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Abstract 
FABRICATION AND APPLICATIONS OF SUSPENDED GRAPHENE MEMBRANES 

NICK CLARK 

DOCTOR OF PHILOSOPHY 

THE UNIVERSITY OF MANCHESTER 

27/09/2016 
This thesis reports research activity on suspended graphene membranes. Scientific results in 
the form of peer-reviewed publications are presented, along with supporting information to 
provide context, detailed experimental procedures, and recommendations of future work. 
The four papers cover a wide variety of topics, but are linked by common experimental 
sample fabrication techniques.  

Understanding the mechanical properties of suspended graphene membranes is crucial to 
the development of graphene nano-electromechanical devices. In the first presented paper, 
PeakForce QNM (quantitative nanomechanical mapping) atomic force microscopy imaging 
was used to rapidly map the nanomechanical properties of a range of suspended graphene 
membranes. The force–displacement behaviour of monolayer graphene extracted from the 
peak force imaging map was found to be comparable to that taken using standard 
nanoindentation. By fitting to a simple elastic model, the two-dimensional elastic modulus 
was measured at around 350Nm-1, corresponding to a Young’s modulus of around 1 TPa. 

The second paper examines the near-IR light-matter interaction for graphene integrated 
cavity ring resonators based on silicon-on-insulator (SOI) racetrack waveguides. Fitting of 
the cavity resonances from the predicted transmission spectra reveal the real part of the 
effective refractive index for graphene, neff = 2.23 ± 0.02 and linear absorption coefficient, 
αgTE = 0.11 ±0.01dB μm−1. The evanescent nature of the guided mode coupling to graphene 
at resonance depends strongly on the height of the graphene above the cavity, which places 
limits on the cavity length for optical sensing applications. 

Twisted-bilayer graphene (tBLG) exhibits van Hove singularities in the density of states that 
can be tuned by changing the twisting angle θ. In the third paper, θ-defined tBLG was 
produced and characterized using optical reflectivity and resonance Raman scattering. This 
represents the first reported fabrication of a rationally designed (twist engineered) tBLG 
structure. The θ-engineered optical response is shown to be consistent with persistent saddle-
point excitons. Separate resonances with Stokes and anti-Stokes Raman scattering 
components can be achieved due to the sharpness of the two-dimensional saddle-point 
excitons, similar to what has been previously observed for one-dimensional carbon 
nanotubes. The excitation power dependence for the Stokes and anti-Stokes emissions 
indicate that the two processes are correlated and that they share the same phonon. 

Nano-patterned and suspended graphene membranes find applications in electronic devices, 
filtration and nano-pore DNA sequencing. However, the fabrication of suspended graphene 
structures with nanoscale features is challenging. In the fourth and final paper, the direct 
patterning of suspended membranes consisting of a graphene layer on top of a thin layer of 
hexagonal boron nitride which acts as a mechanical support is demonstrated for the first 
time, using a highly focused electron beam to fabricate structures with extremely high 
resolution within the scanning transmission electron microscope. The boron nitride support 
enables the fabrication of stable graphene geometries which would otherwise be 
unachievable, by preventing intrinsic strain in graphene membranes from distorting the 
patterned features after areas are mechanically separated. Line cuts with widths below 2 nm 
are reported. It is also demonstrated that the cutting can be monitored in-situ utilising 
electron energy loss spectroscopy (EELS). 
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1 Introduction 

This thesis documents work carried out by the author between 2012 and 2015 at the 

University of Manchester. Experimental work was undertaken principally in the Centre for 

Mesoscience and Nanotechnology, a suite of class 100/1000 cleanrooms. This chapter acts as 

an introduction to the document, outlining the reasoning for presenting it in alternative 

format, outlining the structure of the thesis, and reviewing the author’s contribution to the 

peer reviewed papers presented as part of the work. 

1.1 Rationale for submitting thesis in alternative format 

The author of the presented thesis has been in the fortunate position of having been able to 

publish the results of his research in peer reviewed journals. The emerging study of graphene 

and the multifaceted skillset required to fabricate and characterise graphene devices allowed 

the author to contribute to a number of different related areas of graphene research. The 

many applications that graphene can be put to means that any novel device fabrication 

technique must be put into the context of its intended destination.  Throughout the course 

of the author’s PhD studies a body of work has been generated linked commonly throughout 

by the novel fabrication techniques the author has developed to realise a variety of graphene 

experimental systems. The author has chosen to present a set of four papers that represent 

the novel fabrication techniques that best represent the innovative methods that have been 

developed during the course of the authors PhD studies.    

1.2 Outline of the thesis 

Chapter 1 acts as an introduction to the thesis, setting out its format and structure, and 

describing the thesis author’s contribution to each piece of previously published work 

contained within it. Chapter 2 describes the aims of the thesis, and of the individual pieces 

of work. Chapter 3 is a literature review which attempts to provide context for the research 

questions which are tackled in the results chapters. Chapter 4 reviews relevant reported 

experimental techniques. Chapter 5 describes the experimental procedures developed and 

used in this work. Chapters 6-9 present the results in the form of peer reviewed publications 

and manuscripts submitted for peer review. Finally, Chapter 10 discusses the presented 

results and makes suggestions for possible future research directions. 
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1.3 Author Contribution 

Chapter 6, 1st Paper, entitled “Ultrafast quantitative nanomechanical mapping of suspended 

graphene” is a peer reviewed research paper. The patterned silicon nitride membranes were 

fabricated by the author. The optimisation of the plasma etching step was carried out by the 

author and Antonios Oikonomou. Graphene flakes were exfoliated and transferred over the 

membranes by the author. Mechanical measurements were carried out by the author. The 

author assisted in the design of the experiment, interpretation of the data and preparation of 

the manuscript along with Aravind Vijayaraghavan. 

Chapter 7, 2nd Paper, entitled “Determination of the quasi-TE mode (in-plane) graphene linear 

absorption coefficient via integration with silicon-on-insulator racetrack cavity resonators” is a 

peer reviewed research paper. The SOI ring resonator waveguides and surface gratings were 

designed and fabricated by Milan Milosevic, Frederic Gardes, and Goran Mashanovich. A 

CVD graphene sheet was transferred onto the sample, and patterned such that it only 

remained over the required ring optical cavities by the author. The author also confirmed 

the configuration of membrane and waveguide using AFM. The author assisted with the 

design of the sample, interpretation of the results, and the editing of the manuscript. 

Chapter 8, 3rd Paper, entitled “Optical-phonon resonances with saddle-point excitons in 

twisted-bilayer graphene” is a peer reviewed research paper. The suspended tBLG sample, and 

the processes required to fabricate it, were designed by the author to meet the optical 

specification. This included the design and fabrication of custom patterned silicon nitride 

membranes, exfoliation and optical selection of large ‘aligned’ graphene flakes, and their 

transfer and alignment. The author assisted with the editing of the manuscript. 

Chapter 9, 4th Paper, entitled “Nanometre electron beam sculpting of suspended graphene and 

hexagonal boron nitride heterostructures” is a manuscript in preparation. The design and 

fabrication of the experimental system was carried out by the author. TEM imaging, 

patterning and spectroscopy were performed by Edward Lewis and Sarah Haigh. The 

interpretation of the images, EELS spectra, and EDS spectra were performed by the author. 

The design of the experiment, interpretation of the results, and the preparation of the 

manuscript were performed primarily by the author.  

  



23 
 

2 Thesis aim 

The previously published work presented as part of this thesis consists of four research papers 

in diverse areas, linked by common experimental techniques. Throughout the programme 

of work, the author developed a number of novel experimental techniques and optimised 

processes related to graphene device fabrication, particularly suspended graphene structures. 

These fabrication procedures could then be used to generate samples for a wide variety of 

experimental studies, in areas as diverse as optics, nanomechanics, and electrochemistry. The 

four topics selected for presentation as part of this thesis are representative of this wider body 

of work. This section outlines background to each area of work, and the research objectives 

posed, and summarises the work carried out to achieve them. 

Suspended graphene membranes are a useful experimental testbed in a wide range of areas, 

but are challenging to characterise due to their extreme optical and electronic transparency. 

Atomic force microscopy (AFM) nanoindentation experiments on circular suspended 

graphene are the primary method in which the mechanical properties of graphene can be 

measured. Tapping mode AFM has been previously used to image graphene membranes, but 

the high interaction forces between the AFM probe and graphene induce large high 

frequency oscillations in the graphene membrane. This limits the size of membranes that can 

be measured using this technique, and makes it hard to assess the membrane geometry at 

low forces. PeakForce QNM (quantitative nanomechanical mapping) AFM mode allows the 

spatial mapping of the nanomechanical properties of a surface at high speed by capturing a 

force curve per pixel; the time taken for a full nanomechanical map is comparable to the time 

taken for a standard AFM tapping mode image showing topography only. This method had 

not been previously employed to characterise graphene, or graphene membranes. We aimed 

to test the force curves obtained using this technique on graphene membranes against those 

obtained by indentation and modelling, and assess the utility of the off-resonance imaging 

technique for general suspended membranes. The experimental method and resulting 

findings are presented in Chapter 6. Here it is shown that it was possible to demonstrate that 

peak-force imaging allows topographic and nanomechanical data to be captured on large 

soft graphene membranes, of 3 − 10 𝜇𝜇𝜇𝜇 scale, with a high dynamic vertical range at known 

deformations, as opposed to tapping mode. The force distance behaviour of the central area 

of the membrane was compared to mechanical measurements performed using conventional 
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nanoindentation techniques, and found to be in good agreement. Using the force 

displacement behaviour at the centre of the membrane and a semi-empirical model, a 

‘derived’ Young’s modulus for graphene of 1 𝑇𝑇𝑇𝑇𝑇𝑇 was measured on the large scale graphene 

membranes fabricated, which agreed with values found in the literature.    

Along with graphene’s unique mechanical properties, its ability to absorb light over an 

extremely wide wavelength and its high carrier mobility make a variety of graphene based 

photonic devices possible. The large surface area of graphene, as well as its chemical purity, 

reactivity and simplicity of functionalisation, make it an ideal sensing platform, potentially 

leading to ultra-sensitive devices that detect biological or gas molecules. Understanding the 

nature of light’s interaction with graphene is critical if graphene integrated silicon photonic 

devices of this type are to be realised. To investigate light’s interaction with graphene in 

photonic devices a method of transferring and patterning graphene onto a racetrack type 

silicon cavity resonator was developed. The methods developed are described in Chapter 7. 

Analysis of this device showed that the transmission spectra for a cavity resonator with 

graphene displayed a strong quenching of the resonance signal as light-graphene interaction 

length is increased. The linear attenuation due to graphene (as a function of its length) was 

measured using both a cutback method (as had been performed previously) and as a fitting 

parameter in the ring resonator transmission spectrum. At the time, this figure was a matter 

of dispute despite earlier measurements. From this work a model of cavity resonance 

attenuation with respect to graphene length and height over said cavity was developed, which 

should provide future design rules for developing graphene integrated silicon photonic 

devices for chemical sensing and optoelectronic applications.  

Graphene and other 2D materials are also unique in that their properties are highly 

dependent on their environment. This can how they are stacked, with respect to their order 

and angular geometry. Twisting bilayer graphene layers generates a peak in the dynamic 

optical conductivity, related to the angle that one layer is misrotated relative to the other. If 

this angle can be controlled a twisted bilayer graphene can be engineered to have a large peak 

in the optical conductivity spectrum. A method of controlling the angle between each layer 

of graphene was developed, which is presented in Chapter 8. A method to control the twist 

angle between layers of graphene had not previously been successfully developed prior to this 

work, and all studies were performed on ‘randomly’ oriented twisted samples. This 
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demonstrated the possibility of mode-engineering twisted graphene systems to control their 

optical behaviour in the suspended regime. The large area suspended samples allowed highly 

sensitive transmission Raman measurements. By positioning the peak energy, we were able 

to greatly favour anti-Stokes inelastic scattering processes when under illumination using a 

laboratory standard 532nm laser. 

Patterning graphene with nanoscale features in the sub 10 𝑛𝑛𝑛𝑛 range is of interest for creating 

structures such as nanoribbons, nanopores, quantum dots, and nanogap electrodes. 

Typically, graphene is patterned by using oxygen plasma etching to remove graphene not 

protected by a polymer mask defined by electron beam lithography (EBL), but this is typically 

only able to create patterns with feature sizes down to 10 − 20 𝑛𝑛𝑛𝑛, although in special cases 

this has been reduced to around 5 𝑛𝑛𝑛𝑛. Patterning suspended graphene by ablating areas with 

the tightly confined electron beam in a scanning tunnelling electron microscope (STEM) is 

able to create features on nanometre scales. However this process is not ideal as the graphene 

is self-supporting, and loses its mechanical integrity as it is patterned. This limits the utility 

of the technique. Manufacturing only one nanoribbon per membrane is possible, as they 

cannot be electrically isolated without being mechanically separated. Intrinsic tension in 

suspended graphene sheets distorts features after they are cut, so line cuts tend to bow 

outwards. This makes it completely unsuitable for patterning nanogap electrodes. We aimed 

to develop a new strategy which would enable working around these drawbacks, based on a 

graphene membrane supported by a thin insulating boron nitride membrane, and investigate 

the required STEM patterning parameters. This would have 2 effects. Firstly, the graphene 

could be pre-patterned using conventional EBL and plasma etching without affecting the 

structural integrity of the boron nitride support. Secondly, it would prevent the distortion of 

the membrane when patterning using subsequent direct write ablation in a STEM system, as 

long as areas are not completely mechanically separated. This would enable the creation of 

linear arrays of nanoribbons or nanogap electrodes; thin strips of graphene defined using 

EBL could be narrowed or cut using STEM. It also solves a number of fabrication issues 

relating to experiments with nanopores, where maintaining a physical barrier around the 

nanopore is useful, and can also be used to affect the depth of the pore (which influences 

translocation speed) whilst maintaining the sensing advantages of using thin graphene. 
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We fabricated a hexagonal boron nitride (hBN) supported graphene membrane on a TEM 

support using a newly developed technique, and then investigated patterning parameters for 

this membrane using STEM direct write. The published results are included as chapter 9 of 

this work. We performed analysis while patterning using energy dispersive x-ray 

spectroscopy (EDXS) and electron energy loss spectroscopy (EELS) to investigate the 

patterning process, and help us to choose a useful general patterning strategy. We were 

successful in producing long (hundreds of nm) cuts with widths as low as 1.5 𝑛𝑛𝑛𝑛 along their 

length. This provides a proof of principle for a technique which enables the fabrication of a 

variety of novel nanoscale graphene structures. 
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3 Existing literature 

This chapter presents an overview of the physical properties of graphene, providing context 

to the research questions which are examined in the results chapters. Firstly, it reviews the 

unique electronic and optical properties of monolayer graphene. Then, graphene’s 

mechanical properties are introduced and discussed, with a focus on how they can be 

investigated experimentally. The different forms of graphene obtained from different 

production methods, and their distinct properties are outlined and compared. Following 

this, the peculiar properties of twisted bilayer graphene (tBLG), which are very different from 

the ‘vanilla’ system, are reviewed. Then, this chapter introduces silicon photonics and the 

‘ring resonator’ optical modulator, and reviews experimental results on progress towards the 

integration of graphene with photonic waveguides. Finally, it introduces two spectroscopic 

techniques used for elemental analysis in scanning transmission electron microscope 

(STEM) systems; an X-ray emission spectroscopy technique known as energy dispersive x-

ray spectroscopy (EDX/S), and an absorption spectroscopy technique using the transmitted 

electron beam known as electron energy loss spectroscopy. 

3.1 Graphene and other two dimensional materials 

Graphene1, a two dimensional ‘honeycomb’ lattice of carbon atoms, was the first 2D crystal 

to be discovered, but there is now a whole family of other 2D structures which have been 

isolated in the same manner2. The material parameters of graphene in particular are supreme 

when compared to bulk materials, and it has been predicted that graphene will replace many 

materials in existing technological applications as well as enabling new device functionalities 

in the near future3. The 2D nature of these materials means that it is feasible to effectively 

create new materials4 merely by creatively stacking and twisting the various layers. This 

section introduces graphene and describes its history and its formal structure in real space 

and reciprocal space, before briefly introducing a variety of other 2 dimensional materials, 

including hexagonal Boron Nitride. 

