highly dynamic processes, combining imaging and analytical 

methods. Also, there has been a growing interest to understand the dynamics during in situ heating [19,20] 

and electrical biasing [21,22] of graphene.  
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Figure 1.1: Transmission electron micrscopy of graphene (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 beam. [24]  

Even though all these improvements in transmission electron microscopy have been explored well in 

understanding the structure and dynamics of graphene, these techniques have not been widely used to 

understand the structural evolution during the pyrolysis of thin polymer films. A proper understanding of 

structural evolution and structure property correlations during pyrolysis is essential in realizing a property 
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specific graphenoid material and low voltage in situ TEM can be the ideal characterization tool to 

completely understand this kind of highly dynamic processes. In the present thesis, we employ in situ TEM 

methods to understand the catalyst free formation of free-standing polymer thin films. By combining 

HRTEM, SAED and EELS, we look in to the chemical and structural evolution during graphitization of 

ncg. Furthermore with in situ current annealing studies, ultra-high 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 free 

synthesis limits the growth of the crystallites, resulting in crystallite size on the order of a few nanometers 

as can be seen (Figure 1.2). The structure consists of stacked graphitic layers that are highly defective 

consisting of lot of defects and disordered edges. The SAED pattern in the inset shows continuous diffuse 

rings corresponding to the nanocrystalline nature. The Raman signature of ncg shows a G peak, a prominent 

D peak and a broad 2D peak. The D peak is a defect induced peak and is absent in defect free coarse grained 

graphene. The presence of a D peak is a signature of nanocrystallinity in ncg and the intensity ratio of the 

the D and G peak can be used as a measure of nanocrystallinity, where a more pronounced D peak indicates 

smaller grain sizes. 

 

Figure 1.2: (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. 
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Nanocrystalline graphene shows interesting properties and can be a potential substitute to graphene in 

different areas such as electronics [1,26], photonics [9,11], strain sensing [11], and as transparent conducting 

electrodes. [27,28] The reported values for the sheet resistance are in the range of 20-50 kɋ/m2 for few 

layers of ncg [11], which is two orders of magnitude higher compared to cvd grown graphene. [29] The 

higher amount of grain boundaries and defects result in a reduction of the conductivity. Since the sheet 

resistance depends on the thickness of the film, this can be tuned by varying the thickness, e.g. the sheet 

resistance can be reduced to 150-200 ɋ by increasing the ncg thickness to 180 nm. [1] Thus, the initial 

polymer structure makes it easy to tailor the resistance of final structure by controlling the thickness. The 

optical properties of ncg are comparable to graphene. Studies on photocurrent generation under illumination 

show that the behavior is similar to doped crystalline graphene. [11] Ncg also shows light emission under 

electrical biasing where the power density and the electron temperature is comparable with crystalline 

graphene. [11] Compared to crystalline graphene, ncg shows an enhanced piezo resistive effect, which has 

been attributed to the increased number of grain boundaries. [11] The easy to fabricate nature of ncg has 

made it a favorite candidate in transparent conducting electrodes also. With suitable conductivity (500 S 

cm-1) and transmittance (88 %), ncg thin films appear to be a potential replacement for indium tin oxide 

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

It is also worth to mention some of the peculiar mechanical properties of ncg due to its nano crystallite size. 

While considering the two main mechanical properties, toughness and strength, theoretical studies have 

shown a strong dependence of toughness on the grain size of graphene in the nanocrystalline regime. The 

grain size dependent variation in toughness is limited only to the nano crystalline regime and after a critical 

grain size, the toughness is independent of the grain size. [30] The higher amount of grain boundaries and 

defects results in a flaw insensitive tensile behavior below critical length scales of the notch. [31] This 

means that the nanocrystalline graphene (grain sizes less than 100 nm) can withstand larger cracks compared 

to the polycrystalline graphene. In contrast, the strength continues to increase with grain size. This is due to 

the reduction in the number of grain boundaries and triple junctions, which act as stress concentration 

centers. These interesting properties in different areas and the ease of manufacturing made ncg an easy to 

fabricate alternative for graphene in lot of technological application.  



 

6 

 

1.3. Preparation of ncg 

Different carbon sources and processes have been reported for the bottom up preparation of ncg films. 

Researchers have successfully grown ncg on different substrates such as SiN, Si, MgO Al2O3 and SiO2 using 

CVD. [28,32ï35] There are also studies on growth of ncg using molecular beam epitaxy on Al2O3 substrates. 

[36ï38] Recently, polymer pyrolysis emerged as a convenient way to fabricate ncg by the graphitization of 

aromatic precursors at high temperatures. A wide variety of source materials and process are used for the 

initial polymer film, which is then graphitized by substrate supported vacuum annealing.  

 

Figure 1.3: Process flow chart of ncg formation using SAMs on gold used by Turchanin et al. [25] 
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Turchanin et al., demonstrated the thermal conversion of aromatic self-assembled monolayers to form 

nanocrystalline graphene (Figure 1.3). [25,26] These monolayers can be selectively crosslinked using an 

electron beam to produce desired structures. [39] Even though the process can synthesize very thin 

graphitized films ranging from 0.5 nm to 3 nm [26], 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 be graphitized to form ncg on different substrates (Figure 1.4). [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 source. 

This gives flexibility 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 ratio 

is found to be around 1:10 and ncg can be fabricated with different thicknesses ranging from 1 nm to 180 

nm. [35] The maximum graphitization temperature used in these studies is 1000 ºC. [1] Different substrates 

have been used and the graphitization seems to be independent of the substrate. The crystallite size in these 

studies, measured by Raman spectroscopy and TEM falls within a range of 2-5 nm. [1,11,25]  

 

  

Figure 1.4: Ncg fabrication by the spin coating on substrates. 
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1.4. Structural evolution during pyrolysis 

Pyrolysis refers to the thermal conversion of a material at high temperatures in an inert atmosphere. 

Pyrolysis of organic materials to form graphite or bulk glassy carbon is a well-studied field. [41ï44] Initial 

pyrolysis studies were focused on the carbonization to form graphite at ultra-high temperatures. [41,45,46] 

The early precursors studied for graphitization are different types of cokes and chars. Pitch and petroleum 

coke, cokes prepared from coking coals and char prepared from pyrolysis of polyvinylchloride graphitize 

completely forming graphite when heated to around 3000 ºC. On the other hand, oxygen rich low rank coals 

like sugar charcoal and char prepared from polyvinylidene chloride etc. do not result in the development of 

a three dimensional graphitic structures, but forming highly disordered bulk glassy carbon structures. [47] 

The early efforts to characterize the structure of glassy carbon were mainly done with the help of X- ray 

diffraction. The pioneering work to understand 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 certain (00l) and (hk0) reflections. The proposed structure consists of small graphite-like 

layers which are arranged in stacks with the layers parallel to one another, but with random orientations. 

The (hk0) reflections give the crystallite size and the (00l) reflections give the stacking thickness. Later 

works by R. E. Franklin and the early proposed models were based on the X-ray diffraction data while the 

models after that were proposed based on TEM images and SAED patterns. 
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Figure 1.5: (a) Ordering of domains during evolution, (b) the microstructural evolution from an amorphous 

carbon to graphite during pyrolysis. [49] 

According to the model proposed by R. E. Franklin (Figure 1.5). [41], at the initial heating stages, after the 

evolution of the volatile gasses, a carbonaceous 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 uncoordinated amorphous carbon or voids. 
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These small crystallites contain up to 3 to 4 layers of hexagonally coordinated aromatic molecules with sizes 

extending up to a couple of nanometers. The graphitizability of these structures depends on the 

misorientation and void 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 amorphous 

carbon around the crystallites. Further at high temperatures (temperatures > 900 oC), the graphitization 

proceeds by the merging of crystallites. In graphitizing carbons, the graphitization will proceed further at 

very high temperature and crystallites will orient completely leading to the formation of polycrystalline 

graphite (Figure 1.6). On the other hand, in non-graphitizing carbons, some defects cannot be annealed and 

the complete orientation of the crystallites cannot happen even at high temperatures. This miss orientated 

crystallites results in large number of pores and voids and the material remains non-graphitizing with its 

characteristic low density. [41,43] 

 

Figure 1.6: Model of (a) graphitizing carbons leading to the formation of graphite and (b) non-graphitizing 

carbons proposed by Franklin. [47] 

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 other 

hand, non-graphitizing carbons are formed from strongly cross linked materials, which immobilize the 

crystallites and thus hinder the ordering of crystallites and thus complete graphitization. This results in a 

hard structure with the fine porosity preserved even at high temperatures. Even though the model can explain 

the structure in a broad sense, it fails to explain the nature of the cross linking and the sharp property 

difference in graphitizing and non-graphitizing carbons. [47] 
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The initial pyrolysis studies were focused on complete graphitization to form three dimensionally ordered 

graphite, the later focus was more on the structure of non-graphitizing carbon. The main motivation for this 

is to understand the unique properties of the glassy carbon, which include high temperature resistance, low 

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 provided 

new insights in to the structural evolution during graphitization and models were proposed for non-

graphitizing carbon. Glassy carbon models based on curved and twisted graphene flakes were proposed by 

JenkinsïKawamura [50] and Ban et al. [51] JenkinsïKawamura proposed a ribbon-like model for glassy 

carbon based on their HRTEM investigations. In the 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 dimensions 

(Figure 1.7a). The model proposed by Ban et al. is similar to the ribbon model with curved graphene flakes 

stacked in different orientations (Figure 1.7b). However, these models raise a number of questions like the 

high temperature stability of ribbon structures, explanation for closed pores and also the growth of graphene 

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

 

Figure 1.7: (a) Ribbon model by JenkinsïKawamura, (b) model proposed by Ban et al., low temperature (c) 

and high temperature (d) fullerene related structure of glassy carbon proposed by Haris et al. [43] 
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These early studies based on TEM rely on bright field TEM imaging combined with X-ray diffraction. These 

TEM images largely resolve only the 002 fringes, which gives a ribbon like appearance for the structure. 