3.1.1 Introduction to graphene 

Carbon is one of the most abundant elements in the universe, and perhaps the most 

interesting. It has 6 electrons, of which two sit in a closed 1𝑠𝑠2 shell, with 4 in 2𝑠𝑠 and 2𝑝𝑝 shells. 
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However, when atoms bond into molecules or crystals, the total energy is decreased by the 

overlap of the wavefunctions5 of these states into molecular orbitals (for molecules) or energy 

bands (for bulk solids). For carbon molecules, mixed states labelled as 𝑠𝑠𝑝𝑝3 and 𝑠𝑠𝑝𝑝2 are 

generated. Carbon atoms in 𝑠𝑠𝑝𝑝3 materials bond with 4 other C atoms, in a tetragonal 

arrangement. This is the arrangement of the atoms in crystalline diamond. In the 𝑠𝑠𝑝𝑝2 state, 

three hybrid 𝑠𝑠𝑠𝑠 covalent bonds are formed, with one 𝑝𝑝 orbital extending across the molecule 

or solid. Carbon with 𝑠𝑠𝑝𝑝2 hybridization forms three bonds in a plane, separated by angles 

of 120°.  

Two dimensional graphene forms part of a wider family of 𝑠𝑠𝑝𝑝2 hybridized Carbon 

nanomaterials. Carbon nanotubes6 are the one-dimensional analogues, and fullerenes7 or 

‘buckyballs’ are ‘zero dimensional’, completing the set. An illustrative example of all three 

forms is shown in figure 1. They are all primarily composed of the hexagonal lattice 

characteristic of 𝑠𝑠𝑝𝑝2 hybridization. 

 

 

Figure 1 The 3 forms of nano-Carbon. Schematic showing the carbon atomic arrangement in 0D fullerenes (top 

left), 1D nanotubes (right), and 2D graphene (bottom left).  

As graphene is an inherently two dimensional material, it therefore was thought to be 

unstable, until first isolated in 20041. Previously to this, it was long assumed that completely 
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2D crystals would be thermodynamically unstable8,9 and would break apart at finite 

temperatures. Experimental evidence seemed to support this view; thin film melting 

temperatures drop rapidly with thickness, and thin films were seen to segregate or 

decompose when thicknesses corresponding to tens of atomic layers were reached10. Now, 

its existence can be reconciled with these predictions by including the stabilising effect of 

microscopic crumpling in the 3rd dimension11. 

Graphene was studied theoretically before its isolation, as a building block for both bulk 

graphite12,13 (a material of particular interest during the mid-20th century due to its use in 

nuclear reactors), and the other nano-carbons14,15. Since graphene was isolated via 

mechanical exfoliation using sticky tape1, it has become a focus of research worldwide16 due 

to its superlative electrical, optical, thermal and mechanical properties, and because it’s 

planar nature makes integration into devices relatively simple3. It is a zero-bandgap 

semiconductor with a linear dispersion relation17, and a constant (and remarkably high) 

optical absorption across the whole visible region. It also exhibits unparalleled mechanical 

strength, thermal conductivity and specific surface area.  

3.1.2 Formal structure of graphene and its reciprocal lattice 

Graphene is an 𝑠𝑠𝑝𝑝2 carbon structure, where each atom bonds to three others in a plane with 

angles separated by 120°. The resulting ‘honeycomb’ structure can be described as a 

triangular lattice with a basis of 2 atoms per unit cell, or as two superimposed triangular 

sublattices. The lattice vectors are given by: 

 𝑎⃗𝑎1 =
𝐿𝐿𝐶𝐶=𝐶𝐶

2
�3,√3�    𝑎𝑎𝑎𝑎𝑎𝑎    𝑎⃗𝑎2 =

𝐿𝐿𝐶𝐶=𝐶𝐶
2

�3,−√3�    (1) 

where 𝐿𝐿𝐶𝐶=𝐶𝐶 ≈ 1.42 Å is the carbon-carbon bond length, or nearest neighbour distance. The 

size of the lattice vector is 𝑎𝑎 = |𝑎⃗𝑎| = √3𝐿𝐿𝐶𝐶=𝐶𝐶 ≈ 2.46 Å. The reciprocal lattice vectors are 

therefore  
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 𝑏𝑏�⃗ 1 =
2𝜋𝜋

3𝐿𝐿𝐶𝐶=𝐶𝐶
�1,√3�    𝑎𝑎𝑎𝑎𝑎𝑎    𝑏𝑏�⃗ 2 =

2𝜋𝜋
3𝐿𝐿𝐶𝐶=𝐶𝐶

�1,−√3�    (2) 

The sublattices are shown along with the lattice vectors are in real and reciprocal space in 

figure 2. Two key locations on the Brillouin zone are highlighted as the 𝐾𝐾/𝐾𝐾′ point and the 

𝑀𝑀 point. These are the locations of the Dirac cone and the van Hove singularities respectively, 

which are introduced in section 3.2.  

 

Figure 2 Diagram showing the lattice structure and first Brillouin zone of a graphene monolayer. The left part 

shows the lattice structure, where the two sublattices are denoted 𝐴𝐴 (blue) and 𝐵𝐵 (yellow). The two lattice vectors 

are shown as 𝑎𝑎1 and 𝑎𝑎2. The nearest neighbour vectors are denoted 𝛿𝛿1, 𝛿𝛿2 and 𝛿𝛿3. The right part shows the first 

Brillouin zone, with the reciprocal lattice vectors 𝑏𝑏1 and 𝑏𝑏2. Dirac cones in the band structure correspond to 

the 𝐾𝐾and 𝐾𝐾′ points, and hyperbolic saddle points in the band structure to the 𝑀𝑀 point. Reprinted with permission 

from reference17. Copyright (2009) by the American Physical Society. 

The atomic lattice of 𝑠𝑠𝑝𝑝2 carbon materials has 3 degrees of rotational symmetry around 2 

sets of axes. These axes are termed the zigzag and armchair directions, in reference to their 

edge shapes. Graphene sheets, under certain conditions, preferentially tear along these 

directions, creating so called zigzag and armchair edges, as discussed in section 4.1.3.3. 

3.1.3 Other two dimensional materials and stacking 

Graphene’s isolation from bulk graphite caused a new focus on atomically layered three 

dimensional materials18 held together by van der Waals interactions, and it was found that 

many other materials could be exfoliated in a similar way to generate new two dimensional 
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systems. Transition metal dichalcogenides (MX2) consist of a hexagonal layer of atoms of 

transition metal M (often Mo, W, Nb) sandwiched between layers of chalcogen atoms X 

(often S, Se, Te), and over 40 have been isolated. MoS2 is a direct bandgap semiconductor, 

and has been demonstrated as an ideal channel material for next generation transistors19,20. 

Hexagonal boron nitride (hBN) is an insulator (with a band gap of 6 𝑒𝑒𝑒𝑒)21 with the same 

structure as graphene, with the two sublattices filled with boron and nitrogen atoms 

respectively. 

Stacking these 2D materials can alter or enhance their properties. ‘Normal’ bilayer graphene 

exhibits a small band gap, but by adding a twist between the two layers its electronic structure 

and derived quantities can be radically altered. This is discussed in section 3.6. Graphene on 

reasonably thick hBN substrates shows electron mobility similar to that of freely suspended 

graphene due to its atomically flat surface and lack of charged surface sites22. By creatively 

stacking various 2D materials, van der Waals heterostructures4 may reveal extreme properties 

or new physical phenomena. 
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3.2 Electronic properties 

This section explores the electronic properties of monolayer graphene. First the main 

features of the band structure are described, then two features are described in detail; the 

Dirac cone at the 𝐾𝐾 point and the saddle point at the 𝑀𝑀 point. The linear dispersion relation 

and its consequences are introduced. The van Hove singularities that are generated by the 

saddle points are introduced and discussed. Finally, the electronic structure of bilayer 

graphene is described. 

3.2.1 Band structure 

The electronic structure of graphene was first considered in 1946 by Wallace12, as the first 

step of the calculation of the band structure of graphite. The possibility of a two dimensional 

material being isolated was not considered at this point8,23. A tight binding approximation 

was used to calculate the band structure as 

 𝐸𝐸±�𝑘𝑘�⃗ � = ±𝑡𝑡�3 + 𝑓𝑓�𝑘𝑘�⃗ � − 𝑡𝑡′𝑓𝑓�𝑘𝑘�⃗ � (3) 

where 𝐸𝐸± is the energy of the valence and conduction band at wavevector 𝑘𝑘�⃗ , and 𝑡𝑡 and 𝑡𝑡′ are 

the nearest neighbour (between sublattices) and next nearest neighbour (within sublattices) 

hopping energies respectively. This equation can be extended to include a 𝑡𝑡′′ term related to 

third nearest neighbour hopping, and so on. 𝑓𝑓 is a function of the wavevector given by 

 𝑓𝑓�𝑘𝑘�⃗ � = 2 cos�𝑘𝑘𝑦𝑦𝑎𝑎� + 4 cos �
1
2
𝑘𝑘𝑦𝑦𝑎𝑎� cos�

√3
2
𝑘𝑘𝑥𝑥𝑎𝑎� (4) 

where 𝑎𝑎 ≈ 2.46Å is the modulus of the lattice vectors as shown in figure 2. The values of the 

hopping parameters 𝑡𝑡, 𝑡𝑡′, 𝑡𝑡′′ … have to be estimated by fitting the results of this tight-binding 

model to those of first principles electronic structure calculations. Reich14 et al. calculate 

values of 𝑡𝑡 = −2.97𝑒𝑒𝑒𝑒, 𝑡𝑡′ = −0.073𝑒𝑒𝑒𝑒 and 𝑡𝑡′′ = −0.33𝑒𝑒𝑒𝑒. The band structure shown in 

equations (3) and (4) is plotted in figure 3.  
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Figure 3 The band structure of monolayer graphene. The left image is the calculated band structure with an energy 

scale in units of 𝐸𝐸𝑘𝑘 = 2.7 𝑒𝑒𝑒𝑒. The right image is a close-up of a Dirac cone at the 𝐾𝐾 point, showing the local linear 

dispersion relation. Hyperbolic saddle points occur in both bands directly between adjacent Dirac cones. Reprinted 

with permission from reference17. Copyright (2009) by the American Physical Society. 

A more representative dispersion relation can be obtained by accounting for more nearest 

neighbour terms (𝑡𝑡′′, 𝑡𝑡′′′, … ) in a tight binding model24, or using ab initio methods25,26.  

3.2.2 Dirac cone at the 𝐾𝐾/𝐾𝐾′ point 

The dispersion relation given by equations (3) and (4) has minima at the 𝐾𝐾 and 𝐾𝐾′ points, 

where the energy bands are close to the intrinsic Fermi level. By expanding the full structure 

close to 𝐾𝐾��⃗  as 𝑘𝑘�⃗ = 𝐾𝐾��⃗ + 𝑞⃗𝑞 where |𝑞⃗𝑞| ≪ �𝐾𝐾��⃗ �, it is found that17 

 𝐸𝐸±(𝑞𝑞) = ±𝑣𝑣𝐹𝐹|𝑞⃗𝑞| + 𝑂𝑂 ��𝑞𝑞 𝐾𝐾� �
2
� (5) 

where the final term denotes higher order terms of 𝑞𝑞 𝐾𝐾⁄ , which can be neglected close to 𝐾𝐾, 

and the Fermi velocity 𝑣𝑣𝐹𝐹 is a constant given by 

 𝑣𝑣𝐹𝐹 =
3
2
𝑡𝑡𝑡𝑡 ≈ 106 𝑚𝑚𝑠𝑠−1. (6) 
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It is this remarkable result which is responsible for many of graphene’s superlative properties. 

The reduced Hamiltonian that produces the linear dispersion relation27 is formally 

analogous to the two-dimensional Dirac equation, with the constant speed of light 𝑐𝑐 replaced 

by the constant Fermi velocity 𝑣𝑣𝐹𝐹. This is why the linear conical structures in the band 

structure around the 𝐾𝐾 points, described by equation (5), are known as Dirac cones, and the 

𝐾𝐾 points referred to as Dirac points. 

3.2.3 Van Hove singularities at the M-point 

At the 𝑀𝑀 point in the Brillouin zone, a saddle-point in both the valence and conduction 

bands (visible half way between the Dirac cones in figure 3) generates a logarithmic 

singularity in the density of states (DOS) known as a van Hove singularity (vHS). 

These logarithmic infinites were first described by Smollett28, who calculated the ‘spectral 

density’ (analogous to the density of states) of a two-dimensional ionic crystal, and found 

that the hyperbolic nature of saddle points in the ‘frequency  contour map’ (band structure) 

caused the infinite logarithmic discontinuities in the density of states.  

Van Hove extended this analysis, showing that the existence of these saddle points in the 

band structure was general to all 2D crystals. With reference to Morse theory29, he stated30: 

“Any function of more than one independent variable which, as 𝑣𝑣(𝑞⃗𝑞), is 

periodic in all its variables has at least a certain number of saddle points; this 

number is determined only by topological considerations and depends only on 

the number of independent variables” 

Here, v(q�⃗ ) is van Hove’s nomenclature for the frequency of a plane wave as a function of its 

wave-vector. He then showed that the generation of the singularities was general to all two 

dimensional lattices but not in three dimensional solids, as Smollett had predicted (three 

dimensional lattices exhibit discontinuities only in the first derivative of the density of states). 

Graphene’s 𝑀𝑀 points generate such van Hove singularities, although they are so far from the 

Dirac point (𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 ≈ ±3 𝑒𝑒𝑒𝑒) that they are outside the range of the Fermi energy which can 
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be achieved using doping or gating31. However, they are important when considering its 

optical properties, as discussed in sections 3.3 and 3.6. 

3.2.4 Electronic properties of bilayer graphene (AB stacked) 

Within natural graphite, layers are normally stacked in an AB pattern, also known as Bernal 

stacking, where atoms from sublattice A from one layer are on top of those from sublattice B 

from adjacent layers. The atomic arrangement of bilayer graphene in this stacking 

arrangement is shown in figure 4. 

 

Figure 4 Atomic arrangements and simplified electronic structure of Bernal stacked bilayer graphene. (a) 

shows a graphene monolayer composed of two sublattices, labelled 𝑨𝑨 and 𝑩𝑩. (b) shows the monolayer from (a), with  

bonds drawn in solid lines, stacked in a Bernal stacking configuration with a second layer with bonds drawn using 

dashed lines, containing sublattices 𝑨𝑨� and 𝑩𝑩� . The larger dark sites indicate where there are atoms from both layers. 

The thick black hexagon is a unit cell containing 4 sites: 1𝐴̃𝐴 + 1𝐵𝐵 + 3�1
3� 𝐴𝐴� + 3�1

3� 𝐵𝐵�. (c) shows the simplified 

(nearest neighbour only approximation) electronic structure of Bernal stacked bilayer graphene near the K point as 

a function of the distance from the K point as described in equation 7. (d) shows the modified electronic structure 

due to a voltage being applied perpendicularly across the layers, with the formation of a clear band gap. Image 

adapted with permission from reference32,33. Copyright (2006) by the American Physical Society. 
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Using a simple tight binding model32,33, the energy and conduction bands in bilayer graphene 

stacked in this way around the K-point (and writing 𝑘𝑘�⃗  as 𝑘𝑘�⃗ = 𝐾𝐾��⃗ + 𝑞⃗𝑞 where |𝑞⃗𝑞| ≪ �𝐾𝐾��⃗ �) can 

be approximated (for intermediate energies) as 

 𝐸𝐸𝐶𝐶,𝑉𝑉(𝑞𝑞) = ±
𝛾𝛾1
2
��1 +

4𝑣𝑣2𝑞𝑞2

𝛾𝛾12
− 1� (7) 

where 𝑣𝑣 is a band velocity characterised by 𝑣𝑣 = √3𝑎𝑎𝛾𝛾0 2ℏ⁄ . Here, 𝛾𝛾0 is a coupling parameter 

related to nearest neighbour hopping between sublattices 𝐴𝐴 and 𝐵𝐵 within one layer, and 𝛾𝛾1 

is a coupling parameter related to interlayer hopping between the sublattices in the same 

stacking site,  𝐴̃𝐴 and 𝐵𝐵. At large momenta, this can simplified to a linear expression 𝐸𝐸 ≈ ±𝑣𝑣𝑣𝑣, 

and at small momenta to a quadratic 𝐸𝐸 ≈ ±𝑝𝑝2𝑞𝑞2 𝛾𝛾1⁄ . Interestingly, the application of a 

voltage perpendicular to the bilayer results in the shifting of these levels34 and the opening of 

a bandgap between the 2 bands. This is shown in panel (d) in figure 4. At very low energies 

around the 𝐾𝐾 point, the inclusion of a 𝛾𝛾3 coupling term related to next nearest neighbour 

interlayer hopping13 (corresponding to hopping between 𝐴𝐴 and 𝐵𝐵�  sublattices in figure 4(b)) 

causes trigonal warping17,32 and a Lifshitz transition33, generating 4 mini Dirac-like cones 

separated by a low energy saddle point35. 
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3.3 Optical properties 

This section reviews the optical properties of graphene. Firstly, the constant dynamic 

conductivity approximation and its resulting constant wideband absorption is introduced, 

along with the conditions under which the approximation breaks down. The Pauli blocking 

mechanism which modifies the optical absorption as the Fermi level is shifted is described. 