Oberlin et al. studied the structure of graphitizable thin carbon films extensively using imaging and 

diffraction techniques in TEM. [42,46,52] Combining SAED, BF and DF imaging, they proposed a model 

similar to the one proposed by Franklin, in which the graphitic carbons are built up from basic structural 

units of small group of planar molecules. A two-step growth mechanism was proposed in which the first 

step is the establishment of a turbostratic arrangement during the pre-graphitization stage. The structure is 

turbostratic until 2000 °C and mosaic elements of around 10 Å with 2-3 layers become mostly parallel with 

twist and tilt boundaries to form distorted layers. These layers are separated by defects such as tetrahedral 

or dangling bonds. During this pre-graphitizing regime, the thickness (Lc) increases while the crystallite 

size (La) remains the same. At temperatures above 2000 °C, the twist and tilt boundaries disappear and 

defects are annealed out resulting in an increase of La. The model ascribes the growth and the disappearance 

of defects between the layers during low temperature, increasing Lc, and of defects in the layers at high 

temperatures, increasing La. Even though the model explains the structural evolution of graphitizing carbons 

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, carbon 

nanotubes and other nano carbon materials containing stable non-six membered rings, initiated new 

investigations into the structure of glassy carbon. Based on the high-resolution studies on bulk glassy 

carbon, Harris et al. proposed a fullerene related structure of commercial glassy carbon. [53] This is mainly 

based on the observation of fullerenes, carbon onions and other curved/close cage structures in the glassy 

carbon pyrolyzed at different temperatures (Figure 1.7c,d). The model consists of discreet fragments of 

curved carbon sheets with non-six membered rings that are randomly dispersed between the hexagons. A 

low temperature model is proposed consisting of a high proportion of discrete fullerene like closed cage 

structures. This tightly packed microstructure makes the material more impermeable and less reactive. A 

high temperature structure is proposed with multilayer fullerene related nanoparticles, enclosing the pores, 

which are much larger than observed 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. This 

model can explain the low density and impermeability of glassy carbon but fails to 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 the 

structure of glassy carbon using various characterization techniques. [54ï59] It is worth to mention the work 

by Daniels et al., where he carried out a systematic study on the carbonization and graphitization from an 

organic precursor using HRTEM EELS and XRD. [59] The variation in carbon core loss near edge spectra 

as a function of temperature was acquired and analyzed to understand the structural evolution of samples 

heated to different temperatures. Even though the structure of glassy carbon and structural evolution during 

pyrolysis have been studied a lot, there remains a lot of interesting questions on the exact structure of the 

glassy carbon, structure of the pores and edges, the origin of the the graphitizing and non-graphitizing nature 

of the carbons etc. This necessitates identifying new experimental and analytical methods combining with 

theoretical simulation studies to have a complete atomistic understanding of the structure and structural 

evolution. 

1.5. Structural changes during passage of current in nano carbon structures 

With the increasing interest in carbon MEMS and NEMS systems, graphenoid materials are widely used in 

different fields and it is necessary to understand the structural changes happening during the passage of 

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 understand 

the effect of passing current through different carbon nanomaterials. The passage of current can induce joule 

heating and also electron migration of carbon atoms. The high temperatures that can be reached during 

current annealing can be used as an effective way to tailor the structure and properties of carbons. Out of 

the different carbon nanostructures, CNT and graphene remains the most studied. Different studies are 

available on the current annealing of CNTs and graphene and most of them are carried out in situ inside the 

TEM. The early works on CNTs is by Huang et 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 by 

breaking from the outer most walls to inside dropping the current passing through it. [60] Superplastic 

tensile behavior during the passage of current is observed when the CNT is strained under biasing. The 

tensile elongation was 280 % under bias compared to less than 15 % at room temperature. [61]  

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

graphene and graphene nanoribbons. Early studies investigating the current carrying capacity of few layer 
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graphene nano ribbons using SEM showed a break down current densities of 108 A/cm2 [62] and current 

induced control formation of nano gaps in suspended graphene was demonstrated by pulsed electrical break 

down. [63] While these studies focused more on the electrical properties of graphene during current 

annealing, information on the structural transformations were limited because of the resolution limit in SEM. 

 

Figure 1.8: (a-d) Transformation of amorphous carbon to highly ordered graphene patches up on current 

annealing. [64] 

Improvement in the in situ capabilities in TEM motivated the researchers to look in to the structural changes 

during current annealing leading to the better structure property correlations. Westenfelder et al. studied in 

situ current annealing to find out the structural changes inside the TEM. [65] In the investigations, the 

graphene sheet serves as both substrate and heating element. At temperatures around 1000 K, hydrocarbons 

absorbed on the graphene substrate, transformed into amorphous carbon and at higher temperatures a 

complete catalyst free conversion of the amorphous carbon in to polycrystalline graphene is observed. The 

study used melting of gold nanoparticles dispersed on the substrate to understand the local temperature 

profile. [65] Similarly Barreiro et al. studied the catalyst free transformation of amorphous carbon 
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precipitates on the graphene during current annealing (Figure 1.8). [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 to 

correlate the structural changes to the electronic properties on single and few layer graphene. In an early 

study, the conductance of graphene nano constrictions (GNC) with different widths sculpted by electron 

beam inside the TEM was studied. [66] GNCs show higher conductance than the exfoliated graphene and 

sustains high current densities in the order of 100µA/nm2. 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. Few 

layer graphene nanoribbons show higher conductance and it is attributed to the bonded edges, which provide 

structural stability and additional conduction channels. The disordered edges of the few layer graphene 

recrystallized to a sharp highly crystalline structure, increasing the conductance and the study shows that 

the breakage of the nanoribbons occurs layer by layer breaking of stacks. 

The behavior under electrical biasing of bulk graphite was different from graphene. Harris et al. extensively 

studied the effect of electrical current on structural transformation of bulk graphite [67ï69]. An arc 

discharge setup was used to pass current through the graphite and the transformed 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 structures. [68] The structures consist of hollow three dimensional 

graphitic shells bounded by curved and faceted planes. Fullerene and carbon nanotube like structures are 

also observed after the passage of current. [67]  
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Figure 1.9: (a-d) Transformation of amorphous carbon fiber to a tube like structure up on current annealing. 

(c) shows the intermediate structure consisting of carbon onions and (d) shows the hollow tube like structure 

formed. [70] 

Current annealing of amorphous and glassy carbon structures are not studied extensively compared to 

graphene or CNT. One of the early studies shows the formation of tubular structure of the carbon nanowire 

after current annealing. [70] Initially up on current annealing, crystallization of amorphous carbon outside 

the tube in to curved graphitic basal plane is observed. The amorphous carbon on the interior crystallized in 

to graphitic nano onions (Figure 1.9). With increasing power, the structure becomes continuous and parallel 

forming a structure similar to multi walled nanotubes. The structure shows a continuous increase in 

conductivity during graphitization. 

In another study, amorphous carbon was deposited around the In As nanowire and was resistive heated 

inside the microscope forming CNTs inside the microscope. [71] Current annealing melts the nano wire and 

the amorphous carbon around it crystalizes in to carbon nanotubes. The length, diameter and the wall 
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thickness of the CNT can be precisely controlled by controlling the length, diameter of the nanowire and 

the deposition of carbon respectively. In another study, vapor grown single carbon fibers were current 

annealed inside the TEM to understand the structural evolution. [72] Current annealing decreased the 

resistivity by 3 orders of magnitude with current densities up to 106 A/cm2. The study showed the exfoliation 

of graphene flakes, mostly bilayer from the skin of the graphitic nano fibers. The suggested mechanism for 

this exfoliation is the accumulation of charges between the layers leading to the exfoliation of surface layers. 

Apart from these experimental studies, there are some theoretical studies discussing the sp2 ordering of 

highly disordered amorphous carbon precursors. The molecular dynamic simulations studies show that fully 

disordered carbon networks will self-assemble spontaneously to form highly ordered sp2 bonded 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 theoretical studies show the different structural changes and transformations in 

carbon nano materials due to the passing current. This necessitates a better understanding of the structural 

changes during the passage of current. A better understanding of structural evolution can not only be helpful 

to predict the behavior of these materials in different application but also current annealing can emerge as a 

versatile method to tailor the microstructure by the passage of current.  

1.6. Research Objectives 

In the recent years, there have been growing interests in polymer pyrolysis at smaller length scales because 

of the development of new fabrication methods and identification of new applications. These materials have 

been explored for wide spectrum of applications and new areas are emerging by identifying new properties 

and fabrication method. The recent developments in these areas go beyond carbon MEMS and NEMS and 

new spectra of properties and application are identified with the fabrication of glassy carbon metamaterials. 

[75,76] These developments show the importance of an improved understanding of the polymer pyrolysis, 

especially the structural evolution and the structure property correlations in these kind of materials.  

The different structural models proposed for bulk graphitizing and non-graphitizing carbons and the reasons 

for graphitizability and non graphitizability are yet to be completely understood. A better understanding of 

the intermediate structure and the transformation from the amorphous to complete graphitization also needs 

to be investigated. This can give information about the presence of fullerene like structures and other non-
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six membered structures reported previously [43,44,53] The main difficulty in understanding the pyrolysis 

process is its highly dynamic nature involving a number of intermediate reactions and products at different 

temperatures. These reactions are inaccessible during the usual ex situ analysis. Thus, local in situ 

characterization is necessary to understand the structural evolution during pyrolysis. Imaging and 

understanding the structural evolution along with intermediate structures and processes can be an initial step 

towards structure property correlations enabling efficient tailoring of properties. In situ studies on the 

formation of nanocrystalline graphene can be ideal in this regard both as thin ncg films can be ideal for high 

resolution imaging/spectroscopy and can provide detailed information about the structural changes. 

Apart from the in depth understanding of graphitization, nanocrystalline graphene with lot of defects, active 

edges and carbon nano-structures provides an interesting system to study the high temperature 

stability/dynamics of carbon nano-structures on the top graphitic substrate. Even though there are a number 

of studies on the high temperature structure and dynamics of pristine graphene. [24,77ï79], only limited 

studies are there on these kind of highly defective systems. Defects and active edges can greatly influence 

the fundamental growth mechanisms. Thus with high temperature studies on ncg, we can look into the role 

of defects on the fundamental growth mechanism of graphene and the high temperature stability/dynamics 

of carbon nanostructures.  

Along with the detailed understanding of structural evolution, it is equally important to understand the 

structure property correlations during pyrolysis. In 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 ultra-

high temperatures in side TEM. Reaching ultrahigh temperatures by current annealing can increase the 

crystallite size and make ncg similar to polycrystalline graphene. This also helps to understand the structural 

evolution from the intermediate temperature range to the ultra-high temperature. By reaching ultrahigh 

temperatures by current annealing experiments, a complete understanding of the graphitization trajectory 

from the intermediate temperature to ultrahigh temperature can be achieved. This not only provides 

information about the graphitization and growth of ncg but also provides a comprehensive knowledge about 

the pyrolysis process in general. 

The next chapter in the thesis, chapter 2 is intended to give an overview of the different experimental 

methods used in the present study. The chapter introduces TEM with detailed description of the background 
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and working principle of different imaging and analytical techniques in transmission electron microscopy. 

In situ transmission electron microscopy and the state of the art in in situ heating and current annealing 

techniques are also discussed in detail. Apart from TEM, the chapter introduces Raman spectroscopy and a 

brief description of electron beam lithography technique. 

Chapter 3 discusses the graphitization and growth of free-standing nanocrystalline graphene. Firstly, the 

chapter discusses in detail the sample preparation method for fabrication free-standing thin films for in situ 

graphitization. The challenges involved and the optimizations of parameters are discussed. The chapter 

further discusses the in situ graphitization and the study on the structural evolution during the graphitization 

process by in situ TEM techniques. HRTEM, selected area electron diffraction (SAED) and electron energy 

loss spectroscopy (EELS) techniques are used to analyze the graphitization and the evolution of 

nanocrystalline domains at different temperatures.  