Finally, Raman scattering is introduced, and the Stokes and anti-Stokes light scattering 

signals are discussed. Raman active phonon modes which are particularly useful for 

characterising graphene and other sp2 bonded carbon structures are also outlined. 

3.3.1 Basic optical behaviour  

The optical properties of thin films can be specified using their dynamic conductivity 𝐺𝐺. For 

a purely conical Dirac spectrum, neglecting higher order terms from equation (5), as 𝐸𝐸± =

𝑣𝑣𝐹𝐹�𝑘𝑘�⃗ �, the dynamic conductivity is predicted36 to be 

 𝐺𝐺 ≡ 𝐺𝐺0 ≡
𝑒𝑒2

4ħ
≈ 6.08 × 10−5 Ω−1 (8) 

Here 𝑒𝑒 is the fundamental charge, and ħ is the reduced Planck constant. As monolayer 

graphene is purely two-dimensional, derived properties such as transmittance 𝑇𝑇, absorption 

𝐴𝐴, and reflection 𝑅𝑅 are directly proportional37 to the dynamic conductivity and therefore also 

constant. Transmittance (and absorbance) are given by 

 
𝑇𝑇 = 1 − 𝐴𝐴 =

1

�1 + 2𝜋𝜋𝐺𝐺0
𝑐𝑐 �

2 ≈ 1 − 𝜋𝜋𝛼𝛼 
(9) 

where 𝛼𝛼 is the fine structure constant, equal to 𝛼𝛼 = 𝑒𝑒2 ħ𝑐𝑐⁄ . The reflectivity is neglected here 

as 𝑅𝑅 < 0.1%. The conical Dirac cone approximation which gives the constant dynamic 

conductivity in equation (8) is valid when the energy of the incident photon is much larger 

than the thermal energy and the Fermi level shift ∆𝐸𝐸𝐹𝐹 (the shift of the Fermi level from that 

of the intrinsic crystal due to doping or gating), which holds for visible light at room 
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temperature38,39. An experimentally measured transmittance spectrum is shown in figure 5. 

The absorbance combines additively with the number of graphene layers, as can be seen from 

the inset on the right hand plot.  

 

Figure 5 Perpendicular optical absorption of graphene and few-layer graphene flakes. The left image shows a 

flake with monolayer and bilayer graphene regions covering a 50µm aperture in a metal TEM support grid. The 

transmitted light intensity profile along the yellow line in the image is overlaid. The inset shows an image of a larger 

area of the flake over various apertures. The central hole is that shown in the larger image. The right panel is the 

measured transmittance spectra of monolayer graphene. The blue circles are a measured spectra, the red line is the 

constant transmittance of ideal 2D Dirac fermions, and the green line is a more complicated theoretical graphene 

model. The grey box represents the experimental error. The inset shows white light transmittance of few layer 

graphene as a function of layer number. Image from reference37. Reprinted with permission from AAAS. 

More advanced treatments, such as taking extra terms in the tight binding approximation 

into account or deriving from first principles39 give a slightly modified dynamical 

conductivity, as shown by the green plot in figure 5, but the correction is very small for visible 

light. There is, however, a large peak in dynamic conductivity in the ultraviolet region 

associated with the van Hove singularities at the 𝑀𝑀 point, at 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 ≈ 4.6 𝑒𝑒𝑒𝑒 (corresponding 

to a wavelength of 𝜆𝜆𝑣𝑣𝑣𝑣𝑣𝑣 ≈ 270 𝑛𝑛𝑛𝑛). It’s energy is slightly redshifted from the energy of the 

vHS due to exitonic effects40. In the other direction, the spectrum becomes dominated by 

intraband absorption beyond mid-IR wavelengths41,42. 

  



39 
 

 

Figure 6 Gate variable optical transitions in graphene. Schematic illustrating the Pauli blocking process in three 

cases: (a) 𝜖𝜖𝐹𝐹negatively shifted by 𝛥𝛥𝛥𝛥, (b) 𝜖𝜖𝐹𝐹 not shifted and (c) 𝜖𝜖𝐹𝐹 positively shifted by 𝛥𝛥𝛥𝛥. In case (b), all interband 

transitions are possible and the constant wideband absorption spectrum is preserved. In cases (a) and (c), transitions 

with energies less than roughly 2𝛥𝛥𝛥𝛥 are suppressed due to the lack of a state to promote from and to respectively. 

This cut off is broadened out by finite temperature and finite carrier lifetime. 

Changing the Fermi level via chemical doping or electrostatic gating can be used to 

controllably alter the optical properties of graphene43. When the Fermi energy is shifted 

by 𝛥𝛥E, optical transitions with energies below 2𝛥𝛥E are supressed, due to a lack of promotable 

electrons, as in case (a), or Pauli blocking, as in case (c). This process is illustrated in figure 6. 

This effect offers interesting possibilities for new technological applications of graphene44,45, 

and allows the determination of the Fermi energy in a particular graphene sample without 

needing to make electrical contact. 

3.3.2 Raman spectra of graphene 

Raman scattering is the term given to the inelastic scattering of light by materials. When light 

interacts with a material, most is elastically scattered by the atoms and molecules i.e. with no 

change in energy. However, a small percentage will lose or gain energy via interaction with 

an excited state in the material. If an incident photon with energy 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 and momentum 

𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is inelastically scattered to one with energy 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 and momentum 𝑘𝑘𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, then 

using energy and momentum conservation we can write 
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 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ± 𝐸𝐸𝑞𝑞     and     𝑘𝑘𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ± 𝑞𝑞 (10) 

where 𝐸𝐸𝑞𝑞 and 𝑞𝑞 are the energy and momentum transferred during the scattering event. Most 

typically, this is the energy and momentum of a phonon which is created (or destroyed) 

during the scattering process, although it can be any other exciton, such as plasmons46 or 

polaritons47. The positive and negative signs in equation (10) refer to the fact that energy can 

be added to the photon by the annihilation of a phonon, or subtracted from the photon by 

the creation of one. These are labelled, respectively as Stokes and anti-Stokes scattering 

processes. The expected ratio of intensities of Stokes and anti-Stokes processes is dependent 

on the thermal population of these phonon states, as in 

 
𝐼𝐼𝑆𝑆
𝐼𝐼𝑎𝑎𝑎𝑎

∝ 𝑒𝑒𝐸𝐸𝑞𝑞/𝑘𝑘𝐵𝐵𝑇𝑇 (11) 

where 𝐼𝐼𝑆𝑆 and 𝐼𝐼𝑎𝑎𝑎𝑎 are the intensities of the Stokes and anti-Stokes processes, 𝑘𝑘𝐵𝐵 is Boltzmann’s 

constant, and 𝑇𝑇 is the temperature. A Raman spectrum is the plot of the intensity of light 

scattered from a medium as a function of 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅. The spectrum will show peaks at photon 

energies 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ± 𝐸𝐸𝑞𝑞, corresponding to the energies of excitations within the medium. The 

linewidth of the peak is related to the lifetime of the related phonon48. By convention, the 

Stokes signal is plotted at positive energies whilst the anti-Stokes signal is plotted at negative 

energies. As the anti-Stokes signal is usually much weaker, it is not usually discussed. Under 

certain special conditions, a third two photon process can become significant, where a 

phonon is simultaneously created by a Stokes process and annihilated in an anti-Stokes 

process, as shown in figure 7. This creates a pair of correlated photons49, but has so far only 

been observed in diamond under a femtosecond pumping regime generating a very high 

photon flux50. 

  



41 
 

 

Figure 7 Feynman diagrams comparing 3 possible optical scattering paths. The top, middle, and bottom 

diagrams represent the Stokes process, the anti-Stokes process, and the correlated Stokes/anti-Stokes process 

respectively. Wavy and straight arrows represent photons and phonons respectively, and the dotted loop represents 

electron hole pairs. Black squares and circles represent electron phonon interactions and electron photon interactions 

respectively. Adapted from reference51 under Creative Commons (CC-BY) license. 

Raman spectroscopy has long been used to characterize graphitic materials52, including 

graphite53 and carbon nanotubes54. Representative spectra of graphite and graphene are 

shown in figure 8. The main features seen in the Raman spectra occur in the region between 

1250 𝑐𝑐𝑐𝑐−1 and 3400 𝑐𝑐𝑐𝑐−1. The dominant (Raman-active) vibrations arise from the 

transverse optical (TO) and longitudinal optical (LO) phonon branches. At the centre of the 

first Brillouin zone (known as the Γ point and shown in figure 2), they form a doubly 

degenerate mode with 𝑞⃗𝑞 = 0. A Kohn anomaly (discontinuity in the first derivative of the 

phonon dispersion relation) at this point 55 means that the electron phonon coupling is 

particularly strong. There is a second Kohn anomaly in the TO branch, near the K point (𝑞⃗𝑞 ≈

𝐾𝐾��⃗ ).  
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Figure 8 Evolution of the Raman spectra with thickness from monolayer graphene to bulk graphite. (a) 

Comparison of the Raman spectra (with 𝜆𝜆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 514 𝑛𝑛𝑛𝑛) of monolayer graphene and bulk graphite. The spectra 

have been rescaled such that their 2𝐷𝐷/𝐺𝐺′ peak heights are equivalent. The ‘Raman shift’ refers to the change in 

wavenumber of Raman scattered photons due to the Stokes process. The 𝐺𝐺 peak at ~1580 𝑐𝑐𝑐𝑐=1 and the 2𝐷𝐷 or 𝐺𝐺′ 

peak at ~2700 𝑐𝑐𝑐𝑐=1 are the two prominent peaks. No 𝐷𝐷 peak (at ~1350 𝑐𝑐𝑐𝑐=1) is visible demonstrating the 

absence of defects in the sample. (b) and (c) show the evolution of the 2𝐷𝐷/𝐺𝐺′peak at excitations of 𝜆𝜆𝐿𝐿 = 514 𝑛𝑛𝑛𝑛 

and 𝜆𝜆𝐿𝐿 = 633 𝑛𝑛𝑛𝑛 respectively. Image adapted with permission from reference56. Copyright (2006) by the American 

Physical Society. 
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A simplified picture of the various Raman scattering channels in monolayer graphene is 

shown in figure 9, categorised by their resonance conditions. The individual processes are 

discussed in the following section.  

 

Figure 9 Raman scattering modes in monolayer graphene. The black crosses represent the Dirac cones of 

monolayer graphene at the k-point in energy-momentum space. Green arrows represent transitions due to photon 

absorbtion, and red lines represent transitions due to photon emission. Black arrows represent transitions due to 

phonon coupling events, and dotted arrows represent momentum transfer due to elastic scattering by a defect. The 

G and 2D´  modes show intervalley scattering (𝐾𝐾 ↔ 𝐾𝐾´), and the D and 2D modes show scattering within one Dirac 

cone. 

G band @ ~1580  𝑐𝑐𝑐𝑐−1 

The G band corresponds to the doubly degenerate (LO and TO) phonon modes at the Γ point 

in the centre of the first Brillouin zone, which is the only Raman-active phonon with 𝑞⃗𝑞 = 0. 

It has an intrinsically high Raman intensity due to the presence of the Kohn anomaly. It 
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corresponds to an in-plane vibration of the sp2 bonds, and is particularly sensitive to strain57, 

as the change in bond angles and lengths breaks the hexagonal symmetry of the graphene. 

D band @ ~1350 𝑐𝑐𝑐𝑐−1 

The phonon involved in the D-mode comes from the TO branch close to the K point, and is 

a one-phonon, second order process. The scattering occurs between valleys. As 𝑞⃗𝑞 ≈ 𝐾𝐾��⃗ ≠ 0, 

it does not conserve momentum and is generally forbidden. However, the presence of a 

defect in the graphene lattice allows the provision of the necessary momentum through an 

elastic scattering process. Similarly to the G mode, it has an intrinsically high Raman intensity 

due to the presence of the Kohn anomaly. The presence of a D-peak is therefore related to 

disorder in sp2 systems, and is not seen in pristine graphene/ graphite layers. The amount of 

defects in a graphene monolayer can be estimated by looking at the relative heights of the D 

and G peak. A D peak is also observed for armchair terminated edges, and absent for zigzag 

terminated edges58 in ‘crystallographic’ graphene flakes. 

2D (or G’) band @ ~2700 𝑐𝑐𝑐𝑐−1 

This doubly resonant band59 is known as both the G’ band (with G denoting Graphite) and, 

more commonly, the 2D band (due to its doubly resonant nature). It is a second order two-

phonon process which exhibits a strong dependence on the incident energy 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙. It 

involves the same phonon as the D peak (meaning that there is strong coupling due to the 

presence of the Kohn anomaly), but the second phonon provides the necessary momentum 

transfer rather than scattering from a defect site. It therefore involves twice the 

energy/wavenumber shift as the D-mode. As the number of graphene layers increases, the 

2D peak is split into 4 components due to the changes in the electronic band structure56,60, 

as discussed in section 3.2.4. The evolution of the 2D peak shape with increasing layer 

number is shown in the lower part of figure 8 for two different incident laser energies. This 

characteristic shape, along with the G:2D intensity ratio (1:4 for monolayer graphene, 

decreasing with increasing layer number), means that Raman spectroscopy can be used to 

accurately specify the number of layers in a graphene sample.  
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2D’ band @ 3250 𝑐𝑐𝑐𝑐−1 

The 2D´ band is a doubly resonant, two phonon second order scattering process, but unlike 

the 2D band it is an intravalley rather than intervalley process. It is associated with LO-mode 

phonons near the Γ point. It is less intense than the other scattering processes, as there is no 

associated Kohn anomaly in the phonon dispersion at this point. There is an equivalent 

intervalley one phonon scattering process corresponding to the D mode, where the extra 

momentum is provided by defect scattering known as the D’ mode, which generates a peak 

at ~1620 𝑐𝑐𝑐𝑐−1 (close to the G-peak). 
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3.4 Mechanical properties 

The mechanical properties of graphene are perhaps the hardest to explore. Its 2 dimensional 

nature means it is simple to make good electrical contact to defined pristine areas when 

exploring its electronic properties. Its remarkably strong optical interaction per layer means 

that optical experiments are feasible with conventional equipment. However graphene’s 

planar nature and fragility at large sizes makes it difficult to interface with mechanically.  

Nevertheless, its simple structure gives it extraordinary strength at 𝜇𝜇𝜇𝜇 length scales. This 

section outlines how various metrology techniques have been applied to quantify its 

mechanical behaviour. Firstly, theoretical predictions of graphene’s strength are reviewed. 

Then quasi-static means of measurement, specifically central point indentation and pressure 

differential bulge testing, are introduced. Approximate solutions for the force displacement 

behaviour of circular graphene membranes, and the stress maxima under spherical 

indentation are discussed. Measurements of the elastic modulus and intrinsic strength are 

reviewed. Finally, dynamic measurements on the vibrational resonances of suspended 

graphene membranes are discussed. 

3.4.1 Predicted strength 

The principle that as the size of a material is reduced, its relative strength is increased is well-

known. In 1921, Griffith proposed a theory for the failure of brittle materials61. As a result, 

he showed that the failure strength of a brittle material is dominated by flaws and defects 

within the material, rather than the strength of its chemical bonds. Extending this to the 

ultimate limit, he wrote: 

“In the limit, a fibre consisting of a single line of molecules must possess the 

theoretical molecular (maximum) tensile strength… Fine wires are stronger 

than thicker ones, but the present view suggests that in sufficiently thin wires 

the effect should be enormously greater” 

The strength of graphene was theoretically predicted to be higher than that of any other 

material62 before its isolation, when considering it as a theoretical building block for carbon 

nanotubes in an ab initio study.   
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The earliest indication for the extraordinary stiffness of the 2D membrane was the 

observation that it could support its own weight over very large distances, rather than rolling 

or scrolling63. Graphene supported only by one edge with a length to thickness ratio of 106 

has been observed63 in transmission electron microscope (TEM) samples. One such flake is 

shown in figure 10. 

 

Figure 10 Extraordinary stiffness of graphene supported on one edge. The main image shows a HAADF TEM 

image of a graphene fragment left after a membrane ruptured during annealing. The fragment is supported only 

from one edge (the bottom edge in the figure). The scale bar is 1 𝜇𝜇𝜇𝜇. The white dots are Cu nanoparticles. The upper 

inset shows a bright field STEM image of one of the Cu nanoparticles, with a scale bar of 2 𝑛𝑛𝑛𝑛. The lower inset 

shows a HAADF image of individual ad-atoms on the graphene surface, with a scale bar of 2Å. Image reprinted 

with permission from reference63. Copyright (2008) American Chemical Society. 

Generally, meaningful mechanical parameters of graphene cannot be extracted using 

conventional techniques developed for three dimensional materials. The experimental 

approaches used to study this can be divided into two main categories: quasi-static and 

dynamic. Quasi-static techniques examine the controlled deformation of a membrane by an 

applied pressure or mechanical force. Measured deformations can then be compared to 
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membrane models to estimate the model parameters. Dynamic measurements investigate 

the vibrational resonance modes in suspended membranes.  

3.4.2 Quasi-static means of measurement 

Quasi-static techniques can be split into two main branches. The first involves applying a 

pressure differential across a sealed graphene membrane and measuring the resulting 

deflection, typically using atomic force microscopy (AFM). In the second, a known 

mechanical deformation is applied to a membrane by a mechanical probe, which is used to 

measure the resulting deformation due to a range of applied forces. In general, this involves 

using an AFM cantilever or specialised nanoindentation system to centrally indent a clamped 

circular membrane. An example of the first kind of investigation, colloquially known as a 

bulge test, is shown in figure 11. 

 

Figure 11 Bulge testing of graphene membranes. (a) shows optical images of graphene flakes exfoliated onto a 

SiO2 coated silicon substrate pre patterned with cylindrical cavities. (b) shows a schematic of a circular membrane 

without a pressure differential across it. (c) shows a similar membrane with an internal pressure 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  greater than 

the external pressure 𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒  such that the membrane bulges outwards due to a pressure differential 𝛥𝛥𝛥𝛥 = 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 −

𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒 > 1. The membrane is partially delaminated from the substrate around the edges of the holes, increasing the 

footprint of the bubble. (d) shows a height image taken with an AFM of a membrane with a differential in pressure 

of 𝛥𝛥𝛥𝛥 = 1.25 𝑀𝑀𝑀𝑀𝑀𝑀. (e) shows height profiles of a membrane with various differential pressures. The black line is 

Hencky’s solution64 for a differential pressure 𝛥𝛥𝛥𝛥 = 0.41 𝑀𝑀𝑀𝑀𝑀𝑀, which shows a very good fit to the experimental 

data. Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology65, copyright (2011). 

These techniques do not directly measure any intrinsic parameters of graphene, rather they 

probe the behaviour of the specific membrane under test; a model of the membrane is 
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required. The simple models used are those where the graphene membrane is considered a 

clamped, circular, two dimensional, uniform elastic film under a uniform pressure 

differential, or centrally indented by a point like probe. Such solutions are referred to as 

Hencky’s solutions after the author of a 1915 paper66 on the deformation of such membranes. 

These solutions are introduced and discussed in the following subsection. 

3.4.2.1 Approximate solutions 

A convenient way to study the mechanical response of graphene using commonly available 

equipment is via the indentation of a suspended membrane using an AFM or specialised 

nano-indenter. A model of the graphene membrane as a (circular) two dimensional elastic 

film is then required to extract meaningful information from the experimental force 

displacement data. However, even for a clamped, circular membrane under central point 

indentation (i.e. with zero tip radius), there is no closed-form analytical solution which 

allows for both finite deformations as well as intrinsic (zero deflection) tension67-69. A 

schematic of this system is shown in panel (a) of figure 12. 

 

Figure 12 Illustration of deformed graphene membranes. Parameters referred to in this section are indicated on 

the diagram. (a) shows a membrane under central point loading, and its resultant deformation.  (b) shows a 

membrane deformed by a pressure differential across it. 

Lee et al.70 combined approximate solutions for two special cases to give a force-displacement 

relationship which was found to correspond to the results of numerical simulations to within 

the level of experimental uncertainties. The two cases are that of a membrane with very high 

pre-tension relative to the stress induced by very small indentation depths, and that of large 

deflections and corresponding stresses relative to the initial pre tension. These produce a 

linear and a cubic relationship respectively, and their sum is then employed to analyse force-

displacement curves obtained from experiment. 
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High pretension relative to induced stress 

In the case of a clamped suspended circular elastic thin membrane under point load, with 

zero bending stiffness and at low displacement, Wan et al.69 showed that the force 

displacement behaviour due to the intrinsic pretension in the membrane can be 

approximately expressed as a linear relationship: 

 𝐹𝐹 = (𝜋𝜋𝜋𝜋)𝛿𝛿 (12) 

where 𝐹𝐹 is the applied central perpendicular point force magnitude, 𝑇𝑇 is the pre-tension in 

the membrane and 𝛿𝛿 is the central point perpendicular deformation.  

Low pretension relative to induced stress 

In the opposite case, at large deflections and with stresses far greater than the initial pre-

tension, Komaragiri et al.68 give an approximate value for the force-displacement behaviour 

as: 

 �
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where 𝐹𝐹 is the central perpendicular point force magnitude applied, 𝛿𝛿 is the central point 

perpendicular deformation, 𝑎𝑎 is the membrane radius, 𝐸𝐸2𝐷𝐷 is a ‘two-dimensional Young’s 

modulus’ with units of 𝑁𝑁/𝑚𝑚. The constant 𝑞𝑞 is given by: 

 𝑞𝑞 =
1

(1.049 − 0.15𝑣𝑣 − 0.16𝑣𝑣2) (14) 

where 𝑣𝑣 is the Poisson’s ratio of the membrane material. 
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Combined solution 

Summing the two terms described previously, in equations (12) and (13), allows us to write 

an approximate solution for the force displacement behaviour: 

 𝐹𝐹 = (𝜋𝜋𝜋𝜋)𝛿𝛿 + 𝐸𝐸2𝐷𝐷 �
𝑞𝑞3

𝑎𝑎2
� 𝛿𝛿3 (15) 

This is the basic model generally used for examining the inelastic deformation of graphene 

and other 2D materials via indentation using atomic force microscopy. 

Central stress under spherical tip 

In the point loading case, there is an assumed stress singularity at the centre of the membrane. 

Since this is clearly nonphysical, a finite tip shape must be assumed. The simplest case is that 

of a spherical tip, as it preserves the circular symmetry of the problem. Bhatia et al. derived71 

the maximum stress in the centre of a thin clamped circular membrane under central 

indentation by a spherical tip as 

 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚2𝐷𝐷 = �
𝐹𝐹𝐸𝐸2𝐷𝐷

4𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡𝑡𝑡
 (16) 

where 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡 is the radius of the spherical indenter. This implies that the force at which the 

membrane fails (at a force corresponding to the maximum stress) is a function of the tip 

radius. This approximation slightly overestimates the maximum stress at high membrane 

deformations as it fails to account for nonlinear elasticity.  

Uniform pressure differential solution 

A similar method can be used64,72 to generate an alternative solution for the case where the 

(circular) membrane is deformed by a pressure differential: 
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where Δ𝑝𝑝 is the pressure differential across the membrane, 𝛿𝛿 the perpendicular deformation 

of the central area of the membrane, 𝑎𝑎 is the membrane radius, 𝑇𝑇 the membrane pre-tension,  

𝐸𝐸2𝐷𝐷 is the 2D modulus, and 𝑣𝑣 is the Poisson’s ratio of the membrane material. This 

arrangement is shown in part (b) of figure 12. 

3.4.2.2 Measurements of Young’s Modulus 

A summary of measured and calculated values for the two dimensional Young’s modulus of 

monolayer graphene reported in the literature is contained in table 1. Further experimental 

measurements, including those on other 2D materials are tabulated by Castellanos-Gomez 

et al73. Reported values generally range around 300 − 350 𝑁𝑁/𝑚𝑚. Measurements made using 

central point loading and bulge testing give equivalent answers, although bulge testing can 

also be used to measure graphene-substrate adhesion in the absence of adequate clamping74. 

In the central point loading technique, a force curve in the centre of the membrane is 

recorded using an AFM and a sharp tip (see section 4.3) corresponding to 𝐹𝐹(𝛿𝛿) from 

equation (15). A fit is then used to estimate 𝐸𝐸2𝐷𝐷, although there is a large potential error75 

due to incorrectly specifying the zero deflection point (ZDP), where 𝐹𝐹 = 𝛿𝛿 = 0. This is 

discussed in detail in section 5.6. Although equation (15) is a quasi-empirical approximation, 

ab initio calculations76 have shown it captures the elastic behaviour well. 
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Table 1 Summary of measured and calculated values of the two dimensional Young’s modulus of monolayer 

graphene reported in the literature record, adapted from a table in 77. Black text shows experimental studies and grey 

text shows theoretical studies. 

Experimental (HREELS), graphene on multiple substrates, graphite77 𝐸𝐸2𝐷𝐷 = 342 𝑁𝑁/𝑚𝑚 

Experimental (HREELS), graphene on Ni(111)77 𝐸𝐸2𝐷𝐷 = 310 𝑁𝑁/𝑚𝑚 

Experimental (AFM) on graphene/copper foils78 𝐸𝐸2𝐷𝐷 = 339 ± 17 

Experimental (AFM) on graphene membranes70 𝐸𝐸2𝐷𝐷 = 340 ± 50 

Experimental (AFM) on graphene membranes79 𝐸𝐸2𝐷𝐷 = 350 ± 50* 

Tersoff-Brenner potential80 𝐸𝐸2𝐷𝐷 = 235 𝑁𝑁/𝑚𝑚 

Energetic model81 𝐸𝐸2𝐷𝐷 = 307 𝑁𝑁/𝑚𝑚 

Continuum elasticity theory + tight-binding atomistic simulations82 𝐸𝐸2𝐷𝐷 = 312 𝑁𝑁/𝑚𝑚 

Density Functional Theory (DFT)83 𝐸𝐸2𝐷𝐷 = 330 𝑁𝑁/𝑚𝑚 

Brenner’s potential84 𝐸𝐸2𝐷𝐷 = 336 𝑁𝑁/𝑚𝑚 

First-principles energy calculations, to continuum elasticity85 𝐸𝐸2𝐷𝐷 = 344 𝑁𝑁/𝑚𝑚 

Tersoff-Brenner potential86 𝐸𝐸2𝐷𝐷 = 345 𝑁𝑁/𝑚𝑚 

Ab initio87 𝐸𝐸2𝐷𝐷 = 350 𝑁𝑁/𝑚𝑚 

Atomistic Monte Carlo88 𝐸𝐸2𝐷𝐷 = 353 𝑁𝑁/𝑚𝑚 

Density functional theory89 𝐸𝐸2𝐷𝐷 = 356 𝑁𝑁/𝑚𝑚 

Empirical force-constant calculations90 𝐸𝐸2𝐷𝐷 = 384 𝑁𝑁/𝑚𝑚 

Experimental (AFM) on graphene/copper foils91 𝐸𝐸2𝐷𝐷 = 55 𝑁𝑁/𝑚𝑚** 

     *This paper is included as part of this work       **Refers to wrinkled regions where substrate adhesion is poor  

By dividing the measured two dimensional Young’s modulus by a nominal graphene 

thickness (usually taken to be the interlayer spacing in graphite ℎ = 0.335 𝑛𝑛𝑛𝑛), we can 

generate a conventional three dimensional Young’s modulus with units of pressure. This 

results in a modulus of around 1 𝑇𝑇𝑇𝑇𝑇𝑇, which matches the in-plane Young’s modulus of bulk 

graphite92. It is worth noting that the thickness for monolayer graphene63 calculated using 

elasticity theory93 is ℎ = 0.23 𝑛𝑛𝑛𝑛. Though this derived, thickness dependent, bulk value is 

useful for comparison with other materials, it is not an intrinsic property of the graphene 

sheet, and cannot be used to estimate other mechanical properties. 
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3.4.2.3 Measuring ultimate strength  

Measuring the ultimate strength of graphene monolayers is particularly tricky. Central point 

indentation using an atomic force microscope (AFM) is an ideal way to measure this, but the 

forces which need to be applied to the AFM tip are of the order of a few 𝜇𝜇𝜇𝜇, which is enough 

to shatter conventional silicon tips. This tip damage is discussed in section 6.  Nevertheless, 

this is the only way in which the ultimate strength of a graphene monolayer has been 

measured. The breaking force for membranes is actually independent of the membrane 

geometry, but merely a function of the tip radius. This is because even when the membrane 

is stretched to its maximum extent, the stress is concentrated in the area immediately around 

the tip. 

Averaged measurements of the maximum stress at failure obtained using the breaking force 

and equation (16) (it is nontrivial to vary the tip radius and plot a gradient!) give results 

ranging up to70,78,94 around 50 𝑁𝑁𝑚𝑚−1. In a similar manner to the two dimensional Young’s 

modulus, this can be converted to a derived intrinsic strength by defining a finite graphene 

monolayer thickness, giving a value of 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 ≈ 120 − 130 𝐺𝐺𝐺𝐺𝐺𝐺 using the interlayer spacing 

in graphite. Full ab initio modelling76 shows that equation (16) slightly overestimates the 

maximum stress, but finite element modelling95 of indentation with a realistic tip accurately  

predicts the experimental breaking strain. There is also a large degree of uncertainty due to 

the real tip geometry; as they are generally crystalline diamond a spherical approximation is 

not ideal. Nevertheless, these properties make monolayer graphene the strongest material 

ever measured. It is thought that these extreme mechanical properties will find applications 

in a wide array of nanoelectromechanical systems96,97, as well as eventually in bulk 

composites3. 

3.4.5 Dynamic behaviour of graphene membranes 

The dynamic behaviour of 2D materials is typically investigated73 by measuring the 

oscillation amplitude of suspended membranes subject to a controlled actuation at or near 

the resonance of the membrane98. Large resonance peaks are observed in the frequency 

spectra when the actuation frequency matches the membrane resonance99. The positions of 

the resonance peaks are determined by both the membranes geometry and on the mechanical 

properties of the membrane material. As the geometry is well known, this approach allows 
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for the extraction of the mechanical properties. The widths of the resonances is controlled 

by 𝑄𝑄, the quality factor, which is related to the resonator damping. An example of a resonance 

curve of an oscillating graphene membrane (on axes of both logarithmic amplitude and 

power) is shown in figure 13. 

 

Figure 13 Frequency response of a circular clamped graphene resonator. (a) shows a simplified circuit diagram, 

with the inset showing a false-colour SEM image of a resonator. The scale bar shown is 3 𝜇𝜇𝜇𝜇. (b) shows signal 

transmission through the resonator (with a diameter of 4 𝜇𝜇𝜇𝜇). The green data (left axis) shows the transmitted 

magnitude, and the red data (right axis) shows the corresponding phase change. The black line is a Lorentzian fit, 

with a resonant frequency of 52.19 𝑀𝑀𝑀𝑀𝑀𝑀 and a quality factor of 55. (c) shows the power spectrum of the same 

oscillator. The red line is a forced Lorentzian fit. All measurements were at room temperature. Reprinted by 

permission from Macmillan Publishers Ltd: Nature Nanotechnology100, copyright (2013).  

The most common way of actuating the membranes is via electrostatic deflection101 from a 

back gate, but they can also be driven optically102, or purely driven by thermal fluctuations103. 

The resultant oscillations are then detected by electrical readout104, optical interferometry105 

or scanning probe techniques106. The mechanical properties of a wide range of 2D material 

mechanical resonators are tabulated by Castellanos-Gomez et al73. Graphene based 

resonators have exhibited resonance frequencies from 1-200MHz, with quality factors as 

high as 𝑄𝑄 ≈ 2.2 × 105 at cryogenic temperatures. These properties make graphene a strong 

candidate for use in on-chip nano electro mechanical system (NEMS) oscillators for 

communications applications, such as frequency modulators and timing references100. As 

graphene has such a high surface area relative to its mass, even a small amount of material 

adsorbed on the surface can dramatically alter its mode frequencies. It has been theorised 

that graphene resonators could function as mass sensors with a resolution107 down 

to 10−6 𝑓𝑓𝑓𝑓, and their large scale integration is relatively simple108 when compared with 

ultrasensitive carbon nanotube resonators109. 
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3.5 Production of graphene 

In light of the novel applications that graphene promises, efforts were directed towards 

investigating alternative ways to produce the material, at increased scales3,110. This section 

reviews all the ways in which graphene can be produced, and discusses the quality of the 

resulting materials.  All of the major proposed production methods are shown on a plot of 

relative quality against relative price in figure 14. 