By means of time resolved in situ transmission electron microscopy investigations, supported by atomistic 

simulations, chapter 4 shows the influence of reactivity of defects and unsaturated edges on the dynamics 

of ncg during high temperature heating. Different dynamics observed such as migration/merging of 

nanostructures, Ostwald like ripening etc. are discussed in detail. The effects of electron beam in the 

observed dynamics are analyzed by conducting beam off experiments. Furthermore, atomistic simulations 

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

Chapter 5 discusses about the initial results on the ultra-high temperature dynamics of ncg using in situ 

current annealing experiments. Sample preparation for the in situ current annealing experiments are 

discussed with challenges faced and optimized parameters. The chapter further proceeds by understanding 

the structural evolution and evolution of resistance during current annealing. The results show an effect of 

thickness of the sample and the heating rate on the structural evolution during current annealing and possible 

mechanisms responsible 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 microscopy- a brief history 

In 1931 Max Knoll and Ernst Ruska demonstrated the first working transmission electron microscope and 

used an electron beam instead of visible light as a source for imaging. [80] The first commercially available 

electron microscope was produced by Siemens in 1939. Transmission electron microscopy became popular 

with the development of different sample preparation techniques to produce thin electron transparent 

samples. Improvements in sample preparation techniques and resolution resulted in lattice imaging of 

crystals and identification of dislocations. [81] Later, developments in optics improved the resolution of 

TEM, also the first practical STEM was developed in the late 1960s and became commercially available in 

the 1970s. In parallel, there was developments in combining analytical techniques like X-ray (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 spherical aberrations during late 1990s, which 

improved the resolution limits further. [84] Today with the developments in sample preparation and 

instrumentation, sub angstrom resolution is reached with the capability of atomic scale analytical 

measurements. Also, there has been a growing interest in developing low voltage electron microscopes with 

improved resolution to reduce the beam induced damage and transformation when viewed 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 of 

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 the 

electron beam with the sample and the radiation emerging out of this interaction. This interaction produces 

different signals containing a variety of information about structure and chemistry of the sample. Figure 2.1 

shows the radiation emerging from the interaction of the electron beam with a thin specimen. Unlike bulk 

samples, when the sample is sufficiently thin, the sample becomes electron transparent and most of the 

electrons will be transmitted through the sample. These transmitted electrons carry chemical and structural 

information and is used for different imaging and analytical techniques. 
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Figure 2.1: 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: elastic 

interactions and inelastic interactions. While the elastically scattered electrons are mainly used for imaging 

purpose, the inelastically scattered electrons are used for analytical purposes. During an elastic interaction, 

no energy is transferred from the beam to the sample. The elastic scattering/diffraction is the result of two 

types of interactions: the weak coulomb interaction between the incoming electron and the positive potential 

inside the electron cloud (Figure 2.2) and the strong interaction with the atomic nuclei (Rutherford 

scattering). The scattering angle changes depending on the projected potential. The closer the electron comes 

to the nucleus, the higher the scattering angle. If the sample is sufficiently thin for TEM analysis, most of 

the electrons do not undergo any deflection and form the 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 electron. 

These are high energy electrons with same energy as the incident electron. The probability of back scattering 

depends on the atomic number of the atom. For higher atomic number elements the probability for back 

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

pattern analogously to X-ray diffraction, which will be explained in more detail in section 2.4.2 

 

Figure 2.2: Atomic model for (a) elastic and (b) inelastic interactions. 

During inelastic interaction, there is an energy transfer from the incident electrons to the specimen leading 

to a number of emitted signals containing structural and chemical information on the sample (Figure 2.1). 

These signals can be collected with different detectors to understand the structure and chemistry of the 

samples. Secondary electrons can be ejected because of inelastic scattering when an incident electron 

transfers enough energy to knock out an electron from the atom. Closely related, the excitation of an electron 

from an inner shell of the atom to an antibonding orbital takes it to an excited 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 (X-ray or photon). This energy is characteristic for a particular element and 

can be used to determine the elemental composition. Apart from the emitted signals, the transmitted beam 

can also be used for chemical and structural characterization of the material. The transmitted beam 

experiences an energy losses corresponding to 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 and 

chemistry of the material, the energy transfer from the incident beam can cause undesirable structural and 

chemical changes in the material. This is commonly referred to as beam induced transformation and can 

cause significant damage to the sample under observation. These beam induced transformations are 

discussed in detail in section 2.7. 

2.3. Transmission electron microscopy - design and principles 

Figure 2.3 shows a schematic representation of a TEM, similar to the one used in the present study. The 

source for the electrons 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 by applying a positive potential on the extractor anode. The 

FEG is heated to a temperature of 1800 ºC in order to increase the number of electrons emitted and to reduce 

contamination on the tip. Compared to conventional thermionic sources, FEG sources have a higher 

brightness, greater coherence and lower energy spread. The extracted electrons are further accelerated by 

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

The electron beam is shaped by the condenser system, which consists of the condenser lenses and condenser 

apertures. Conventional TEM consists of two condenser lenses which control the beam diameter, intensity 

and convergence angle. In modern microscopes, a 3rd condenser lens is introduced which enables (almost) 

independent optimization of beam current, diameter and convergence angle, enabling a Köhler like 

illumination of the sample. Spot size and the convergence angle are controlled by changing the crossover 

between the condenser lenses thereby changing the part of the beam going through the apertures below. The 

third condenser lens is followed by the mini condenser lens and the upper objective lens. The objective lens 

is split into two parts, the upper and lower objective lens with the specimen in between them. The mini 

condenser lens is needed in order to switch between TEM and STEM mode. While the upper objective lens 

is essential to form a fine probe for STEM imaging, the upper objective lens would not be strong enough to 

enable a parallel illumination for large area TEM imaging. Therefore, the mini condenser lens is used to 

improve the flexibility of the illumination system, by providing additional focusing or defocusing of the 

beam when switching between STEM or TEM mode. The STEM coils allow the beam to be scanned across 

the sample in the STEM mode. 
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Figure 2.3: Schematic diagram of a TEM. [86]  

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

diffraction pattern is formed at the back focal plane of the objective lens. The intermediate image or 



 

25 

 

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 is 

further fitted with an image aberration corrector to compensate for spherical aberration and other higher 

order aberrations of the objective lens. Different cameras and detectors are attached after the projection 

system for image acquisition. This complex lens system in the TEM provides the flexibility in operating the 

microscope in different modes such as bright-field TEM, dark-field TEM and selected area electron 

diffraction (SAED).  

The basic optics of a TEM is similar to a conventional optical microscope and it is easy to understand the 

image resolution of a TEM in terms of the classical Rayleigh criterion, which describes the smallest objects 

that can be resolved. 

‏
Ȣ  

А 
       (2.1) 

This equation provides the theoretical resolution limit of a microscope, where ɚ is the wavelength of the 

radiation, Õ is the refractive index and ɓ is the collection semi angle of the magnifying lens. The term Õ sinɓ 

is called the numerical aperture. From the equation, it can be seen that the resolution is limited by the 

wavelength and the numerical aperture. This leads to a resolution of ~200-300 nm in classical light optical 

microscopes. Based on the equation by Louis de Broglie, accelerated electrons have a much smaller 

wavelength compared to light, thus providing the possibility to increase the resolution in microscopy. The 

wavelength ɚ of an electron, accelerated by a potential V is given by the relativistic relation,  

‗       (2.2) 

where m0 is the rest mass of the electron and c is the speed of light. 

The wavelength of electrons varies between 4.18x10-2 Å and 1.97x10-2 Å for the typical acceleration 

voltages between 80 kV and 300 kV used in TEM these days and thus sub-Ångstrom resolution is in 

principle accessible. However, in practice, the 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 beam 

and stability of the microscope, which are explained in detail in section 2.5. 
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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 bright-field TEM imaging (Figure 2.4). The beam interacting with the 

sample is scattered depending on the material, thickness and crystallinity/orientation. Parts of the 

scattered/diffracted electrons are blocked by the objective aperture in the back focal plane and the objective 

lens forms a magnified image with the remaining electrons in the intermediate image plane, which is further 

magnified by the projection system. Two different contrast mechanisms contribute to the image contrast in 

BF-TEM: mass-thickness contrast and diffraction contrast. Mass-thickness contrast is due to electrons 

scattered to high angles by the interaction with the nucleus. The scattering depends on the average atomic 

number and the thickness and the contrast is therefore called mass-thickness contrast. Areas with higher 

mass-thickens will scatter stronger leading to more electrons being blocked by the aperture and thus these 

areas will appear dark in the bright field images. Diffraction contrast arises as result of the coherent 

scattering events where the high angle diffracted beams are blocked by 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 diffracted beams 

contributing to the image formation in BF-TEM. It is difficult to completely separate these contrast 

mechanisms and the contrast we see in normal BF-TEM images as these arises from the combination of 

both mass-thickens and diffraction contrast in crystalline samples.   

Alternatively, the TEM can also be operated in dark field mode for imaging. In this case, the direct beam is 

blocked and diffracted beams are selected for the image formation. This is accomplished by tilting the beam 

to select a diffracted beam in the objective aperture and blocking the direct and other diffracted beams 

(Figure 2.4). In dark field mode, the image will be bright for the areas that diffract strongly in the selected 

angular range. Depending on the size of the aperture used, one or more diffracted beams can be selected.  

2.4.2. Diffraction mode 

Another operation mode in TEM is diffraction mode (Figure 2.4). 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 strength 

of the intermediate lens, this pattern is imaged on the image plane of the first projection lens and thus 



 

27 

 

magnified further by the projection system onto the screen/camera. A selected area aperture can be inserted 

in the intermediate image plane of the objective lens to define the area from which the diffraction pattern is 

recorded. This is called selected area electron diffraction (SAED).  

 

Figure 2.4: Different operation modes in TEM. [87,88] 

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 by 

lattice planes, which satisfy the Bragg condition. According to Braggôs law, the condition for maximum 

intensity for interference is fulfilled when the path length difference travelled by the wave between parallel 

lattice planes is an integer number of the wavelength. This is fulfilled when 

N ɚ = 2d sin ɗ           (2.3)  

where ɚ is the wave length of the incident beam, d is the lattice spacing between the planes and ɗ is the 

incidence angle. This shows that the diffraction patterns can be used to understand the crystal structure and 

orientation.  
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When the number of coherently scattering domains satisfying the Bragg condition in the area of interest in 

the TEM increases, the diffraction pattern transforms from a single crystalline pattern to a discrete ring 

(powder) pattern. The width of the ring is inversely related to the crystallite size. For nanocrystalline 

materials, the Scherrer equation [89] 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 = 
 

 
           (2.4) 

where K is called the shape factor, which is 1 for a perfectly isotropic particles and for all other shapes it 

will be less than 1. The Scherer equation can be usually used to calculate the crystallite size if instrumental 

peak broadening effects are compensated. 

2.5. Phase contrast and high resolution 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 plane. 

Interaction of a coherent plane 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 electrons are absorbed, thus the amplitude is 

constant and only the phase is modulated by the potential of the specimen. In this phase object 

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

Ɋe(r) = exp[i ů Vp(r) t]          (2.5) 

Where Vp is the projected crystal potential, ů the interaction parameter, and t the thickness of the sample. 