 

Figure 14 Methods of graphene production arranged by relative quality and price. Included are liquid phase 

exfoliated (LPE) graphene (low quality, low price), CVD graphene (relatively high quality, relatively low price), 

epitaxial graphene grown on SiC (relatively high price, medium quality), Graphene assembled from molecular 

components (very high price, medium quality), and mechanically cleaved graphite (highest quality, highest price). 

Reprinted by permission from Macmillan Publishers Ltd: Nature3, copyright (2012). 

3.5.1 ‘Top down’ production 

The technique used in the discovery of monolayer graphene, micromechanical cleavage from 

bulk crystals using adhesive tape, still results in the highest quality resulting flakes, however 

with limited size (typically ~10 − 100 𝜇𝜇𝜇𝜇 with optimised processing, and occasionally up 

to ~1 𝑚𝑚𝑚𝑚 on clean SiO2). This technique is also incredibly time consuming for the relative 

amount of graphene that is produced, but allows skilled researchers to exfoliate flakes with 
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very high crystalline quality onto a variety of materials, from silicon dioxide to polymers 

(useful in ‘dry’ transfer processes) and even atomically flat substrates such as Mica111.  

Liquid exfoliation of graphene is conceptually similar to manual exfoliation in that it involves 

the separation of bulk graphite into its component layers. However it takes place in solution 

and is inherently scalable and therefore of great interest for applications despite the relatively 

low quality of the resultant films. It is possible to directly exfoliate graphene from graphite 

via sonication112 in a solvent that favours an increase in the total surface area of graphite, 

such as n-methyl pyrrolidone (NMP) or dimethyl sulfoxide (DMSO), but the resultant flake 

sizes are extremely small. A more common and industrially relevant technique is the 

exfoliation and subsequent reduction of Graphite oxide to form so-called reduced Graphene 

Oxide (rGO) films. Here, graphite pellets are oxidised, then exfoliated in aqueous solutions, 

often containing surfactants to prevent aggregation. Cleaning steps (often using bases) then 

follow to remove the oxidised graphitic debris. The GO can then be deposited on almost any 

substrate via spin coating, spraying, dip coating, or Langmuir-Blodgett deposition, and 

annealed in a reducing atmosphere (normally hydrazine) to partially remove the remaining 

oxidisation113, producing slightly oxidised graphene films. Alternatively, it is possible to 

reduce the flakes while still in solution that can subsequently be deposited. Graphene 

produced via liquid phase exfoliation (LPE) is already produced on the tonne scale110 for 

applications in composites and coatings. 

3.5.2 ‘Bottom up’ production 

In contrast to the other two techniques discussed so far, chemical/catalytic vapour deposition 

(CVD) is a bottom-up technique, where a graphene layer is synthesised from its component 

parts, in this case carbon atoms in gaseous form. It forms on a metal surface, which acts as 

both a catalyst for the activation of the gaseous species and a substrate for deposition. The 

most common metal surfaces used are Ni and Cu, with Cu having the edge due to the very 

low permeability of Carbon atoms inside Cu114. Cu also tends to self-limit growth after a 

complete layer is formed115, which makes it simpler to produce large area monolayer areas. 

More exotic substrates have been investigated, with growth on Ge (110) wafer shown to be 

single crystal116, although their cost precludes their use in large scale production as they are 

damaged or destroyed during most transfer processes currently used. The films are first 
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heated in a reducing atmosphere to clean and reduce the surface, before precursor gases 

containing carbon, such as methane (CH4) are introduced. Different gas mixtures, 

temperatures and pressures have all been investigated, using both one step and many step 

‘recipes’114,115. Clean transfer of CVD graphene onto insulating subjects is an area of intense 

focus117,118, with research into non-destructive transfer processes ongoing. The main 

advantage of the CVD process is that the size of the graphene area produced is limited only 

by the size of the substrate/furnace, so it is very scalable. Roll-to-roll production and transfer 

has been reported118. 

Alternatively, small, defined graphene sheets can be synthesised from polyaromatic 

hydrocarbon (PAH) molecules in solution in the molecular nano assembly process119,120. 

While only very small molecules can be produced, their defined size and geometry makes 

them potentially useful for next generation nanoelectronic devices. As the electronic 

properties of very small graphene flakes (dimension below ~20𝑛𝑛𝑛𝑛) are dominated by their 

size and edge termination (armchair or zigzag), the ability to produce defined geometries is 

potentially extremely useful110. 

3.5.3 Epitaxial graphene on SiC 

A third way of producing graphene is via the high temperature graphitization of certain faces 

of Silicon Carbide crystals121. The quality of graphene produced in this manner can be very 

high122, however the high cost of SiC wafers and the temperatures required (well over 

1000°C) make this probably the most expensive way to produce graphene. Despite this high 

cost, it has been suggested that so called epitaxial graphene may be used in high frequency 

transistors for communications123, or in developing a new standard resistance124. 
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3.6 Twisted bilayer graphene 

In section 3.2.3, the van Hove singularities present in the density of states of monolayer 

graphene were introduced. In many cases, new material systems with desirable properties are 

formed when the Fermi energy is close to a vHS125,126. Their large distance from the Dirac 

point in monolayer graphene means that they are hard to interact with by manipulating the 

Fermi energy through gating or chemical doping. However, by introducing a rotation 

between two monolayer graphene sheets in a so called twisted bilayer graphene (or tBLG) 

system, it is possible to introduce a new set of van Hove singularities close to the Fermi level 

which can have a profound effect on the electronic properties of the system. Furthermore, 

the positions of the singularities are dependent on the twist angle, meaning that it is possible 

to engineer a new phase of matter with controlled properties if we can control the twist angle. 

In this section, the moiré superlattice generated by the rotation between the two layers in a 

tBLG system is introduced. Then the electronic structure and optical properties of tBLG, and 

their dependence on the twist angle is discussed. Finally, resonance Raman spectroscopy 

studies on tBLG systems are discussed. 

3.6.1 Physical structure of twisted bilayer graphene 

When two hexagonal lattices are twisted in relation to one another, a moiré pattern is 

generated with a wavelength given by127 

 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚é = �
𝑎𝑎

2 sin �𝜃𝜃2�
� (18) 

where 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚é is the moiré wavelength, 𝑎𝑎 is the lattice constant, and 𝜃𝜃 is the twist angle from 

AB stacked graphene (see section 3.2.4). As the hexagonal lattice has 3 fold rotational 

symmetry, this is only valid when − 60° ≤  𝜃𝜃 ≤  60°. A schematic showing these twist 

induced moiré patterns is shown in figure 15. 
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Figure 15 Brillouin zones of twisted bilayer graphene samples. (a) and (b) show the atomic arrangements of 

tBLG samples with rotation angles of 𝜃𝜃 = 21.8° and 𝜃𝜃 = 5.09° respectively. The dashed (orange) and solid (green) 

lines represent the atomic lattices in layers 1 and 2 respectively. (c) and (d) show the Brillouin zones of the 

arrangements in (a) and (b) respectively. The dashed (orange) and solid (green) lines show the first Brillouin zones 

of layers 1 and 2 respectively. The thick black (small) hexagon represents the folded Brillouin zone of the tBLG in 

both cases. Reprinted with permission from reference128. Copyright (2013) by the American Physical Society. 

Such moiré patterns are observed at cleaved surfaces in samples of highly oriented pyrolytic 

graphite (HOPG), where the top layer is misorientated with AB stacked graphite underneath. 

Due to minute differences between the interlayer couplings between the two layers across the 

moiré pattern, the pattern can be visualised by STM. A range of STM height images at 
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different magnifications of such a moiré pattern found after cleaving an HOPG sample are 

shown in figure 16. Areas of twisted bilayer graphene are also commonly formed during CVD 

growth processes129, and are readily observable using transmission electron microscopy130. 

 

Figure 16 Moiré patterns in rotated graphene. STM images of a moiré pattern observed in a freshly cleaved HOPG 

sample. (a) shows a large area overview, while (b) is a zoomed in region showing the moiré pattern with a periodicity 

of ~7.7 𝑛𝑛𝑛𝑛, corresponding to a twist angle of 𝜗𝜗 = 1.79°. (c) shows a further zoom in to the area marked in (b), 

while (D) is a blow-up of the bright area highlighted in (c). (e) and (f) show atomic resolution images of a bright 

and dark region respectively. Reprinted by permission from Macmillan Publishers Ltd: Nature Physics31, copyright 

(2010). 

Similar moiré patterns are generated by other 2D materials, and even by the combination of 

two. The moiré pattern formed when graphene is placed on hexagonal boron nitride is 

particularly well studied, as it is commonly used as an ultra-flat substrate. The patterns do 

not have the exact same form as those in tBLG due to a mismatch in the lattice constant of 

the two materials. However such patterns can be visualised using room temperature AFM131. 
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3.6.2 Electronic structure of twisted bilayer graphene 

The superlattice generated by the moiré pattern profoundly affects the electronic structure 

of twisted bilayer graphene systems. As shown in the lower part of figure 15, the rotation of 

one of the layers in real space leads to the rotation of one of the individual layers Brillouin 

zones. The schematic individual band structures of the two layers are shown in figure 17. 

Although this is not a complete picture, it highlights the origins of the 3 new saddle points. 

Within the K and K’ region, the pairs of Dirac cones hybridise to form a new saddle point 

between them at (i). (ii) is also a hybridised saddle point, corresponding to the symmetrical 

pair of that indicated by (i). The original saddle point remains at (iii), but is perturbed by the 

presence of the second layer.  

 

Figure 17 Illustrative band structure of tBLG. The band structure of the two individual layers (1) and (2) from 

Figure 15 (c) and (d) is shown around the line 𝐾𝐾′(2) → 𝐾𝐾′(1) → 𝐾𝐾(2) → 𝐾𝐾(1). (i), (ii), and (iii) highlight likely 

saddle points in the tBLG band structure. Reprinted with permission from reference128. Copyright (2013) by the 

American Physical Society. 

A full tight-binding calculation132-134 gives a better representation of the real band structure 

of the hybrid system. The calculated band structure of a tBLG system with a rotation angle 

of 𝜃𝜃 = 3.89° is shown in figure 18. The lowest energy van Hove singularities in the density 

of states, at 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 ≈ ±150 𝑚𝑚𝑚𝑚𝑚𝑚, resulting from the new saddle points, are also highlighted. 
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Figure 18 Calculated band structure and density of states of a tBLG structure with a twist angle of 𝜽𝜽 = 𝟑𝟑.𝟖𝟖𝟖𝟖°. 

(a) shows the band structure and (b) shows the density of states. The solid (blue) arrow and dashed (blue) arrow 

represent excitations corresponding to the major peaks in the optical spectrum. The dotted (green) arrow shows an 

optically forbidden process. The thick black (small) hexagon represents the folded Brillouin zone of the tBLG in both 

cases. Reprinted with permission from reference128. Copyright (2013) by the American Physical Society. 

The peaks in the density of states are readily observable using scanning tunnelling 

spectroscopy129. An example is shown in figure 19. The observed asymmetry in the density 

of states is caused by the underlying Bernal stacked graphite. The panel in figure 19(c) shows 

how the signal changes when moving across the moiré pattern between the bright and dark 

regions along the line in panel (a). The vHS are clearly visible in the ‘bright’ region, but are 

not observable in the darker region, where the signal looks like that of graphite, despite the 

moiré pattern being visible. This is because the singularities form only in the presence of 

finite interlayer coupling. Often graphene flakes on graphite will become completely 

decoupled from the surface, exhibiting the properties of monolayer graphene. This highlights 

the importance of generating a clean and uniform interface between the two layers in a tBLG 

system when attempting to control its behaviour through ‘twist engineering’. 
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Figure 19 Scanning tunnelling spectroscopy of a twisted bilayer graphene on graphite sample with a rotation 

angle 𝜽𝜽 = 𝟏𝟏.𝟕𝟕𝟕𝟕°. (a)  shows the STM topography of the moiré pattern caused by the rotation. (b) shows the 

tunnelling spectra in the centre of the moiré pattern (M1), at the edge of the twisted region (M2), and on a bare 

graphite region (G). Two sharp peaks corresponding to van Hove singularities appear flanking the Dirac point at 

energies ∆𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 = ±82 𝑚𝑚𝑚𝑚𝑚𝑚 in the twisted region. (c) shows the spatial dependence of the tunnelling spectra along 

the line shown in (a). (d) shows the topography of the moiré pattern at higher magnification, and (e) compares the 

tunnelling spectra at three positions in the moiré pattern shown in (d).(f) shows 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 maps of the region  from 

(d), with the top taken at a Fermi energy close to the lower energy van Hove singularity, and the bottom map further 

from it. Reprinted by permission from Macmillan Publishers Ltd: Nature Physics31, copyright (2010). 

A simple tight binding model can be used31,128,132 to calculate the relation between the 

twisting angle and the energy of 1st van Hove singularity to a good agreement with 

experiment. The calculated relation is shown in figure 20, along with calculated DOS for 

tBLG systems with various interlayer coupling terms. It also shows the dispersion relation 

for low energy states, showing the hybridised Dirac cones separated by the saddle point 

(marked ‘sp’) generating the singularities. 

  



65 
 

 

Figure 20 Energy dependence of van Hove singularities in twisted bilayer graphene.  (a) shows the calculated 

dispersion relation for low energy states for a tBLG with a rotation angle of 𝜃𝜃 = 1.79°. One of the saddle-points 

which lead to the van Hove singularities is marked by a ‘sp’ in the negative energy band; there is an equivalent saddle 

point in the positive band. (b) shows the calculated density of states for three cases. Top: bilayer with a twist angle 

of 𝜃𝜃 = 1.79°, an interlayer coupling of 𝑡𝑡⊥ = 0.24 𝑒𝑒𝑒𝑒 and no interlayer bias. Middle: same case as the top plot but 

with an interlayer bias of  0.15 𝑉𝑉. Bottom: a trilayer sample, as that shown on top but with an AB stacked bottom 

bilayer graphene sheet. (c) shows the angular dependence of the energy gap between the van Hove singularities via 

experiment (crosses) and by calculation with a free parameter for the interlayer coupling. Reprinted by permission 

from Macmillan Publishers Ltd: Nature Physics31, copyright (2010). 

Calculating the dispersion relation further from the hybridised Dirac cones requires exitonic 

corrections to the tight bonding model128,129,135, the use of density functional theory136,137, or 

continuum methods132,138. 
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3.6.3 Optical properties of tBLG 

The optical properties of tBLG139 are closely related to the twist angle 𝜃𝜃. There is a large peak 

in the optical joint density of states associated with the lowest energy van Hove singularities, 

labelled (i) in figure 17 . The transitions between states in the singularities themselves are 

forbidden due to selection rules140, but occur between the bands indicated in figure 18. As 

the transition energy is dependent on the energy of the singularities, the position of this 

optical peak 𝐸𝐸𝐴𝐴 is dependent on the twist angle, and ranges through infrared, optical, and 

ultraviolet wavelengths. There are two other peaks in the optical spectra; 𝐸𝐸𝐵𝐵 associated with 

the secondary twist singularities indicated by (ii) in figure 17, and 𝐸𝐸𝑀𝑀 associated with the M-

point singularity in monolayer graphene, indicated by (iii) in figure 17. 

The experimentally measured real part of the optical conductivity spectra at various twist 

angles is shown in panel (a) in figure 21, but the twist dependent features are obscured by 

the large peak in the UV from the individual monolayers. In panels (c) and (d), the spectra 

from Bernal-stacked bilayer graphene has been subtracted from the tBLG spectra obtained 

experimentally, and through tight binding calculations respectively. The peak at 𝐸𝐸𝐴𝐴 ranges 

throughout the optical spectrum in a manner that is completely controlled by the twist angle. 

This means that tBLG actually looks coloured under optical microscopy141. 
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Figure 21 Full optical spectra of tBLG samples with differing interlayer rotations. (a) shows the experimental 

evolution of the real part of the optical conductivity with increasing twist angle from Bernal-stacked graphene. (b) 

shows a similar dataset, except here it shows the difference between the measured spectra 𝜎𝜎𝑇𝑇 and that of Bernal-

stacked graphene 𝜎𝜎𝐵𝐵 which is plotted as the upper trace in (a). (c) shows equivalent spectra to that in (b) calculated 

using a tight binding method. (d), (e), and (f) show the Brillouin zone, local band structure, and a 3D representation 

of the band structure of a general tBLG. The energies 𝐸𝐸𝐴𝐴 and 𝐸𝐸𝐵𝐵 correspond to the 2 new van Hove singularities 

generated by the saddle points indicated in (f). If 𝐸𝐸𝐴𝐴 corresponds to a rotation of 𝜃𝜃, 𝐸𝐸𝐵𝐵 corresponds to the equivalent 

rotation of 60° − 𝜃𝜃. 𝐸𝐸𝑀𝑀  corresponds to the M-point vHS in single layer graphene, although it is perturbed in tBLG 

due to the 2 new twist induced vHS as well as exitonic effects. Adapted with permission from reference135. Copyright 

(2014) American Chemical Society. 
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At higher energies, the spectra calculated using the tight binding model does not match the 

experimentally measured spectra. This deviation can be accounted for by including exitonic 

e-h interactions in the model40,135. 

Using the Dirac dispersion relation of monolayer graphene (and a small angle 

approximation), an estimate for the critical angle at which the energy between the 

conduction and valence Hove singularities is equal to the energy of the incoming laser, and 

Raman enhancement is maximised, can be expressed142 as 

 𝜃𝜃𝐶𝐶 =
∆𝑘𝑘
𝐾𝐾

=
3𝑎𝑎𝐸𝐸𝐴𝐴
ℏ𝑣𝑣𝐹𝐹4𝜋𝜋

 (19) 

where 𝑎𝑎 and 𝑣𝑣𝐹𝐹 are, respectively, the lattice parameter (2.46 Å) and Fermi velocity 

(106 𝑚𝑚/𝑠𝑠) of monolayer graphene, and 𝜃𝜃𝐶𝐶  is the critical angle expressed in radians. This 

corresponds to an angle 𝜃𝜃𝐶𝐶 = 10.0° for an excitation corresponding to a 633 nm (1.96 eV) 

laser and an angle of 𝜃𝜃𝐶𝐶 = 11.8° for excitation corresponding to a 532 nm (2.32 eV) laser. 

3.6.4 Probing tBLG with resonance Raman spectroscopy   

The presence of low energy van Hove singularities in the DOS of twisted bilayer graphene 

systems induces very strong enhancement of the G-band Raman intensity for specific 

incident laser wavelengths143, which are dependent on the twist angle 𝜃𝜃. Various 

measurements of the laser energy at which G-band enhancement was maximised in tBLG 

systems with known twist angles have been performed135,142-145. They are summarised in a 

plot of maximum enhancement energy against twist angle in figure 22.  
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Figure 22 Summary of literature values for energy of the optical excitation linked to the presence of extra van 

Hove singularities in twisted bilayer graphene as a function of the twisting angle. 𝐸𝐸𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 is the laser excitation 

energy at which the Raman G-band enhancement is maximised. This energy is the energy of the optical excitation 

caused by the extra van Hove singularities present in tBLG (𝐸𝐸𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣). The red and blue fits correspond to 

equations (19) and (20). Reprinted figure with permission from reference144. Copyright (2013) by the American 

Physical Society. Data points are from (Carozo et al., 2013)144,(Ni  et al., 2009)143, (Havener et al., 2012)135, (Kim 

et al., 2012)142 and (Sato et al., 2012)145. 

A fit of the angle dependence to a sinusoidal function with the correct periodicity (to account 

for the threefold rotational symmetry of the hexagonal lattice146) yields144  

 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀 ≡ 𝐸𝐸0|𝑠𝑠𝑠𝑠𝑠𝑠(3𝜃𝜃)| = 3.9|𝑠𝑠𝑠𝑠𝑠𝑠(3𝜃𝜃)| 𝑒𝑒𝑒𝑒 (20) 

where 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀  is the position of the optical absorption maxima, 𝜃𝜃 is the tBLG twist angle, and 

𝐸𝐸0 = 3.9 𝑒𝑒𝑒𝑒 is the fitting parameter. This is shown as the blue curve in figure 22. A variety 

of other twist generated features in the Raman spectra are observed146,147, including an array 

of new peaks caused by the superlattice modulation that enables activation of phonons in the 

interior of the Brillouin zone52,141,148, including inter layer breathing modes144. 
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3.7 Graphene on waveguides 

This section introduces the use of silicon waveguides for photonic applications. It then 

discusses one photonic system in particular, that of looped waveguides acting as optical 

cavity resonators, and describes the transmission spectra of a straight waveguide coupled to 

such a racetrack resonator. Their application as sensing systems is also discussed. 

Finally, it reviews the integration of graphene with silicon waveguides and optical fibres to 

act as an optical modulator. Literature measurements of the in-plane linear absorption 

coefficient are discussed and tabulated. 

3.7.1 Silicon photonics 

Silicon photonics is a focus of research because of its potential in ultra-wide bandwidth 

communications systems and next generation interconnects for complementary metal oxide 

semiconductor (CMOS) chips149,150 with reduced power consumption. Silicon waveguides 

are preferred due to their high refractive index contrast and the wide availability of CMOS 

fabrication technology, as well as the ease of potential integration with other CMOS 

devices151. Silicon optical modulators include Mach-Zehnder interferometers152, ring 

resonators153, and electroabsorption154 devices based on modulation via interference, 

resonance and bandgap absorption respectively. 

The modes of propagation in a waveguide155 can be categorised using their polarizations: TE 

modes refers to those where the electric field vector is transverse to the direction of 

propagation, in TM modes the magnetic field vector is transverse, and in TEM modes both 

the field vectors are transverse to the direction of propagation. The modes which a waveguide 

can support are restricted by its geometry; at least two separate conductors are needed to 

support propagation of TEM modes. Silicon waveguides are generally too small to support 

propagation of higher order TE/TM modes and can only support the dominant mode. 

Typically the aspect ratio of the waveguide defines whether TE mode or TM mode 

propagation is preferred.   
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3.7.2 Ring/ racetrack cavity resonators 

Ring and racetrack cavity resonators consist of looped optical waveguides with some kind of 

coupling to the outside world, typically another waveguide. When the optical path length of 

the cavity is equal to an integer number of the wavelength of light travelling around it, the 

cavity is in resonance. Although ‘ring resonator’ is a general term, often it is used to refer to 

circular waveguides, whereas ‘racetrack’ is used to describe those with extended straight 

sections. In the simplest case, they are positioned next to a straight single waveguide in an all 

pass configuration, although they are often coupled to two waveguides in an add drop 

configuration. Silicon microring resonators have been widely discussed in the literature 

record156,157, particularly in relation to their use as spectral filters in nanophotonic circuits158, 

as delay lines159, and for sensing applications (particularly label free biosensing160). 

All pass racetrack cavity resonators are described by their radius of curvature 𝑟𝑟 and coupling 

length 𝐿𝐿𝐶𝐶. The total length of the racetrack cavity 𝐿𝐿 is then given by 𝐿𝐿 = 2𝐿𝐿𝐶𝐶 + 2𝜋𝜋𝜋𝜋. 

Evanescent coupling between the waveguide and the loop occurs when the length of the 

racetrack is equal to an integer multiple of the excitation wavelength, i.e. when the laser 

wavelength matches the condition 

 L = n𝜆𝜆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿    where    𝑛𝑛 = 1, 2, 3 … (21) 

A schematic of a basic racetrack resonator coupled using both all pass and add drop 

configurations is shown in figure 23. 
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Figure 23 Schematic showing 2 basic racetrack cavity resonator setups. The solid (black) lines show the 

waveguide coupled in an ‘all pass’ configuration. The solid (black) and dashed (grey) lines together show a racetrack 

resonator in an ‘add drop’ configuration. The coupling length 𝐿𝐿𝐶𝐶  and radius of curvature 𝑟𝑟 are highlighted. 

The transmission spectrum of such a configuration is well described161-163 by the expression 
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where, 𝑖𝑖 is the imaginary unit defined by 𝑖𝑖2 = −1, and Φ is a phase factor is given by 

 Φ = 2π𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 𝐿𝐿
𝜆𝜆
 . (23) 

Here 𝜆𝜆 is the wavelength of the incident light, and 𝐿𝐿 is the total round trip length of the 

ring/racetrack cavity resonator. 𝛼𝛼 is the ring’s loss coefficient, including contributions from 

both scattering and absorption, and 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the effective refractive index at the waveguide 

interface. 𝛾𝛾 and 𝜅𝜅 are coupling coefficients related to the intensity loss of the coupler and the 

power coupling factor between the cavity and the bus waveguide respectively.  
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The spectra consists of a series of a series of narrow negative peaks in the transmission spectra 

corresponding to the resonances. A measured transmission spectra of a typical silicon 

microring resonator along with a fit to the above relation is shown in figure 24. 

 

Figure 24 Spectral response of a silicon microring photonic resonator. The solid line shows part of an 

experimentally measured spectra for a typical device, whilst the dashed line is a fit to equations (22) and (23) with 

the fit parameters 𝛾𝛾 = 0.3, 𝜅𝜅 = 0.4,𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 3.194 and 𝐿𝐿 = 3020 𝜇𝜇𝜇𝜇. Reprinted from reference161. © 2014 IEEE. 

The waveguide surface produces a tightly confined and intense evanescent field which can 

interact with molecules near the surface. The extremely narrow resonances have a spectral 

position which is highly sensitive to changes in the local (surface and local few nm) refractive 

index, meaning that ring resonator systems can be used for extremely sensitive label free 

biosensing if the surface can be appropriately functionalized. Immobilisation and detection 

of ssDNA by peptide nucleic acid functionalisation164, streptavidin by biotin 

functionalization165, and glucose detection via glucose oxidase functionalization166 have been 

reported. However, silicon has limited reactivity, so many functionalization routines such as 

‘click chemistry’167 are not possible directly on it. Due to the evanescent decay of the sensing 

field away from the surface, techniques to improve the reactivity of silicon surfaces leaving 

‘thick’ (more than a few tens of nm) coatings such as poly-p-xylylenes168 are limited in their 

usefulness in bio sensing setups. Racetrack resonators are also particularly sensitive to 
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changes in the cavity length/strain, and have been implemented in optical NEMS devices169 

as pressure sensors. 

3.7.3 Graphene integrated on optical waveguides 

Many optical properties observed in graphene, such as its wideband absorption36,37 across 

the visible and infra-red part of the spectrum, gate controlled optical transitions45, high 

electron/hole mobility170 and saturable absorption171 are particularly desirable in photonic 

systems172, and not observed in any CMOS process compatible materials. This motivates its 

integration with silicon photonics173 as a means to develop high speed and low power 

photonic systems such as photodetectors174 and optical modulators175. 

Graphene’s inherent thinness means its planar integration with optical waveguides via 

evanescent coupling is often needed in order to increase the light matter interaction length.  

In the more typical normal incidence configuration, this is limited to a few nm at most. On 

a waveguide, the graphene-light interaction length is limited only by the length of the 

waveguide. Optical and scanning electron microscope (SEM) images of a silicon Mach 

Zehnder interferometer with both arms partially coated with graphene are shown in figure 

25.  
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Figure 25 Graphene integrated silicon waveguide in a Mach-Zehnder interferometer setup. (a) shows an optical 

image of the whole waveguide taken using dark-field microscopy. (b) shows an SEM image of the device after the 

transfer and subsequent patterning of the graphene layer. The MZI is barely visible as a fainter line in the same 

location as in image (a). The graphene squares are visible as dark areas as the graphene is more efficient at 

discharging electrons than the surrounding SiO2. (c) shows sections of the transmission spectra for (red) unmodified 

MZI interferometers and for (black) an interferometer where both lines are covered with lengths of graphene equal 

to 𝑙𝑙1 = 𝑙𝑙2 = 70 𝜇𝜇𝜇𝜇. Reprinted from reference176, with the permission of AIP Publishing. 

Multiple studies are reported, including proof of concept demonstrations of devices such as 

fibre based polarizers using graphene’s ability to support TE mode surface waves177, mode 

locked fibre lasers based on saturable absorption178, and a broadband electro absorption 

modulator175 based on graphene’s gate-variable optical transitions (as illustrated in figure 6). 

Graphene has also been integrated on waveguides as a means of probing its optical 

absorption properties. A linear absorption coefficient is a measure of how much light is 

absorbed by a finite length of a material, typically in 𝑑𝑑𝑑𝑑/𝜇𝜇𝜇𝜇. Typically this is measured using 

a cutback method, where absorption of several devices is plotted as a function of graphene 

length, and the gradient is taken as the absorption coefficient. Measurements of graphene’s 
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linear absorption coefficient reported in the literature, along with the number of devices 

included in the cutback method fit, are tabulated in table 2. 

Table 2 Literature values for the linear absorption coefficient of graphene obtained via its integration on silicon 

waveguides. The result from a paper forming part of this work (Crowe et al., 2014) is included for comparison.  

Liu et al., 2011175 TE Mode: 0.1 𝑑𝑑𝑑𝑑/𝜇𝜇𝜇𝜇 1 device 

Li et al., 2012176 TE Mode: ~0.2 𝑑𝑑𝑑𝑑/𝜇𝜇𝜇𝜇 16 devices 

Kou et al., 2013179 TE Mode: 0.09 𝑑𝑑𝑑𝑑/𝜇𝜇𝜇𝜇, TM Mode: 0.09 𝑑𝑑𝑑𝑑/𝜇𝜇𝜇𝜇   40 devices 

Crowe et al., 2014180 TE Mode: 0.11 𝑑𝑑𝑑𝑑/𝜇𝜇𝜇𝜇 4 devices** 

**In this study the absorption coefficient was obtained independently using a cutback method and via the fit of the 

transmission spectra to equations (22) and (23), and found to agree within experimental error. 
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3.8 Transmission electron microscopy 

Transmission electron microscopy181,182 (TEM) is a high resolution imaging technique where 

a beam of electrons is transmitted through a thin specimen, and the interactions of the 

electron beam with the sample are used to form an image. The two variants of TEM differ in 

the way in which they address the sample. Conventional TEM (CTEM) uses a wide beam to 

interact with the sample, and an image is formed on a pixel array using an objective lens after 

the sample. In scanning TEM (STEM), a tightly focussed beam is rastered across the sample, 

with the transmission value according to each pixel being measured sequentially. Often to 

increase contrast, high angle annular dark field (HAADF) imaging is used, where only high 

angle scattered electrons are collected by an annular detector around the main transmitted 

beam. CTEM resolution is limited by the aberrations in the objective lens, and STEM 

resolution is limited by the beam diameter. Both require carefully prepared thin samples.  

The beam electrons can interact with the sample, which can be used to perform chemical 

analysis183,184. Electron energy loss spectroscopy (EELS) is an absorption technique where the 

energy lost by transmitted electrons is measured directly. Energy dispersive x-ray 

spectroscopy (EDX) is a complementary emission technique where the energies of x-rays 

produced due to the electrons interaction with the sample are recorded. Used in STEM 

mode, they can provide spatial mapping of the chemical composition of the sample. They 

are outlined and discussed in the following sections. 

3.8.1 Energy Dispersive X-ray Spectroscopy (EDXS) 

EDX is an emission spectroscopy technique, where the energies of emitted X-rays produced 

by the interaction of the electron beam and the sample. If the beam excites an electron within 

the test material to a higher energy state, when the electron configuration returns to its 

ground state, the difference in energy between the two states can be emitted as a photon. This 

process is dominant for heavier atoms, but for lighter ones there is a competing process 

known as Auger electron emission, where the excess energy is transferred to a higher shell 

electron which is ejected. A representative EDX spectra showing a series of X-ray peaks from 

a Ni nanowire sample is shown in figure 26. 
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Figure 26 Representative energy dispersive x-ray spectrum of nickel nanowires. The iron peak is due to 

contamination, and the copper signal is from the TEM holder and support grid. Reprinted with permission from 

reference184. Copyright (2011) Wiley Materials. 

Standard notation for X-ray spectroscopy labels transitions to n=1 states, where n is the 

principle quantum number, as K shell transitions, and transitions to n=2 states L shell 

transitions. These are further subdivided, with Kα and Kβ x-rays associated with transitions 

from n=2 and n=3 states respectively. Typically Kα edges are the dominant feature in each 

elemental spectrum, although there are exceptions for heavy atoms.  