For a very thin sample, acting as a weak scatterer, the phase modulation in the exit wave is small and can 

be approximated only taking into account the first order Taylor coefficient of the exponential function. In 

this weak-phase object approximation, the imaginary part of the exit wave is proportional to the projected 

potential:  

Ɋe(r) = 1 + i ů Vp(r) t           (2.6) 
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This exit wave propagates through the lens system and the intensity I of the wave Ɋi is recorded in the 

image. While moving through the lens, the wave is affected by lens aberrations, which can be expressed as 

a convolution of the exit wave with the transfer function describing the lens aberrations. These aberrations 

can be described by the transfer function T of the microscope. The image plane wave function Ɋi can be 

obtained by convolving the exit wave function with the transfer function, which can be expressed as direct 

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

Ɋi (ὶᴆ) = Ɋe (ὶᴆ) ṧ T(ὶᴆ)          (2.7) 

Ɋi (Ὣᴆ) = Ɋe (Ὣᴆ) * T(Ὣᴆ)          (2.8) 

and the intensity I can be written as 

I (Ὣᴆ) = ȿɰ Ὣᴆ ȿ2  = [Ɋi (Ὣᴆ) * T(Ὣᴆ] * [Ɋi(Ὣᴆ  zT(Ὣᴆ)]*      (2.9) 

Using the weak phase object approximation, the intensity can be expressed as 

I (Ὣᴆ) 1+2Re{ i ů Vp(Ὣᴆ)t * T(Ὣᴆ) }+  É ʎ 6 ὫᴆÔz4Ὣᴆ       (2.10) 

When the object is assumed to be a weak scatterer the quadratic term in equation 2.10 will be small and can 

be neglected. So according to linear imaging theory 

IL (Ὣᴆ) 1+2Re{iůVp(Ὣᴆ)t * T(Ὣᴆ)}          (2.11)  

The transfer function T can be expressed as 

T(Ὣᴆ)= A(Ὣᴆ) (exp[-i ɢ(Ὣᴆ)]          (2.12) 

where A is the aperture function (1 within the objective aperture, 0 outside) and ɢ the aberration function.

          

Thus the observed intensity IL can be expressed as 

IL (Ὣᴆ π  2ů Vp(Ὣᴆ)t sin [ɢ(Ὣᴆ)]         (2.13) 
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This equation means that the lens aberrations introduce a phase shift sin [ɢ(Ὣᴆ)], which is modulating the 

intensity of the diffracted beams. 

Only considering the aberrations due to spherical aberration Cs and defocus z, the aberration function ɢ can 

be expressed as 

ɢ (g) = 2ˊ[]          (2.14) 

Combining equation 2.13 and 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 function (Figure 2.5) as phase 

factor, which depends on the spatial frequency (diffraction angle). 

CTF (g) = sin (ɢ (g)) = sin [2ˊ []]       (2.15)  

  

Figure 2.5: CTF of a microscope at Scherzer defocus with coherence envelop functions. [90] 

   

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 (CTF = -1), bright (CTF = +1) or can 

be invisible when the CTF = 0. This 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 by 

the defocus and other lens aberrations. Ideally, the CTF should be completely flat for a direct interpretation 

of the image intensities. A good approximation is reached at Scherzer focus, where the CTF exhibits a large 

plateau and is of the same sign up to the so called point resolution dp of the microscope. Image intensities 

until this special frequency can be interpreted with less ambiguity with proper understanding of the exit 

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

dp = 
Ѝ
ὅ‗           (2.16) 

Nevertheless, additional 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 images 

and thus defines the resolving limit of the TEM. The information limit is defined by the temporal (Et) and 

spatial (Es) coherence envelop functions of the microscope. The temporal coherence depends on the energy 

spread of the electron beam due to the instabilities in accelerating voltage and the electron gun emission. 

When the electron beam is 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. This 

averaging of different focus conditions can be expressed as a damping function (Et) superimposed on the 

contrast transfer function. The spatial (Es) coherence envelop function is caused by the finite source leading 

to a finite convergence angle of the beam. The illumination of an object under different angles results in a 

distortion and shift of the object in the image plane depending on the spherical aberration of the lens. These 

two envelop functions dampen out the CTF at higher spatial frequencies and limit the maximum information 

that can be transferred 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 the effect of defocus 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 common 

aberrations 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 defocus 
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along more than one axis. This arises due to the imperfect 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. Two 

fold astigmatism can be easy corrected using stigmator coils which induce counter fields to reduce the 

inhomogeneity. Coma occurs when the electron beam is tilted away from the optic axis of the electron beam. 

This results in a different phase shift for +g and ïg beams creating an asymmetry in the image. 

Conventionally coma can be compensated by tilting 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 frequencies 

involved. But in modern microscopes, to reach sub Ångstrom resolution, high spatial frequencies have to 

be transferred in the image. At these high spatial frequencies, not only the lower order aberrations are 

significant, but higher order aberrations also become more important. The higher order aberrations with 

higher folndness of rotational symmetries thus gain importance with an increasing information limit of the 

microscope. This extended aberration function is expressed in terms of wave aberration function which 

denote the phase shift of the wave front during its transfer by the TEM optical system. Considering the 

higher order aberrations and expanding the aberration wave function ɢ (g) to fifth order gives 

ɢ(ɤ) =  Re{ C10 ɤ+‫ C12 ‫ + C21 ɤ‫ + C23 ‫ + C30 ‫‫ + C32 ɤ‫ + C34 ‫ + C41 ‫‫  

+ C43 ʖ‫ + C45 ‫ C50‫  ‫ C52‫  ‫ + C55ɤ‫ + C56‫ },     (2.17) 

Where ɤ = ɚg is the complex scattering angle, ɚ is the wavelength used. According to this nomenclature, 

the aberration coefficients are C10 defocus, C12 twofold astigmatism, C21 second-order coma, C23 threefold 

astigmatism C30 third-order spherical aberration, C32 third-order star aberration, C34 fourfold astigmatism, 

C41 fourth-order coma, C43 three-lobe aberration, C45 fivefold astigmatism, C50 fifth -order spherical 

aberration, C52 fifth -order star aberration, C54 rosette aberration, and C56 sixfold astigmatism. Figure 2.6 

shows the effect of mentioned aberration until the 6th order. All these aberration induces an additional phase 

shift and a tolerance limit of 90° is proposed for each aberration with in the information limit. The effect of 

these individual aberrations can be understood by expressing as phase plates up to the 6 th order in g.  
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Figure 2.6: Phase plates of individual aberrations arranged with rotational symmetries. [91] 

In conventional microscopes, only two fold astigmatism and coma can be compensated. Modern 

microscopes are equipped with aberration correctors, which correct for the spherical aberration and other 

higher order aberrations. [92] The spherical aberration correction is carried out using special correctors 

consisting of non-round lenses. In the case of the Titan 80-300 used in this work, the core consists of two 

hexapoles. Unlike in round electron lenses, these can induce a negative spherical aberration. By changing 

the strength of the corrector, it is possible to compensate the positive spherical aberration of the objective 

lens. Higher order wave aberration can be determined using beam tilt diffractogram series, which in turn 

can be used to tune the corrector to compensate these aberrations. [93,94] This can extend the point 

resolution of the microscope beyond the information limit (Figure 2.7a). [93] Figure 2.7b,c shows the effect 

of aberration correction comparing the diffractograms of the corrected and uncorrected system. The 

distortion in the diffractograms at higher tilt angles shows the effect of spherical aberration and other higher 

order aberrations on the phase shift. In the corrected system, the diffractograms show identical shapes even 

at high tilt angles. 
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Figure 2.7: (a) CTF of an uncorrected system (dashed line) and uncorrected system (solid line) at Scherzer 

defocus. The dotted line represents the improvement in information limit by reducing the energy spread 

form 0.7 ev to 0.2 ev using a monochromator (b) Diffractograms obtained from non-corrected system and 

(c) corrected system. [93,94] 

2.6. Spectroscopy in TEM 

2.6.1. Energy dispersive X-ray analysis 

As mentioned earlier, the X-rays emitted as a result of the beam specimen interaction can be used as a tool 

to understand the chemical composition of the sample. When the energy from an incoming beam is high 

enough to knock out an inner shell electron, the vacancy is filled by an outer shell electron. This process 

results in the emission of X-rays corresponding to the energy difference between the shells. The energy of 
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the emitted X-ray can be detected and analyzed by electron dispersive X-ray (EDX) spectroscopy. Every 

element has characteristic X-ray energy distribution corresponding to the possible transitions (Figure 2.8, 

note that not all these transition are detected by EDX). The allowed transitions can be used to identify the 

elements. The peaks are characterized by the shells between which the transition is occurring. These 

characteristic X- ray peaks provide both qualitative 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 most 

commonly used detector is a lithium drifted silicon (SiLi) detector and more recently silicon drift detectors 

have been implemented. An X-ray reaching the detector creates electron hole pairs corresponding to the 

energy of the incident X-rays. By applying a bias to the detector, the electron hole pairs are separated and 

will move to the collection electrode. Here they produce a current corresponding to the number of electron 

hole pairs produced. By measuring the amount of current produced by each X-ray, the original energy of 

the X-ray can be measured and the elements identified. The detector crystal is isolated from the high vacuum 

using a window. Previously beryllium windows were used which absorbs low energy X-rays (< ~ 1 keV) 

and detection of elements below Na (Z = 11) was difficult. Modern microscopes uses ultra-thin windows 

made of polymer films, boron nitride or silicon nitride which allows the passage of low keV X-rays down 

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

thermal energy can produce electron hole pairs.  
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Figure 2.8: Possible electron transitions that give rise to K,L and M series of characteristic X-rays. Not all 

of these are detected by X-ray analysis. [95] 

A quantitative compositional analysis requires knowledge of the X-ray emission efficiency of each element. 

However, the quantification is not straightforward and different factors have to be taken into account. 

Reabsorption of X-rays within the specimen and at the detector entrance is particularly important for light 

elements, which produce low-energy signals owing to the low ionization potential and low-energy X-rays 

are strongly reabsorbed by matter. Higher energy X-rays can excite a lower energy emission leading to X-

ray fluorescence, which becomes important when two elements have similar emission energies. Also proper 
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subtraction of the Bremsstrahlung background is necessary, 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 distribution of the electrons after the interaction with 

a specimen. The inelastic interaction provides information on the composition, electronic structure, valance 

state and band gap etc. down to atomic resolution. The major advantage of EELS is that unlike EDS, it can 

detect and quantify all elements in the periodic table and is particularly sensitive to light elements. The main 

component in EELS instrumentation is a spectrometer mounted below the viewing screen/detectors in the 

TEM column (Figure 2.9). 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 through 

the Lorentz force depending on the energy of the electrons. The electrons that have experienced higher 

losses by the interaction with the sample are deflected more than the ones without energy loss.  

 

Figure 2.9: Schematic of Gatan Imaging Filter. [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 specific energy. The energy selected electrons pass through an 

optical system, consisting of a complex lens system, to create an energy filtered image. This technique is 

called energy filtered TEM (EFTEM) and provides energy specific images. Even further, a series of images 

can be acquired of the same region with varying selected energy. These images can be combined to form an 

EELS data cube in which each pixel carries the spatial information in 2 dimensions and the 3rd dimension 

provides the information of the energy. 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. The 

low loss region consists of both elastically scattered electrons (zero loss) and inelastically scattered electrons 

with low energy loss (Figure 2.10a). The region close to the zero loss peak is dominated by collective 

excitation of valance electrons (plasmon excitations) and inter-band transitions. They give information 

about the dielectric properties of material, i.e. band structure and plasmons. Since this low loss region 

contains both the elastically and most of the inelastically scattered electrons, this can also provide 

information about the sample thickness by subtracting the inelastic interaction from the elastic interactions. 

[96] At higher energies, the spectrum shows characteristic core loss edges which can be used to identify 

different elements and their bonding/coordination (Figure 2.10b). These edges are called ionization edges 

and formed when the incident beam transfers sufficient energy to a core shell electron to excite it to the 

fermi level or an antibonding state. The possible transitions are similar as shown before (Figure 2.8). This 

ionization loss is characteristic for the atom involved and gives direct chemical information about the atom. 