3.8.2 Electron Energy Loss Spectroscopy (EELS) 

EELS is an absorption spectroscopy technique, where the part of the transmitted beam which 

is scattered inelastically by the sample is used to interpret the composition of the sample. An 

energy loss spectra gives the energy lost by each electron from the initial beam energy. A 

representative energy loss spectra, showing the main features typically seen is shown in figure 

27. 
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Figure 27 Representative electron energy loss spectra of manganese containing carbon nanotubes. Core-loss 

peaks corresponding to the carbon K-edge and the manganese L2,3 edge are marked. The low loss region and core-

loss region are shown multiplied by factors of 50 and 106 respectively to show the full dynamic range on the same 

scale. Reproduced from reference185 with permission of The Royal Society of Chemistry. 

The zero loss peak (or ZLP) is the sum of all the electrons scattered elastically, or inelastically 

with a very small ∆E. Unless the sample is extremely thick it is usually many orders of 

magnitude stronger than any other feature in the spectrum. The low loss spectra covers the 

area from the edge of the ZLP to an energy around 50-100 eV. Features in this region arise 

from collective electron excitations in the outer atomic orbitals, such as plasmon oscillations 

and interband transitions. The high loss (also called core loss) region covers energies higher 

than 50-100 eV, and is dominated by ionisation edges corresponding to the excitation of 

inner shell electrons to above the Fermi level. Peaks are labelled according to spectroscopic 

notation, with ground state transitions corresponding to K edges, and so on. For a thin 

sample (where multiple scattering is insignificant), the relative edge strengths can be 

normalised by a calculated elemental cross section for the experimental conditions to give a 

measure of the relative ratio of atomic species present in the sample186. By comparison with 

an experimentally measured spectra where the sample is not present, an absolute areal 

density for each elemental species can be obtained187. 
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4 Experimental techniques review 

This section presents a literature review of experimental techniques related to those used and 

developed for the work presented as part of this thesis. Firstly, techniques used for the 

exfoliation, characterisation, and transfer of graphene and hexagonal boron flakes, and the 

transfer of graphene grown via chemical vapour deposition (CVD) are described. Then, 

microfabrication techniques used to pattern silicon materials at the microscale are 

introduced. Following this, atomic force microscope (AFM) based techniques used to 

measure and map surface material properties are reviewed, with a focus on the acquisition 

of force-displacement curves and how they can be interpreted. Subsequently, techniques for 

patterning graphene at sub 10 𝑛𝑛𝑛𝑛 length scales using both optimised resist exposure and 

direct write techniques are review 

4.1 Graphene/h-BN flake preparation, characterisation and 

transfer 

Although other scalable production methods exist, micromechanical exfoliation is still the 

‘gold-standard’ production method for high quality flakes of graphene and other two 

dimensional materials. CVD graphene growth (which is outlined in section 3.5.2) is not 

discussed here as it does not relate to the work included in this thesis, but transfers of CVD 

graphene from the growth substrate are.  

4.1.1 Mechanical exfoliation onto silicon oxide 

Micromechanical exfoliation aims to separate individual 2D layers from bulk layered 

materials held together by van der Waals interactions by the use of successively peeling away 

layers using adhesive tape. Using adhesive tape to thin and clean samples has long been a 

familiar technique188 in crystallography. Mechanically rubbing highly oriented pyrolytic 

graphite (HOPG) samples on silicon surfaces using an AFM tip was investigated in 1999 with 

the explicit aim of producing single layer graphene189, but only relatively thick flakes were 

observed. The first identification of an exfoliated monolayer1 occurred in 2004.  
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4.1.1.1 Mechanical exfoliation of graphene 

In the usual technique, adhesive tape is used to lift a graphite film from the surface of an 

HOPG or natural graphite sample. The tape is used to repeatedly cleave the film apart, 

thinning and spreading it. Then, it is pressed down onto a target substrate, which is typically 

a thin silicon dioxide film on a silicon wafer, in order to make identifying thin flakes190 

simpler. The tape is then removed, either mechanically or by being dissolved or detached in 

a suitable solvent. This leaves a distribution of graphene and graphite flakes of varying 

thickness on the substrate. Often a second ‘final peel’ is used, where a fresh piece of tape is 

used to remove graphitic material from the substrate. This will destroy any pre-existing 

graphene layers, but typically exposes new graphene areas as thicker material is removed. 

Flake sizes are typically below ~100 𝜇𝜇𝜇𝜇, but 𝑚𝑚𝑚𝑚 scale monolayer flakes16 are occasionally 

observed. Although this makes it almost useless for large scale applications, produced flakes 

are large enough such that the vast majority of basic studies and prototype devices based on 

graphene are performed using mechanically exfoliated samples191 due to their high quality. 

4.1.1.2 Mechanical exfoliation of hexagonal boron nitride 

Hexagonal Boron Nitride flakes can be exfoliated in the same manner as graphene, although 

it is typically more challenging to produce large thin flakes. Originally, highly oriented 

pyrolytic boron nitride192 was exfoliated, which tended to produce thick flakes with strongly 

terraced edges and no monolayers193. However the move towards the growth of single crystal 

hexagonal boron nitride (hBN) flakes194 allowed the exfoliation of flat thin flakes down to 

monolayers. Because of its large band gap21 thin BN exhibits almost no opacity, and is only 

observable because of the thin substrate interference effect. A maximum contrast195 of ~2.5% 

per layer is seen when using an oxide thickness of 80nm ± 10nm. It can be transferred using 

exactly the same techniques as are used for graphene, as discussed in the previous section. 

4.1.2 Characterising flakes 

Identifying the thickness of a graphene layer is more challenging than it might seem. Often, 

a combination of techniques is required to unambiguously tag a flake as monolayer or 

bilayer. Characterisation of flake thicknesses using the three most commonly used 

techniques is discussed here. These techniques are optical microscopy, atomic force 
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microscopy (AFM) and Raman spectroscopy. The discussion is limited to techniques which 

can be used to characterise flakes prior to their incorporation into devices. SEM is not 

discussed here, as it is not only extremely challenging to identify flake thickness, it also causes 

beam induced contamination which makes it unsuitable for characterisation prior to other 

measurements. TEM is not discussed due to the onerous sample fabrication requirements. It 

is not practical to transfer a flake to a TEM compatible substrate, before imaging and 

transferring it to a 3rd location. 

4.1.2.1 Optical microscopy 

The visibility of graphene on thin films is governed by an interference effect190. Typically 

flakes are mechanically exfoliated onto thin thermal oxide films on silicon wafers. Under 

white light illumination, the contrast is maximised at an oxide thickness of around 90𝑛𝑛𝑛𝑛, 

with a second maxima at around 300𝑛𝑛𝑛𝑛. Graphene flakes with thicknesses below a few 𝑛𝑛𝑛𝑛 

are invisible under white light illumination, but detectable using a blue narrow-pass filter. 

Indeed, the use of narrow pass filters can make monolayer graphene visible on almost any 

thin film, including silicon nitride and polymer films.  

Unambiguous determination of the number of layers in a flake using optical microscopy is 

very difficult, but experienced researchers can establish the number of layers in thin flakes 

with very high accuracy on silicon dioxide films (often using the typical morphology of 

natural graphite crystals as a guide). This is much harder on other substrates, particularly 

spun polymer films due to the variable thickness due to flow around thick flakes and 

relatively rough surface. 

4.1.2.2 Scanning Probe Microscopy 

Atomic force microscopy should be perfectly capable of identifying flake thicknesses 

unambiguously, but in fact this is not always possible. Although steps in graphite flakes 

typically show the spacing of interlayer graphite (ℎ = 0.335 𝑛𝑛𝑛𝑛), the height of known 

monolayer flakes exfoliated onto silicon oxide varies between 0.35 − 1 𝑛𝑛𝑛𝑛. This may be 

partly attributable to measurement error due to incorrect setting of the tip free amplitude196, 

but also reflects a variable height due to the underlying oxide roughness and wetting effects. 
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In practice, distinguishing between 1 and 2 layer graphene from a step height on silicon oxide 

is impossible, although if wrinkles or torn regions are present they can be used to specify the 

layer number. On atomically flat substrates such as thick hBN, graphite, or mica, the 

interlayer graphite spacing step height is restored, and unambiguous specification of layer 

number from thickness is possible. 

4.1.2.4 Raman Spectroscopy 

Characterising graphene flakes using Raman spectroscopy is fast, non-destructive, offers 𝜇𝜇𝜇𝜇 

scale resolution, and can be used to determine both structural57 and electronic 

information52,197. It can unambiguously determine the number of layers56 in a thin graphene 

flake on almost any substrate60. It can also provide information on adsorbed contaminants, 

defects, and functional groups introduced into the graphene lattice during processing191. 

However the generated spectra do not yield much information by visual inspection, 

requiring sophisticated fitting and data analysis to extract the desired properties. Monolayer 

graphene flakes can be distinguished from bilayer flakes, and ‘few layer’ flakes54,56,60,198 by 

comparing the G peak position, the 2D/G’ peak shape and symmetry (single Lorentzian for 

monolayer, combination of Lorentzians for bilayer and above), and the 2D:G integrated peak 

area ratio. However it is hard to distinguish the thickness of thicker flakes.  
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4.1.3 Graphene transfer techniques 

The transfer of 2D materials onto arbitrary substrates is essential for their characterisation 

and use in almost any possible application. This section outlines common transfer processes 

for CVD grown graphene and mechanically exfoliated flakes. It then discusses aligned 

transfers, where the crystalline lattice rotation match between layers of 2D materials is 

controlled. Finally, it discusses commonly used cleaning techniques to remove polymer 

residue from surfaces after transfer and processing. 

4.1.3.1 CVD graphene transfer 

The most widely used laboratory scale process for transferring CVD grown graphene to 

arbitrary substrates is polymer supported metal etching and transfer. 3 related methods are 

shown in figure 28. In all 3 cases the graphene is supported by a polymer layer while the 

metallic growth substrate is etched away in a wet chemical process. The polymer film is then 

used to transfer the graphene layer to a target substrate, where the polymer layer is removed.  

 

Figure 28 Diagram illustrating 3 graphene transfer methodologies. The growth substrate can be silicon dioxide 

onto which flakes have been mechanically exfoliated, which can be alkaline etched away. The techniques also apply 

to other 2D materials such as hexagonal boron nitride. Adapted from reference199. Copyright (2014) Royal Society 

of Chemistry. 
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Panel (a) from figure 28 shows the carrier film technique130, where a transfer polymer is 

deposited, typically poly (methyl methacrylate) (PMMA). After the metal is removed and the 

graphene transferred, the carrier film is dissolved using organic solvents. It has been 

suggested that this transfers the ripples and folds in graphene from the growth substrate to 

the target, which causes rips and tears200 when the PMMA is removed. It was found that, after 

the transfer, depositing a second layer of PMMA before removing it partially dissolves and 

relaxes the original film, reducing this effect201. Panel (b) shows a stamp technique, where a 

thick polymer stamp (typically PDMS) is affixed to the graphene prior to etching away the 

substrate202. It is then transferred to the required substrate by stamping and peeling away the 

polymer stamp. Panel (c) shows the use of a self-release layer in between a PDMS stamp to 

prevent the graphene from being contaminated by coming into contact with the PDMS. This 

layer can consist of materials including polystyrene, poly (isobutylene), poly (butadiene), 

Teflon AF or poly (L-lactic acid)203-205, and is dissolved after the graphene has been 

transferred. Metal etchants used include hydrochloric acid (𝐻𝐻𝐻𝐻𝐻𝐻)130 to dissolve Ni substrates, 

and ferric chloride  (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶3) and, more recently ammonium persulfate (APS) [(𝑁𝑁𝑁𝑁4)2𝑆𝑆2𝑂𝑂8] 

to dissolve Cu.  APS is preferred as it avoids the Fe contamination observed when etching 

using ferric chloride206,207, and avoids mechanical weakening of the graphene at the grain 

boundaries78. 

Other techniques have been developed aiming to make the process more industrially 

viable117,191. A roll to roll transfer using thermal release tape to support the graphene while 

the growth substrate was etched away by APS, before the graphene was ‘rolled’ onto a flexible 

PET substrate and the tape peeled away after heating has been reported118. This enabled the 

transfer of essentially continuous films of graphene. A similar method for rigid substrates 

affixed thermal release tape supported graphene to the substrate by pressing them between 

two heated plates208 before peeling the tape away. It increased the quality of transferred 

graphene compared to the roll to roll process by reducing the mechanical stress on the 

graphene whilst the tape was removed. In so called bubble transfer209, the polymer supported 

graphene film is detached from the metallic growth substrate by electrochemical 

delamination. This allows the metallic substrate to be reused, and allows the use of metals 

that are impractical to remove via wet etching such as Pt210. 
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4.1.3.2 Flake transfer techniques 

Exfoliated flakes can be transferred from silicon dioxide coated wafers using all of the 

methods identified in the previous section, although the carrier film technique is the most 

common. After the polymer layer is deposited, the oxide layer is etched away using an 

alkaline solution, typically sodium hydroxide (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) or potassium hydroxide (𝐾𝐾𝐾𝐾𝐾𝐾).  The 

film can then be used to transfer the graphene to an arbitrary substrate198, and subsequently 

dissolved. To reduce the amount of contamination trapped under the flake after transfer, an 

alternative method termed dry transfer22 has been developed. This method aims to avoid 

contact between one side of the exfoliated flake (the side which will face the target substrate) 

and any liquid or polymer. These ‘wet’ and ‘dry’ transfer schemes are illustrated and 

compared in figure 29. 

In the dry transfer scheme, the graphene is exfoliated directly onto a polymer carrier film 

which sits on a release layer. This film is then detached from its substrate via the dissolution 

of the release layer. The sample is floated on top of the solvent so that the flake is never 

submerged, as shown in panels (i) and (j). Finally, it is removed and pressed on to the target 

substrate. The polymer is then dissolved. Dry transfer drastically improves the interfacial 

cleanliness as compared to wet transfer. Graphene transferred onto22, or ideally encapsulated  

within211, hexagonal boron nitride flakes using dry transfer techniques shows electronic 

properties212 close to that of suspended graphene. In so called peel and lift transfer213, a thick 

hBN is stamped onto flakes, and then peeled away carrying the flake with it. Successive flakes 

can be picked up, enabling the creation of heterostructures with large numbers of layers214 

without any polymer. Even graphene transferred using dry transfer techniques onto freshly 

cleaved hexagonal boron nitride exhibits bubbles215 of trapped contamination on scales 

greater than a few microns, although there are atomically clean regions due to the graphene 

substrate interaction forcing the adhering molecules into highly pressurized bubbles during 

heating. Cross sectional TEM chemical analysis of such heterostructures reveals they are 

composed of adsorbed hydrocarbons216. 
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Figure 29 Outline of wet and dry graphene flake transfer techniques onto hexagonal boron nitride substrates. 

Panels (a) to (g) shows a wet transfer process from a silicon dioxide wafer using a PMMA carrier film. Panels (h) to 

(n) shows a dry transfer process, where the flake has been exfoliated directly on top of a carrier film on top of a release 

layer – this can consist of polymers or the thin oxide layer on a silicon wafer. The flake is transferred to the hBN with 

the interface side having never been in contact with liquid or polymer. Reprinted from reference191, with permission 

from Elsevier. 
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4.1.3.3 Aligned crystalline axis transfer 

With growing interest in the exotic physical phenomena predicted to exist in twisted 

graphene138,217 and aligned graphene/hBN heterostructures218,219, sophisticated transfer 

methods allowing rotation control were developed. Initial results on aligned graphene on 

hBN were observed in a few randomly oriented samples220, but aligned transfer 

methods211,221,222  allowed much more efficient production of devices. Similarly, studies on 

tBLG used either misaligned graphene sheets on HOPG during cleaving31,129, twisted islands 

grown during CVD processes135,223, randomly stacking sheets containing grains with various 

rotations142,224, or sheets generated by the mechanical folding of monolayer sheets139,143,144,147. 

During the exfoliation of graphene, there is a preference for tears in crystallographic 

directions225, with a preference for long zigzag and armchair terminated edges226 with high 

substrate adhesion, low ‘tearing angle’ and for thicker flakes227. A mechanically exfoliated 

flake with crystallographic edges is shown in figure 30. It shows the straight edges at 30° 

increments which are characteristic of flakes of this type, and can be used to align the 

crystalline lattices during flake transfer at specified angles.    

 

Figure 30 Crystallographic edges in exfoliated graphene flakes. (a) Optical image of an exfoliated graphene flake. 