The core loss edges contain further information, because the bonding effects and the density of states in the 

sample. This result in complex near edge oscillations called energy loss near edge spectra (ELNES), which 

usually extend up to 50 eV from the core 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 energy 

loss fine structure (EXEFLS).  
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Figure 2.10: EELs low 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, the 

peak in the range of 4-7 eV, results from the interband ˊ to ˊ* transitions and a second peak in the range of 

15-26 eV is due to the collective oscillation of bulk valance plasmons. The core loss edge contains two 

prominent peaks which starts at 285 eV by the transition from 1s to ˊ* and the excitations corresponding to 

excitations to the ů* state. We can also see a peak called multiple scattering resonance (MSR) peak, which 

corresponds to the scattering from the nearest neighboring atoms. An increase in the intensity of the MSR 

peak corresponds to an increasing order of the nearest and next nearest bonds. In the core loss edge, the first 

peak is characteristic for sp2 bonding.  

The experimental conditions for acquiring EELS spectra are also important for a precise quantification. The 

most important acquisition parameters are the convergence angle Ŭ of the incident beam and the collection 

angle ɓ, which is determined by the width of the GIF entrance aperture. This is particularly important for 

quantifying EELS of graphitic materials, where anisotropy exists for the ˊ and ů bonds in the lateral and 

perpendicular direction. This anisotropy effects can be cancelled by selecting a suitable combination of Ŭ 

and ɓ, where the intensity of the ˊ* and ů* peak is independent of the bond orientation. This combination is 

called magic angle and can be experimentally determined for different accelerating voltages. [97,98]  
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With the magic angle acquisition, integrated intensity ratios of the ˊ peak over the ˊ+ů peak can be used to 

quantify the sp2 percentage in disordered carbon by comparing it with a completely graphitized sample. 

[59,99] The integrated intensity of the ˊ* peak is calculated using a 5 eV window starting from 282.5 eV 

and the ˊ+ů intensity is calculated using a 20 eV window from the same starting point.  

2.7. Electron beam induced transformations 

During the interaction of an electron beam with the specimen, the beam can induce transformation to the 

sample, which is usually termed as beam damage. [100] The main damages caused are electrostatics 

charging, radiolysis (ionization damage), displacement damage and sputtering (Figure 2.11). Electrically 

insulating samples will suffer electrostatic charging due to the charge transfer from the incoming beam or 

secondary electron generation. If the energy transfer to an atom is more than the displacement energy, this 

can lead to a displacement of an atom to an interstitial site thereby degrading the crystallinity of the 

specimen. If the energy transferred 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 the 

structure. Unlike the knock on damage, this occurs by creating an excited state due to electronic transitions. 

While gaining sufficient energy from the incoming beam, one electron is excited above the fermi level in to 

the conduction band or an anti-bonding state. If the de- excitation process, the filling of the hole, is not rapid 

enough, some of the excitation energies stored will lead to the change in inter atomic bonding and breaking 

of bonds, thus degrading the structure.  The mechanisms responsible for beam damage can be different for 

different materials and in a broader sense, the beam damage depends on the delocalization of the excited 

state and the possible pathways for that. 
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Figure 2.11: Beam damage due to high energy electron beam. [100]. 

There are also secondary effects due to the electron beam. Frequently observed beam induced effect is the 

carbon deposition on the sample, which occurs due to the cracking of hydrocarbon impurities in the TEM 

column. These impurities can attach and carbonize on the sample under the electron beam making it difficult 

to do imaging and analysis on the sample. Furthermore, the electron beam can activate oxygen, hydrogen 

and other metallic impurities, which may react with the sample forming undesirable products.  

Considering carbon materials, the main damage mechanisms identified are sputtering and radiolysis. 

[101,102] Beam induced transformation of graphite and other carbon nanostructures like fullerene, carbon 

nano tubes and graphene is a well-studied field. Studies of graphitic layers show that the displacement 

threshold is highly 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 100 

kV. [103] The displacement threshold for fullerene is reported to be below 80 kV [104] and for singled wall 

carbon nanotubes, a value of 86 kV [105] is reported.  
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The studies on electron beam transformation became more prominent after the successful exfoliation of 

graphene. There has been a lot of work focusing on beam damage in single and few layer of graphene. The 

studies show that the interaction with electron beam can introduce structural changes and bond rotation in 

the graphene lattice. [16] One of the important works in this area is carried out by Jannik Mayer et al., where 

they studied the threshold for beam induced sputtering on single layer graphene. [102] The beam induced 

sputtering threshold is found to be just above 80 kV in the case of defect free graphene and it is considered 

safe to image graphene with beam energies of 80 kV and below. However, the threshold decreases to around 

50 kV for defective graphene and edges. [106] 

There are also studies which show low voltage beam damage in graphene [107ï109] and CNTs [110,111] 

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

below the threshold for knock on damage, radiolysis will be the main damage mechanism. In these low 

voltage studies on graphene, continuous exposure with 5 to 20 kV electrons led to the introduction of 

disorder in the crystalline material. This has been characterized by the emergence of the D peak in Raman 

spectroscopy after exposure to the electron beam. [108] Continuous exposure resulted in a transformation 

of graphene to ncg and finally to an amorphous phase. It is clear that the beam damage caused by this low 

energy beam is not because of the sputtering of atoms. The possible mechanisms discussed are the C-C bond 

breakage and a subsequent excitation of the atoms due to the energy transfer from the beam. Also large 

inelastic scattering strength can effectively excite an atom to higher energy antibonding states, which will 

lower the activation energy for bond rearrangement or breakage. Collective oscillations of plasmon and 

valance electrons are also possible with this low energy electron beam. Even though the mechanism of 

damage due to sputtering is well studied, the low energy beam induced damage in these carbon 

nanostructures are yet to be completely understood. [109] 

Apart from this direct damage, a high-energy electron beam is known to induce different structural changes 

in graphene and carbon nano-structures on top of a graphene substrate even at 80 kV. There are a number 

of studies on purely beam-induced transformations of carbon nano-structures on top of graphitic substrates 

at 80 kV. The direct transformation of graphene to fullerenes [112,79] and graphene nano ribbons to carbon 

nano tubes [113] were observed with an electron beam even at 80 kV. Carbon nano structures are seen to 

be highly active on top of the graphitic substrate under the electron beam. Furthermore, the electron beam 

can also act as a source to add new atoms. A high amount of ad-atoms have been observed previously during 
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in situ heating of graphene in the TEM. [114] These ad-atoms are highly mobile on top of the graphitic 

substrate and can attach and heal vacancies and nano pores at high temperatures. [114] The source of these 

ad-atoms can be sputtering of carbon 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 graphitic substrate 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 always undesired. The interaction of an electron beam 

with samples can be used favorably in electron beam lithography. Electron beam lithography is a process, 

which uses a focused beam of electrons to precisely pattern a beam sensitive polymer film (Figure 2.12). 

The process is one of the most important techniques in nanofabrication. Electron beam lithography is similar 

to photolithography and is usually carried out using a scanning electron microscope. A focused beam of 

electrons is precisely scanned across a substrate, which is covered by an electron beam sensitive material. 

This results in a change of the solubility of the polymer in the exposed and unexposed areas. The difference 

in solubility is used to precisely pattern at the nano scale. The solubility upon exposure from the electron 

beam changes depending on the resist. The most widely used electron beam resist is PMMA, which is a 

positive resist. In positive photoresists, the exposed areas will have higher solubility and can be selectively 

removed by developing it using a suitable solvent. There are also negative beam resists, which decrease the 

solubility after the interaction with the electron beam. The resolution of electron beam lithography depends 

on the focused electron beam diameter, precise movement of the sample stage and the properties of the resist 

used. [115] 
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Figure 2.12: (a) Schematic diagram of an EBL system, (b) schematic digram of the electron beam 

lithography process. [115] 

2.9. In situ TEM  

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

in the development of in situ capabilities for TEM. The main objective is to shift from postmortem 

characterization to live in situ measurements of structure, chemistry and properties of materials. This enables 

the detailed examination of transient stages of different dynamic processes at various length scales, which 
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are otherwise difficult to observe. A wide variety of holders have been developed for imaging and analytical 

measurements under applied heat, stress, electrical biasing, magnetic field, optical excitation and in liquid. 

This has been revolutionized with the introduction of MEMS based systems, which provide better control 

over the applied stimuli and have better stability for high-resolution imaging. A number of commercial 

systems are available for heating and electrical biasing of different materials. 

 

Figure 2.13: (a) Schematic diagram of Aduro system, (b,c) magnified images of the free-standing heating 

area and (d) detailed cross section view of the heating chip. [116].  

An example for a MEMS based heating system, the commercially available Fusion system from Protochips, 

is shown (Figure 2.13). The system consists of a holder onto which MEMS based heating and electrical chip 

can be mounted. The holder consists of 4 electrical contacts, which can be connected to a potentiometer 

(Keithley) and controlled by software. The heating chips consist of a 500 micron square free-standing 

membrane which acts both as heating element and sample support. This free-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 for 

temperature. Very thin small free-standing areas facilitate rapid heating and cooling rates.  

The electrical biasing system uses the same holder, but different MEMS based chip. An electrical biasing 

chip consists of a free-standing 50 nm thick SiN window on to which electrodes are lithographically 

patterned. This free-standing membrane acts as electron transparent window with electrodes on to which 

the sample can be attached. In the Fusion system, 4 different electrodes are patterned facilitating 4 point 

electrical measurements. Combinations of heating and electrical biasing chips are also available in which 

two contacts 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 ºC depending 

on the manufacture. The heating electrical systems normally work below 1000 ºC due to the stability of the 

patterned electrode on top. The number of contact pads for electrical biasing also varies from 4 to 9 

depending on the design and manufacture. 

2.10. Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopic technique, which provides information on the structure 

of a material. This is carried out by exciting with a monochromatic laser excitation. Raman spectroscopy is 

based on Raman effect which arises because of the interaction of incoming photon with the molecule. 

During the interaction, most of the light is elastically scattered by the molecule and the scattered light has 

the same wave length of the incident light. However a small fraction undergoes inelastic scattering where 

the scattered intensity is 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 the 

excitation of the molecule to a virtual state and can result in two different processes. If the molecule is 

situated in the ground state it can be excited 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 the 

excited state, it will be de excited to the ground state this results in higher energy (lower wave length) for 

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

Raman spectrum of graphene consists of two prominent peaks named as G peak and 2D peak (Figure 2.14). 

[117] The position of G peak is at 1580 cm-1 and the position of 2D peak is at 2700 cm-1. Apart from these 

two peaks, with increasing defects, another peak called D peak (defect peak) is observed at 1300 cm-1. 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 the 

signature of nanocrystallinity in ncg and the ratio of intensity of the D peak over G peak can give a measure 

of nanocrystallinity, where a more pronounced D peak indicates smaller grain sizes. [118] 

 

Figure 2.14: Raman spectrum of graphite and graphene at 532 laser excitations (a) and (b) Raman spectrum 

of different types of nano carbons. [117] 

Even though Raman spectroscopy of graphite and nanocrystalline graphite [119] was studied long ago, this 

technique became increasingly popular with fabrication of ncg thin films. Raman signature especially the 

ID /IG ratio is a quick and easy was to get the quality of the graphitization and the crystallite size associated 

with it. Early efforts were made to quantify the defects and crystallite size with the help of Raman 

spectroscopy in graphite and nano crystallite graphite. F.Tunstra et al. identified that the single crystalline 

graphite shows only one peak at 1575 cm-1 and polycrystalline graphite exhibits one more band at 1355 cm-

1. [119] The intensity of the second peak is inversely proportional to the crystallite size in the direction of 

the graphitic plane. The study correlated the ID/IG ratio to the crystallite size using the equation 

ID/IG =C(ɚ)/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 Lucchese et al. for higher defect 

concentration and lower crystallite size [120]. As the defect in graphite increases, the ID/IG ratio also 

increases to a maximum and then it will start to decrease because of the introduction of amorphous carbon. 

This initial high defect region, where an increase in the ID/IG ratio is observed can be called as 

nanocrystalline graphite in which the material is completely sp2 with lot of associated defects. The initial 

increase in the D peak intensity and the ID/IG 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.  

 

Figure 2.15: Amorphisation trajectory proposed (a) ID/IG ratio for different and (b) G peak position for 

different laser excitations. [121] 

Ferrari et al. characterized the amorphisation trajectory of carbon from graphite to disordered carbon base 

on the intensity ratio of D and G peak (Figure 2.15). A 3 stage amorphisation trajectory is identified 

comparing the ID/IG intensity ratio in which graphite transforms in to nanocrystalline graphite in the first 

stage. Further increase in the defect density leads to the amorphisation of the graphite leading to a sp2 

amorphous carbon and will further lead to the third stage containing completely disordered tetrahedral 
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amorphous carbon. Depending on this amorphisation trajectory, he proposed that the ID/IG ratio is directly 

proportional to the square of the crystallite size in the high defect region, giving the equation 

#ʇὒὥ             (2.19) 

Where C(ɚ) has a value of 0.0055 at 514 nm laser excitation. In the low defect region the study shows that 

the relation follows the equation proposed by Tunstra et al. This study uses same laser excitation of 514 nm. 

The later work by Cancado et al. [122] generalized the approach to find out the crystallite size taking in to 

account the excitation wave length of Raman laser giving the equations 

 ὒὥ = 
Ȣ  

          (2.20) 

Where Ὁ is the energy (eV) and ɚ is the wave length of the laser in nm. 

Further in another study Cancado et al. [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 and 

FWHM as 

ɻ(FWMH) = A+B La-1          (2.21) 

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

energies are given as 

FWMH A(cm-1) B(cm-1nm) 

ɻD 19 500 

ɻG 11 560 

ɻ2D 26 1000 
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2.11. Molecular dynamics simulations 

To get an atomistic understanding of the different structural changes observed, the in situ TEM studies were 

supported by molecular dynamics simulation. Simulation studies were carried out by Manuel Konrad and 

Prof. Wolfgang Wenzel at INT, KIT. The molecular dynamics simulations were carried out using the 

LAMMPS package [124] with the AIREBO force field for hydrocarbons. [125] Nudged elastic band (NEB) 

calculations [126] were used to calculate the activation energies associated with the structural changes and 

size reduction. NEB calculations were carried out with the ASE package in conjunction with the semi-

empirical solver MOPAC (MOPAC2016, Version: 18.117L) [127], using the PM7 functional. [128] The 

visualizations of the changes are created with the OVITO software. [129] The NEB method is used to find 

the saddle point of the minimum energy path between given initial and final atomistic configurations. 

Therefore, intermediate states of the system (images) are coupled by harmonic springs, which ensure a 

uniform distribution of sampling points along the path. This coupled system is then minimized, which results 

in the minimum energy path. Additionally, a climbing image, which doesnôt feel any spring forces but tends 

towards the saddle point, can be used to improve the transition state. Detailed information about this method 

can be found in Henkelman et 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 and properties by polymer pyrolysis 

is a well-studied field. [41,43,46] Advances in carbon based NEMS and MEMS attracted interest in 

graphitization at smaller length scales for the preparation of carbon materials in different substrates with 

controllable shape, thickness and properties. [130,131] Since the properties of these graphitized carbon 

structures are largely affected by the domain size 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 domain growth of free-

standing nanocrystalline graphene thin films prepared by vacuum annealing of a photoresist inside a TEM. 

In situ TEM techniques such as HRTEM, selected area electron diffraction (SAED) and electron energy 

loss spectroscopy (EELS) are used to analyze the graphitization and the evolution of nanocrystalline 

domains at different temperatures. 

3.2. Method development for in situ graphitization 

Nanocrystalline graphene can be formed from different source materials, which are polymers containing 

aromatic molecules that can be carbonized and graphitized at higher temperatures. In this study, we use 

commercially available S1805 photoresist from Microposit. The photoresist was diluted with propylene 

glycol monomethyl ether acetate (PGMEA) to tune the viscosity and resulting film thickness. Initially ex 

situ studies were carried out to understand the thin film formation and graphitization. The polymer was spin 

coated onto a Si-SiO2 membrane (1 cm2 size) with rotation speed of 8000 rpm. Graphitization was carried 

out in a quartz furnace under a vacuum of around 10-6 MPa. The graphitization temperature was 1000 ºC for 

10 hours similar to the previously reported studies. [11]. After graphitization, samples show a Raman 

signature (Peak positions and ID/IG ratio), which is similar to the reported values in the literature. 

To perform in 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 area 

free-standing thin films which are ideal for TEM characterization. Graphitizing the films on the chip can 

eliminate defects and artifacts associated with sample preparation and transfer processes. This was 



 

52 

 

accomplished by spin coating the photoresist directly on the heating chip. Figure 3.1 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 across the 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 to 

the Fusion TEM holder and an initial heating was carried out in a Gatan TEM holder pumping station at 10-

6 MPa for 5 hours at 600 ºC. This is to avoid the contamination of the TEM column by the gases evolved 

during the initial stages of pyrolysis. In the MEMS based heating chip, the heating is confined to the free-

standing ceramic membrane that acts as both 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 electrodes. After the initial graphitization, the chip was analyzed 

with optical microscopy and Raman spectroscopy. 

 

Figure 3.1: Schematic process flow of the graphitization on MEMS based heating device. The chip was spin 

coated with the photoresist and the electrodes were exposed by dipping in acetone. [132] 
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3.3. Graphitization of  free-standing layer on MEMS device 

Figure 3.2 shows the characterization of the annealed photoresist on the heating chip after ex situ 

graphitization at 600 °C. The Raman characterization of the samples was carried out using confocal Raman 

spectroscopy (Renishaw Raman microscope) with 514 nm laser excitation. Figure 3.2a gives the optical 

micrograph of the graphitized free-standing area of the heating chip. Carbonized films were formed across 

the 5 micron diameter holes in the SiN film. This means that a free-standing polymer film was formed across 

the holes during the spin coating and a substrate free graphitization has happened. The film shows broad D 

and G peaks at around 1600 cm-1 and around 1300 cm-1, which is characteristic of partially graphitized 

materials (Figure 3.2b). To understand the quality of the free-standing film, the graphitization is compared 

with a film grown on SiO2 using otherwise comparable condition. Comparing the Raman signature, we 

observe that the graphitic character of the free-standing film is similar to the substrate supported film (Figure 

3.2b). The G peak position of the free-standing film is compared across the heating area to analyze the 

homogeneity of the graphitized film formed (Figure 3.2c). It can be observed from the G peak position that 

the graphitization is homogeneous across the heating area. 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 uniformity 

of the graphitized free-standing film, the ID/IG ratio map is acquired across the free-standing film extending 

to the substrate supported region. Figure 3.2d shows the higher resolution Raman map (ID/IG  ratio) of the 

free-standing film across a hole. A uniform ID/IG  ratio is observed which confirms the uniform graphitization 

over the free-standing layer. The substrate supported region outside the free-standing area shows a slight 

reduction in ID/IG  ratio which can be attributed to the background from the Si supported region. Form the 

Raman signature (Peak positions and ID/IG ratio), comparing it with the graphitization trajectory proposed 

by Ferrari et.al [121], we can conclude that the material is partially graphitized with some amount of sp3 

coordinated amorphous carbon left. This is expected since the temperature is fairly low and does not 

facilitate complete graphitization.  

The experiment shows that free-standing polymer 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-standing film 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 heating chip itself, it is free from 
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defects or structural changes that could occur during sample preparation and transfer. The vacuum in the 

TEM is comparable or even better than the conventional vacuum ovens used for pyrolysis. With all these, 

the conditions for in situ heating inside the microscope are comparable to the normal pyrolysis at small 

length scales. Thus the structural changes during in situ heating can be directly correlated to the real 

pyrolysis at small length scales. By combining different analytical techniques, this can provide valuable 

information of the highly dynamic structural and chemical changes during graphitization.  

 

Figure 3.2: (a) Optical micrograph of the graphitized heating area, (b) Raman spectra of film graphitized at 

600 °C, (c) G peak position near the center hole on heating chip, (d) ID/IG ratio map overlaid on an optical 

image of a film over a hole. [132] 

The ex situ partially graphitized samples were heated inside the microscope and imaged starting from 600 

°C. Since the samples were already graphitized until 600 °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 were 
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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 holding 

time is to stabilize the temperature and reduce the drift of specimen. The beam was always blanked after 

imaging to minimize the exposure. Also images from the non-exposed areas were compared at each 

temperature to analyze the beam induced effect on the graphitization. In situ TEM observations were carried 

out on an aberration corrected (image) Titan 80-300 TEM (FEI company) operated at 80 kV equipped with 

a Tridium 863 imaging filter (Gatan Inc.). 

3.4.  Structural evolution during graphitization  

Figure 3.3 (a-g) shows a series of bright field-TEM images of the growth of nanocrystalline domains during 

heating, (h) shows the SAED pattern of the sample graphitized to 1200 °C. At 600 °C the structure is 

dominated by curved and wrinkled small features. As the temperature increases, formation of domains and 

its further growth is observed 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 that, 

during the graphitization of a polymer precursor, after the initial carbonization, 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 the 

temperature increases, two different mechanisms operate, 1. attachment of the disordered carbon to the 

edges of the crystallites thereby increasing the size and 2. ordering and merging of the crystallites leading 

to an increase in crystallite size. [41] This can be observed in the images at intermediate temperature (600 

°C to 1000 °C), where the film transforms from a disordered structure to well-defined domains. At 1000 °C 

the domains are clearly visible and 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 of 

flakes can be observed (Figure 3.4), where two small domains merge together to form a large one during 

heating from 1100 °C to 1200 °C.  
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Figure 3.3: (a-g) Growth of nanocrystalline domains and (h) crystallite size with increasing temperature. 

 

Figure 3.4: Merging of smaller domains to form larger ones during heating from 1100 °C to 1200 °C. [132] 

3.5. SAED Analysis 

SAED patterns were recorded along with the bright field images which provide information about the 

orientation and crystallite size. Figure 3.5a shows an intensity profile of the SAED patterns acquired at 
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different temperatures. The intensity profiles show two prominent peaks at 4.8 nm-1 and 8.5 nm-1. These 

two peaks correspond to {100} and {110} planes in graphitic carbon. It should be noted that there is no 

indication for an {002} peak at around 2.9 nm-1. This means that the growth of graphene is in plane with a 

strong [001] texture. The FWHM is reducing with increasing temperature, which can be attributed to 

crystallite growth during heating. In agreement with the ordering observed at around 800 °C in BF-TEM, a 

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

at higher temperatures indicating an increasingly ordered crystallite structure. The crystallite size evolution 

was determined from SAED intensity profiles (Figure 3.5b) 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 observed crystallite size in the BF TEM images seems to be higher (6-8 nm) than the crystallite 

size obtained from the Scherer analysis. The difference arises from the fact that the electron diffraction 

measures the coherent scattering size, whereas the BF-TEM images are not very sensitive to small-angle 

boundaries and individual defects. 

 

Figure 3.5: (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 crystals, 

but contains defects or small angle boundaries. Previous reports on ex situ graphitization on different 

substrates [11,25]at 1000 °C show a comparable crystallite size (2.7 nm). This indicates that the temperature 
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dependence of graphitization in free-standing films is comparable with the substrate supported 

graphitization.  

3.6. EELS spectroscopy  

EELS low loss and core loss spectra of the carbon edge were recorded at each temperature to further 

understand the structural evolution. Figure 3.6a. gives the carbon core loss edge at different temperatures 

during heating. At 600 °C, the core loss edge of carbon contains a low-intensity ˊ* peak at 285 eV and 

followed by a featureless ů* and extended near edge region. The peak at 285 eV corresponds to a transition 

from the 1s to ˊ* orbital and shows the presence of sp2 bonding 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 the 

material at 600 °C containing considerable amount of sp2 and sp3 bonding. [133] As the temperature 

increases, three major changes are observed in the carbon core loss edge: 1) the intensity of the ˊ* transition 

increases indicating an increase in sp2 character, 2) evolution of a clear ů* peak with a well-defined ELNES 

region indicating an increased graphitic order [134,135] and 3) evolution and increase in the intensity of the 

multiple scattering resonance (MSR) peak around 330 eV. [59] This evolution can be attributed to a 

decreasing variation in nearest neighbor and next nearest neighbor atomic distances and reflects the 

formation of well-defined coordination spheres. All these changes in the core loss spectra can be attributed 

to the increase in the graphitic content and also to the ordering of the crystallites. To understand the evolution 

of the sp2 content quantitatively in the graphitized layer at different temperatures, the integrated intensity 

ratio of the ˊ*over the ˊ* + ů* transition is compared to a fully graphitized standard. [99] The integrated 

intensity of the ˊ* peak is calculated using a 5 eV window from the onset of the peak at 282.5 eV and the ˊ* 

+ ů* integrated intensity is calculated using a 50 eV window starting from the same region. For statistical 

analysis five spectra from different places are acquired at each temperature. Figure 3.6b shows the calculated 

sp2 content during pyrolysis. The sp2 content increases from 70 % at 600 °C to almost 100 % at 1000 °C. 

This shows the transition from a disordered amorphous carbon structure at 600 °C to a completely graphitic 

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 carbon 

around the domains and the high temperature growth (1000 °C to 1200 °C) proceeds by merging of graphitic 

domains.  
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Figure 3.6: (a) EELS carbon core loss at different temperatures; (b) sp2 content at different temperatures 

and (c) low loss region of the free-standing layer at 1200 °C. 

Figure 3.6c shows the low loss spectra of the free-standing film after graphitizing to 1200 °C. The low loss 

shows two distinct peaks around 5 eV and 18.5 eV, where the first peak corresponds to the ˊ-ˊ* inter-band 

transition and the second one shows the collective oscillation of ˊ+ů plasmon. These two peaks are sensitive 

with the thickness of the film. For single layer graphene, the ˊ-ˊ* transition which is mainly due to the in-

plane mode, appears at 4.8 eV. As the thickness increases the peak will shift towards higher values and 

appears at 7 eV for graphite. The ˊ+ů Plasmon peak also shows a shift from 15 eV for graphene to 27 eV 

for graphite. [136] From the position and the structure of the peaks in low loss region and core loss region 

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 

 

Figure 3.7: Raman spectra of samples graphitized at different temperatures. 

To compare the TEM results, Raman spectra of sample heated to different temperatures were acquired. The 

first Raman spectrum was acquired at 600 °C after the initial ex situ heating. Two more spectra were 

collected after heating inside the TEM for 1 hour at 1000 °C and 1200 °C respectively. Figure 3.7 shows 

the evolution of Raman spectra with the temperature at 600 °C, the spectrum is similar to an amorphous 

carbon film with broad D and G peaks. The D and G peaks become sharp and ID/IG ratio increases during 

subsequent heating. At 1200 °C, the spectrum consists of sharp D and G peaks. The ID/IG ratio is 1.25 and 

the position of G peak position is 1585 cm-1. This ID/ IG ratio (1.26) and G peak position (1585 cm-1) 

confirms that the sample is fully graphitic in nature. This is also in agreement with the graphitization 

trajectory suggested by Ferrari et al. [118] The development of sharp 2D and D+G peaks  at 1200 °C further 

shows the highly crystalline nature of the free-standing films. 

By combining HRTEM imaging, SAED, EELS and Raman 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 crystallites containing 3 to 4 layers of hexagonally 

coordinated aromatic molecules with sizes extending up to a couple of nanometers. The space between these 

crystallites is filled with uncoordinated amorphous carbon or voids. The degree of misorientation of 

crystallites and the number of voids, decide on the further graphitizability of the material. [41ï43,52]. The 

transformation from an initially disordered, partially graphitized structure to an ordered graphitized structure 

can be observed from the in situ TEM and Raman analysis. From the TEM images, transformation of 

domains from small misoriented crystallites in 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 increase in the sp2 content, 

which shows the conversion of disordered carbon to a sp2 carbon, which means that the amorphous carbon 

around the domains is consumed during this temperature range. This growth continues until the sample is 

almost completely graphitized at around 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 present 

study, the layer formation is imaged for a completely free-standing film and the final structure of the 

graphitized film at 1200 °C is comparable to the graphitization of substrate supported films. This can be 

observed from the comparable average crystallite size and sp2 content of the film grown on different 

substrates. [1,11,25,35] 

3.8. High resolution imaging of the graphitized layers 

To understand the structure of the graphitized film, HRTEM images were acquired immediately after 

cooling down from 1200 °C (Figure 3.8). HRTEM images show that the structure is highly defective, both 

with a lot of defects within the layers (marked by red arrow) as 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 less 

(marked by white arrows). The edges are disordered and do not show well defined facets which means that 

the edges may contain unsaturated bonds, non-six membered or a mixture of zigzag and armchair 

configuration. [20,137] Nevertheless, during extended heating we observe a transformation from curvy and 

disordered edges to more defined faceted edges (Figure 3.9). 
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Figure 3.8: HRTEM images of a thin region heated to 1200 °C. 

FFTs from two different regions are compared to understand the stacking of layers (Figure 3.8a). The first 

FFT shows six reflections corresponding to a single crystalline region, whereas the region marked as 2 

contains another set of spots rotated by 22°. This corresponds to few layers of graphene misoriented by 22°. 

Similar misorientation between the layers is observed in the marked region (Figure 3.8b) and in other 

regions in the sample. This misorientation angle (21.79°) is commonly reported in multilayer graphene, 

corresponding to a low energy commensurate structure. [138ï140] Similar rotation angles have been 

reported during catalyst free transformation of amorphous carbon on the top of a graphene substrate. [64]  

 

Figure 3.9: BF-TEM 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 of 

the graphitized layers, even after heating to 1200 °C. These small structures are formed by the catalyst free 

transformation of amorphous carbon on the top of the graphitic substrate during intermediate temperatures. 

To understand the formation and dynamics of these carbon nanostructures, reheating experiments were 

carried out inside the TEM. In situ graphitized samples were taken out and exposed to the atmosphere. 

Exposing the samples to the atmosphere, after the first heating to 1200 ºC, resulted in the deposition of 

carbonaceous material on the top of the already graphitized samples. This is expected since the structure 

contains lot of free edges and active surface, favorable for adsorption of carbonaceous material. The 

structure consisting of active edges with a lot of amorphous carbon around is similar to the initial stages of 

graphitization where the crystallites are surrounded by amorphous carbon or voids. Thus reheating 

experiments can provide insights in to the structural changes during initial stages of graphitization and the 

dynamics of carbon nanostructures during heating. During the reheating experiments, images were acquired 

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

 

Figure 3.10: Deposition of amorphous carbon on the sample (a) sample before adsorption of amorphous 

carbon (b) sample with adsorbed amorphous carbon and (c) after reheating to 1200 °C. After reheating the 

sample, the amorphous carbon completely graphitizes. 

Figure 3.10 shows a region in the sample 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 transformed. 



 

64 

 

During this reheating, two main transformations are observed for the amorphous carbon. 1) Amorphous 

carbon near domain edges attaches to the edge of the domain, increasing the size of the domain. 2) 

Amorphous carbon graphitizes on the top of the graphitic substrate to form different carbon nanostructures. 

The size/shape of these nanostructures 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 be 

cage-like structure. [104,141] The observed dynamics of the nanostructures is in agreement with previously 

reported studies. Current annealing experiments on graphene shows the catalyst free transformation of 

amorphous carbon absorbed on graphitic substrates to nanocrystalline graphene sheets. [64] It is shown by 

experiments and molecular dynamic simulations that the amorphous carbon on top of graphene will not 

sublimate but rather 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 similar to 

what has been observed in the present study, a misorientation of 22°, was often observed between the layers. 

Thus the formation of graphene nanoflakes can be due to the catalyst free transformation of amorphous 

carbon on the top of the graphitic substrate.  

We also observe some structures, which appear to be cage-like structures with a size comparable to 

fullerene. This formation of cage-like 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 Chuvilin et al. [79] 

under the influence of the electron beam. Beam induced transformations result in knock on damage at the 

edges, leading to formation of pentagons and thus subsequent bending. Another similar study on 

transformations of small flakes into fullerene by repeated addition of atoms by an add-atom mechanism 

from a graphene edge has also been reported. [112] Adding atoms at the edge results in the formation of 

pentagon and heptagon rings which induces bending and formation of cage structure. The key to the folding 

of the small flakes is the formation of non-six membered rings. Even though the reported transformations 

are observed under the influence of the electron beam, in the present study, similar structures are observed 

in previously unexposed areas also. This means that the transformation can happen without the electron 

beam. At higher temperatures, the structures are highly dynamic with active edges, the formation of non-

six membered rings can apparently happen without the electron beam. 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 highly 

dynamic at high temperatures. These structures are mobile on the surface of larger graphene domains and 

combines to form bigger domains when heated further. Figure 3.11 shows a similar dynamics of a carbon 

nanostructure during reheating. The carbon nanostructure (size less than 1 nm) is migrating and attaching 

to an edge extending the edge during reheating. This structure presumably formed during the reheating, at 

intermediate temperatures (475 °C to 500 °C), detaches 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 the 

temperature increases (675 °C to 700 °C), both graphitic structures merge at the edge of the layer, extending 

the graphene sheet. 

 

Figure 3.11: Migration and merging of a small graphitic domain. 

Figure 3.12 c indicates the region where the nanostructure in previous figure (Figure 3.11) has merged with 

the edge. This image confirms that the small structure completely merged with the layer without noticeable 

discontinuity. 
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Figure 3.12: Migration of a small graphitic structure during heating merging with a domain edge (marked 

by white arrows). The black arrow shows the area where a small cage-like graphitic nuclei merged without 

discontinuity. 

Figure 3.13 shows HRTEM images of the 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 change in 

the small structures during merging. A similar shape change can be observed in the small structures adjacent 

to the merging structures. These structures are presumably flat flake-like structures with open edges formed 

by transformation of amorphous deposits, which are probably merging by bond formation between the open 

edges of the flake. These observed dynamics suggests that different nano structures with varying size shape 

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

 

Figure 3.13: HRTEM images of the merging process of two similar sized domains. 
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Apart from the highly mobile structures we could observe some pinned structures that are not moving even 

after two cycles of heating. The immobility of these small structures is an interesting observation which is 

opposite to the already reported high mobility of the carbon nano structures on the top of graphitic substrate. 

Even more, cage-like structures are expected to be more mobile than the planar structures due to their weaker 

interactions with the substrate. However, with the substrate structure being far from perfectly crystalline, 

there are a considerable number of defect sites (sp3 centers, voids, grain boundaries) which could pin the 

motion of small graphitic structures.  

Apart from pinning, the size and the shape of these trapped structures are changing during heating. The size 

of the trapped structures reduces after reheating (Figure 3.14). This reduction in size is also observed in 

other structures during prolonged heating. This means that the structure is losing individual atoms or group 

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

 

Figure 3.14: Trapped structures before and after reheating. 

3.10. Conclusion 

In situ TEM studies were performed to understand the graphitization and grain growth in nanocrystalline 

graphene during heating of a free-standing polymer film. Thin polymer films were formed on the top of the 

MEMS based heating chips by spin coating. Graphitizing the films on the chip eliminates defects and 

artifacts associated with sample preparation and transfer processes. The graphitization of the free-standing 
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film is comparable to substrate supported graphitization. In situ 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-standing films showing graphitization comparable to the substrate supported heating, we can 

directly correlate the structural changes during in situ heating with conventional thin film pyrolysis 

processes. A two stage growth process was identified: growth of the crystallites in the intermediate 

temperature range of 600-1000 °C mainly occurs by consuming residual amorphous carbon around graphitic 

domains; at higher temperatures of 1000-1200 °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 domains 

or by catalyst free growth on top of a graphitic layer. The catalyst free transformation of amorphous carbon 

forms new small graphitic structures, some of which are highly mobile at higher temperatures and get 

attached to the edges, extending the edges. Apart from 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  

The in situ graphitization presented in the previous chapter showed the presence of carbon nanostructures 

with varying size, shape and mobility formed due to the catalyst free transformation of amorphous carbon 

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

the stability/dynamics of these nanostructures and their interaction with the graphitic substrate. Analyzing 

these interactions can help to understand the fundamental mechanisms that control graphene growth at high 

temperatures. Even though lot of research has been performed in the area of high temperature behavior of 

graphene using in situ TEM techniques, most of these studies are on single layer graphene with a focus on 

the stability and dynamics of individual defects or small groups of defects. [17,65,114,142] On the other 

hand, in situ TEM studies of the behavior of small carbon nanostructures on top of a graphitic substrate are 

mostly carried out at room temperature and the transformations were driven by electron beam induced 

effects. [79,143ï145] The ncg films with a high density of defects, active edges and carbon nanostructures 

used here, provide a completely different system to study the high temperature dynamics and reactions of 

carbon nanostructures. In situ heating of nanocrystalline graphene combined with molecular dynamics 

studies provide an atomic level understanding of the fundamental processes 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 of in situ high temperature experiments to understand the high 

temperature dynamics of ncg. Time resolved HRTEM investigations, supported by molecular dynamics 

simulations, were carried out to identify characteristic processes during high temperature heating and assess 

their role in polymer pyrolysis.   

The in situ studies were carried out using an aberration corrected (image) Titan 80-300 TEM (FEI Company) 

operated at 80 kV equipped with a US1000 slowscan CCD (Gatan Inc.) camera. The samples were heated 

at 10 °C per minute until the desired temperature is reached. Image acquisition was carried out at intervals 

of 5 seconds with a 1 second exposure time. The beam was blanked in between image acquisition to 

minimize beam-induced effects. The dose for each high-resolution TEM image varied between 2.0 x 107 

e/nm2 and 4.1 x 108 e/nm2 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 to 
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the high dynamic nature of the samples, more than hundreds of different events were observed during 

heating. Out of this, 30 different events were analyzed in detail to understand the main structural changes 

occurring during heating.   

4.2. Migration of nanostructures 

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

to atmosphere. This disordered carbon transforms and forms new nanostructures during every reheating 

process. Thus the amorphous carbon acts as a continuous source for new nanostructures, which helps to 

image and understand the dynamics of these structures at high temperatures. During continuous imaging, 

we observed nanostructures appearing and disappearing from the field of view, which shows that the 

nanostructures are highly dynamic at these high temperatures and can move fast on top of the substrate. 

Figure 4.1 shows the dynamics of a small graphitic flake at 1200 ºC. The flake is not visible for the first 590 

seconds (118 frames) of observation and migrates in to the field of view in the next frame (Figure 4.1b).The 

flake is pinned at this position for the next 100 seconds (20 frames). It moves to a nearby positon and comes 

back to the original position in next two frames. (Figure 4.1c,d). The flake remains at this position for the 

next 420 seconds (84 frames),then it quickly moves and attaches to an edge around 10 nm away. The 

nanostructure completely merges with this edge, thus extending it (Figure 4.1g). 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 defect-free graphitic substrates. Super fluidic 

behavior of graphene nanoflakes even at temperature as low as 5 K has been reported experimentally. [146] 

The theoretically calculated diffusion coefficient for GNF on top of defect-free graphene substrates at 300 

K is 6.7±0.6x10-6 cm2/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 present large acquisition time. 

However, in the case of nanocrystalline graphene with a high defect density, the defects are playing an 

important role in the observed dynamics. It is known that defects result in unsaturated bonds and strain 

fields in the graphene lattice. This can lead to local rearrangements and induce vertical displacements of 

carbon atoms close to the defect. [148] This displacement can cause bond formation between the unsaturated 

atoms at a flake edge and the defect site, thus pinning the flake. Molecular dynamics simulations also show 

the bond formation with underlying defects (Figure 4.2). MD simulation at 1500 K shows high diffusion 
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coefficient for the nanoflake on the top of defect free graphitic substrate. However the fast migration is 

largely hindered by the introduction of defects in the substrate. The nanoflakes tend to from bonds with the 

underlaying defects and this pins the flake to the defect. This can be observed in MD simulations (Figure 

4.2 a) where the moving flake forms bond with the defect and it is pinned.  

 

Figure 4.1: (a-h) Migration and merging of a nano-flake 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 4.2: Pinning of defects to the underlying defects. 

The nanoflake edges are observed to be highly reactive and constantly rearranging at high temperatures, 

which is favorable for bond formation and pinning. Depending on the number of defect sites, there can be 

simultaneous pinning at more than one site, which will further reduce the diffusion speed of the flakes 

(Figure 4.2b). This explains the observed low diffusion of the nanoflakes at high temperatures, which are 

not in agreement with the reported high diffusion of nanoflakes. The observed high structural dynamics of 

nanoflakes is in agreement with the theoretical studies on high temperature behavior of GNF. Previous ab 

initio calculations revealed strong out-of-plane vibrations for edges of an isolated nanoflake at high 

temperatures. [149] This structural vibrations of the edges are fast compared to the exposure time used in 

the experiments, so that only an average can be observed in the TEM images. Moreover, our simulations 

suggest that rearrangement of the edges are fast compared to the exposure time used in the experiments, so 

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

Apart from the nano flakes, we also observe structures that look similar to cage-like structures which show 

constant edge contrast (Figure 4.3). 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 the 

closed cage structure, which is known to be stable 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 defective 

graphene. 
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Figure 4.3: BF-TEM images show migrating cage-like nanostructure during continuous imaging for 30 

minutes at 1200 °C. 

4.3.  Lateral and vertical merging of nano flakes 

 As observed in Figure 4.1, the migrating nanoflakes often merge with large flake edges during high 

temperature heating. The nanoflake observed in Figure 4.1 merges with a layer on the same graphene plane 

by lateral materials 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 density 

of the support) and the availability of suitable edges to merge. 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 can 

vary considerably. 10 different lateral merging events were analyzed and in all the cases, the distance and 

the time of merging were different. 

 

Figure 4.4: Dynamics of the large flake edge (a) before the attachment, (b) attachment of additional mass 

from the flake and (c,d) flake edge after complete distribution of additional 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 constantly 

rearranging. The edge at which the small flake is merging is highly dynamic. After the merging of the flake, 

the additional mass is redistributed quickly and the flake tries to reduce the overall curvature until it reaches 

a flat dynamic equilibrium (Figure 4.4). This near edge region shows a continuous change of the Moiré 

pattern indicating strong structural rearrangements. Different Moiré patterns are observed intermittently 

indicating distinct commensurate rotation angles between the layers. This is similar to the previously 

observed superstructures in bilayer graphene. [150]  

This highly dynamic nature of the edges can facilitate bond formation leading to a complete material 

transfer. MD simulations of small flakes heated on the top of the graphitic substrates show that lateral 

merging is initiated by the bond formation at the edges. Merging starts by the formation of bonds when the 

flakes get closer. This is flowed by further bond formation (Figure 4.5c) and can lead to a material transfer 

in the vertical direction. 

 

Figure 4.5: 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 the 

layer underneath. This kind of merging result in a vertical material transfer and the dynamics are slow 

compared with the fast lateral merging. Figure 4.6 shows such a merging event of a small flake sitting on 

top of an edge, merging completely with the graphene layer underneath. The uniform Fresnel contrast 

observed initially, is a good indication that the whole flake is sitting on top of the step edge. The contrast is 

initially uniform (up to Figure 4.6c), when the bottom edge of the upper flake attaches to the step edge 

below (Figure 4.6d). 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 of 
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merging. Unlike the fast lateral merging happening in a couple of frames in Figure 4.1, this merging is slow 

and takes around 5 minutes. In order to merge vertically, there should be an initial bond formation between 

the reactive flake edge and the step edge below. This can be seen from the MD simulation in Figure 4.6r. 

Afterwards, this bond has to shift leading to an atom transfer to the step edge below and a new bond has to 

be formed at the flake edge. Thus, vertical merging requires a coordinated rearrangement at larger scales in 

contrast to the lateral rearrangements in the previous case. This slows down the vertical rearrangement to a 

time scale of several minutes, in contrast to the fast lateral merging shown in Figure 4.1. 

 

Figure 4.6: (a-l) 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 size 

fluctuations at high temperatures. Small flakes tend to loose atoms or group of atoms and at the same time 

larger flakes adjacent to it are seen growing. This is illustrated in Figure 4.7 for ncg heated to 1200 °C. 

Figure 4.7a shows the overall area investigated and as observed previously, a flake is migrating in to the 

field of view and merges with an edge. During migration, the small flake is constantly getting smaller, losing 

atoms, which can be observed from images (b-g). At the same time an adjacent large edge is growing by the 
































