The black dashed lines indicate edges oriented at −30°, 30° and 90° to the set of parallel edges indicated by white 

dashed lines. (b) indicates the preferred tearing edges of the graphene lattice at 30° increments, with the black solid 

lines indicating armchair edges and the red dashed lines indicating zigzag edges. Reprinted from reference228, with 

the permission of AIP Publishing. 
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Straight edges can be specified as being either zigzag or armchair by scanning probe 

microscopy228 or Raman spectroscopy229. Without this, there is only a 50% chance of 

obtaining the desired twist angle during transfer due to the possible mismatching of the 

straight edges.  

4.1.3.4 Removing polymer after transfer 

As every graphene atom is on the surface, the properties can be drastically affected by 

polymer contaminants left after exfoliation, transfer, and patterning processes. Most 

commonly they are removed by annealing in a reducing atmosphere230,231 (𝐻𝐻2 in with 𝐴𝐴𝐴𝐴 

carrier), although good results have also been obtained by annealing in ultrahigh 

vacuum232,233 (UHV). Current annealing234 and mechanical cleaning with an AFM tip235 have 

both been shown to increase the electronic quality of graphene devices. Cleaning routines 

involving washing in chloroform236, glacial acetic acid237, and baking with activated carbon238 

have also been demonstrated, with good results. Annealing graphene in close contact with Pt 

has been shown to remove all contamination from large areas due to catalytic activity239, but 

this is not always practical and has only been demonstrated on suspended graphene. 
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4.2 Microfabrication techniques 

Microfabrication techniques used to pattern materials on the microscale are introduced in 

this section, with a focus on micromachining silicon and related materials. The patterning of 

resist polymer layers using maskless optical lithography and electron beam lithography is 

introduced and discussed. Then, methods of transferring the resist pattern to materials, using 

either subsequent material deposition followed by partial removal (known as liftoff), or 

chemical etching (both wet and dry etching) to remove previously deposited material are 

described. 

4.2.1 Lithography for nanostructures 

Lithography is the name given to the process of transferring a pattern to a surface. In 

nanoscience this generally done by the selective exposure of a sensitive chemical ‘resist’ layer 

by radiation, in the form of light or electrons. The pattern is either written on to the resist by 

a directed beam or via flood exposure through a mask. Maskless techniques are more versatile 

as they allow for the creation of many different patterns without requiring a costly and time 

consuming mask production step. 

4.2.1.1 Maskless/ scanning optical lithography 

Optical lithography is the process of transferring a pattern into photosensitive polymer layer 

(‘photoresist’) via selective exposure to light with a wavelength below a corresponding 

threshold energy. Maskless optical lithography240,241 uses a focused laser beam which is 

selectively rastered across a surface to expose a predefined pattern. It can be used to open 

resist windows that can act as masks during an etch process, for example when patterning 

silicon microstructures (using a reactive ion etch) or patterning a graphene flake (using a 

weak oxidative plasma etch). It can also be used to selectively deposit metal to act as contacts, 

as explained in the section immediately below. The substrate is coated with resist which is 

then cured. In certain circumstances more than one layer of resist may be used. On the 

laboratory scale, the resists are generally spin coated, and cured using a hot plate. The 

thickness of the layers can be controlled via the maximum spin rate, and the bake 

temperature and time can affect the light sensitivity and development behaviour of the resist 

layer. When exposed by a rastered laser beam in a laserwriter system, a chemical change will 
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take place in the resist. Depending on whether the resist is ‘positive tone’ or ‘negative tone’, 

when the sample is washed in a developer solution either the exposed or unexposed resist is 

removed, leaving a patterned area. The choice of resist layer will depend on the desired 

subsequent processing steps. The smallest feature size attainable using maskless optical 

lithography is limited by diffraction. It is typically suitable for generating features with sizes 

larger than 1µm, although feature sizes down to 500nm are achievable in special 

circumstances. 

4.2.1.2 Electron beam lithography 

Electron beam lithography is similar to maskless optical lithography, but uses a scanning 

electron beam to selectively expose a predefined area. It is able to produce features on scales 

of tens of nanometers. Separate electron sensitive resists are required. Typical resists used 

include poly (methyl methacrylate), known as PMMA (a positive tone resist) and hydrogen 

silquesquioxane, known as HSQ (a negative tone resist). In the laboratory, electron beam 

lithography is typically carried out in a modified SEM system (with a beam blanker) 

controlled by a pattern generator. Dedicated systems, operating at accelerating voltages of 

100 − 200 𝐾𝐾𝐾𝐾𝐾𝐾 are able to produce smaller features. The resolution is practically limited by 

electron scattering within the resist and from the substrate. Optimisation of the writing and 

development process has resulted in written feature sizes as low as 5 𝑛𝑛𝑛𝑛. 

4.2.2 Evaporation and lift off 

Metallic contacts are typically made to nanoscale devices using the lift-off deposition process. 

Here, lithography is used to unmask areas in a resist film on a sample where metal is to be 

deposited, and a thin metallic film is then deposited over the whole area. This can be via 

sputtering or evaporation (via heat or electron beam) of metal sources. The resist layer is 

then removed using solvents, removing the metal deposited on top of it and leaving it only 

on the areas which were initially exposed.  
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Figure 31 Schematic illustrating the steps in the lift off process using a bilayer resist. The substrate is cleaned 

(a) and coated with bilayer resist (b). The resist is then patterned via selective exposure and development (c), and a 

thin metallic film is deposited (d). The resist is then removed in a two-step process, firstly the top layer is dissolved 

removing the gold film, and then the protective bottom layer is removed leaving the patterned metal structures. 

When performing lift-off, a dual layer photoresist is often used. The resists are chosen with 

the lower one having a higher rate of development, so that with correct exposure and 

development parameters an undercut is generated. This improves the profile of the deposited 

metal after resist removal. A step by step diagram illustrating this process is shown in figure 

31. If the two layers are soluble in different solvents, the metal layer can be entirely removed 

whilst the sample is still protected. The underlayer can then be gently removed without the 

risk of any metal redeposition. 

4.2.3 Etching 

Etching is used to physically shape material into a pattern defined by a lithographic etch mask 

which protects part of the sample. In wet chemical etching, the sample is immersed in liquid 

etchant. In dry etching techniques, material is removed by a reactive plasma, or physically 

sputtered by ion bombardment. Etch rates for a variety of materials commonly used in 

microfabrication subject to a large range of etching processes, including wet and dry ones, 

are tabulated in references242,243. To transfer a pattern using etching, part of the sample must 

be coated by an etch mask. The rate of etching of the target material, over that of the masking 

material, is referred to as the selectivity. This defines the thickness of the mask that is required 

to remove the required amount of material. The etch depth is either controlled by the etching 
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time, or by the prior insertion of an etch stop layer which is highly resistant to the etching 

process. 

4.2.3.1 Wet etching 

In wet etching processes, the material which is to be removed is immersed in an etchant 

solution. One or more chemical reactions then removes atoms from the surface. The reaction 

products are then dispersed through the etching solution via diffusion. When the chemical 

reactions take place faster than the diffusive dispersion, the process is said to be diffusion 

limited. In this case, the etch rate may be increased by agitating the solution. Generally, 

diffusion takes place faster than the surface reaction, and the process is reaction limited. In 

this case, the etching rate can be increased by increasing the reaction temperature and etchant 

concentration. Common wet etchants used in silicon micromachining include hydrofluoric 

acid (HF) for the selective etching of silicon oxide and nitride over silicon, and potassium 

hydroxide (KOH) and tetra-methyl ammonium hydroxide (TMAH) for the selective etching 

of silicon over oxide and nitride. These processes will be discussed in detail, however there 

are a wide variety of other etchants in use including potassium iodide for gold etching and 

ceric ammonium nitrate for etching chromium. 

HF is capable of etching silicon dioxide at rates of the order 1 𝑛𝑛𝑛𝑛/𝑠𝑠, while not appreciably 

etching silicon. It is an anisotropic etchant, meaning that it’s etch rate is independent of the 

crystalline direction. It does not attack photoresist, meaning that the deposition of a separate 

mask is unnecessary for short etching times (photoresist films often become detached during 

long etches). It also does not attack carbon structures, so can be used to fabricate suspended 

graphene and carbon nanotube devices by etching away the oxide layer underneath them244. 

Alkaline etching of silicon by KOH245,246 and TMAH247 is a common microfabrication 

technique. They both etch silicon at rates of the order 1 𝜇𝜇𝜇𝜇/𝑚𝑚𝑚𝑚𝑚𝑚, and oxide at rates of the 

order 1 𝑛𝑛𝑛𝑛/𝑚𝑚𝑚𝑚𝑚𝑚, while not appreciably attacking silicon nitride. Both attack the majority of 

photoresists, meaning the use of a hard mask is necessary. For shallower etches silicon oxide 

is typically used, although for very deep etches (over around 100 µm) either a very thick 

layer or a silicon nitride mask is required. They also etch silicon anisotropically, with a strong 

preference for etching [100] silicon planes over [111] planes. TMAH offers higher selectivity 

  



95 
 

over oxide masking layers248, whilst KOH has a stronger preference for [100] etching over 

[111] planes. 

4.2.3.2 Dry etching 

In dry etching, material is removed by a gas or plasma, by either chemical reactions, physical 

bombardment, or typically both. The gas is typically ionized by the application of an RF field. 

Oxygen plasma etching is commonly used in microfabrication processes for the removal of 

photoresist and organic processing residue. It is often used with photoresist masks for the 

purpose of shaping carbon nanomaterials. It is generally an evaporative etching process, 

where the reactive species chemically react with surface contaminants to produce gaseous 

products, such as 𝐶𝐶𝑂𝑂2. 

In reactive ion etching (RIE) systems, the ions in the plasma are directed normal to the 

surface, increasing the etch rate and allowing the fabrication of high aspect ratio structures. 

In this case the plasma may be powered by inductive coupling (ICP) rather than RF power, 

although many systems use both simultaneously. In this case, the ICP is used to create a high 

density ion source, and an RF field is applied to the substrate to create local directional fields. 

Gases containing chlorine and fluorine are normally used. RIE is both an evaporative reactive 

process and a physical sputtering process. The relative rates can be controlled by the gas flow 

and power ratio between the RF and ICP electrodes. Very high aspect ratio structures in 

silicon can be fabricated249 in so-called deep reactive ion etching (DRIE) processes, by 

etching at cryogenic temperatures or, more commonly, using multistep processes such as the 

Bosch process. This uses alternate etching and deposition steps to create structures with 

nearly vertical sidewalls. The process steps are illustrated in figure 32.  
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Figure 32 Deep reactive ion etching (DRIE) of silicon during the Bosch process. (a) shows the deposition stage, 

where fluorinated polymer is deposited anisotropically on the trench floor and sidewalls. (b) during the etching step, 

the inherent anisotropy in the plasma etching will remove the passivation layer from the floor before the sidewalls. 

(c) The silicon is etched from the trench bottom, but the sidewalls remain protected by the passivation layer. Image 

adapted from reference249. Reprinted with permission from reference249. Copyright 2005, American Vacuum Society.  

Sulfur hexafluoride (𝑆𝑆𝐹𝐹6) is commonly used as the etching gas. Source gases used during the 

deposition step include fluoroform (𝐶𝐶𝐶𝐶𝐶𝐶3) and octofluorocyclobutane (𝐶𝐶4𝐹𝐹8). Similar 

chlorinated gases are alternatively used. This technique relies on the fact that during the 

deposition step the etching process is relatively anisotropic, etching the trench bottom faster 

than the sidewalls. If the deposition of the passivation layer is relatively isotropic, this 

generates a mismatch on the relative etching minus deposition rate between the walls and 

floor. If the rate of deposition of the polymer is set to be roughly equal to the etching rate of 

the sidewalls over a large number of alternate steps, the sidewalls will be preserved, while the 

higher etch rate on the trench floor causes the overall rate of deposition minus etching to be 

positive. 
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4.3 Nanomechanical characterisation with AFM 

Atomic force microscopy has been long used to extract mechanical information250,251 as well 

as topography from a sample. Generally this involves ramping a cantilever with a known 

force constant into a surface252, and capturing the force distance behaviour (or force curve) 

of the tip. Together with a model of the geometry of the tip, this force distance profile allows 

a variety of nanomechanical parameters to be calculated. This section describes methods of 

nanoindentation, the material parameters which can be extracted from the force curve, 

calibration techniques used to determine the stiffness of the indentation cantilever, and the 

use of AFM to spatially map local mechanical properties. 

4.3.1 Nano indentation 

Probe based indentation is a widely used technique for studying local mechanical material 

properties252. This technique uses an atomic force microscope cantilever to apply known 

forces to a sample (which can be deduced by the degree of bend of the cantilever assuming a 

known spring constant) and measuring the degree by which the surface is displaced. A typical 

force-displacement plot (hereafter force curve) is shown in figure 33. The diagrams in the 

lower part of the figure illustrate the position and bend of the cantilever at various points 

during the process, and are labelled with their corresponding positions on the force curve. 

At point A the tip is approaching or retracting far from the range of the van der Waals 

interactions between the tip and the surface, and no bend is seen. As it approaches the 

surface, the attractive forces pull the tip down onto the surface, bending the cantilever and 

causing the dip shown at point B. The cantilever continues to move down, pushing the tip 

into the surface and bending the cantilever until a set deflection value is reached at point C, 

when the cantilever begins to retract. However, it goes past the zero deflection point and is 

bent towards the surface as the attractive forces keep the tip held firm. Finally, the upward 

force on the tip due to the bending becomes larger than the attractive contact forces, and the 

tip snaps up away from the surface at point D.  
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Figure 33 Schematic illustrating the process of taking a force displacement curve in an AFM. The vertical axis 

corresponds to the degree of bend of the AFM cantilever, and the horizontal axis corresponds to the position of the 

cantilever relative to the surface.  

Various nanomechanical parameters can then be extracted from the force curve 

information250,253-256. The deformation behaviour, coupled with knowledge of the tip 

geometry can be used to measure the modulus of the test material. The area of the hysteric 

loop can be related to the amount of energy dissipated by the sample, and the maximum 

cantilever bend during ‘pull off’ can indicate the strength of the adhesive forces between the 

tip and the sample (along with some knowledge of the relative z-position and tip structure). 

These derived parameters are shown in the plot in figure 33.  
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4.3.2 Force calibration 

The AFM directly measures the deflection of a laser beam reflected from the tip via a split 

photodetector. To convert this voltage signal to the bend of the cantilever, we divide by a so-

called deflection sensitivity (in 𝑉𝑉 𝑛𝑛𝑛𝑛⁄ ). This is dependent on both the properties of the tip, 

how it is seated, and the position of the beam on the tip. It can be measured relatively simply 

by capturing the deflection data as the tip is pressed against a much harder surface, such as 

sapphire or diamond. As the tip remains on the surface, all signal is due to the deflection of 

the cantilever. 

To convert the tip bend distance into a force, we need the force constant of the individual 

tip. Although an approximate range is specified by the manufacturer, there is considerable 

variation in thicknesses both within and between batches from the microfabrication process. 

There are various ways to measure this. The tip can be indented into a softer polymer with a 

known Young’s modulus. From the tip geometry and the indentation depth which can be 

obtained by scanning the indentation site, the maximum force applied on the polymer 

during the indentation can be estimated. Tips can also be calibrated by ramping them against 

reference cantilevers251,257 with known force constants. Less direct but more convenient 

measurements include Sader’s method258-261 and the thermal tune method262,263. 

Sader’s method approximates the spring constant of a rectangular cantilever in a viscous 

incompressible fluid (this includes air at the relevant time and length scale) as 

 k = 0.1906 𝜌𝜌𝑓𝑓𝑤𝑤2L𝑄𝑄𝑓𝑓Γ𝑖𝑖𝜔𝜔𝑓𝑓2 (24) 

where 𝑤𝑤 and 𝐿𝐿 are the width and length of the cantilever respectively, 𝑄𝑄𝑓𝑓 and 𝜔𝜔𝑓𝑓 are the 

cantilevers quality factor and resonant frequency, 𝜌𝜌𝑓𝑓 is the fluid density, and Γ𝑖𝑖�𝜔𝜔𝑓𝑓 ,𝑅𝑅𝑅𝑅� is 

the imaginary part of the hydrodynamic function260 which is dependent only on the 

frequency 𝜔𝜔𝑓𝑓 and Reynolds number 𝑅𝑅𝑅𝑅. This relates the spring constant to the dimensions 

of the cantilever, and the resonant frequency and quality factor which can be extracted from 

an experimentally measured thermal noise spectrum. For stiffer cantilevers thermal 

oscillations are too small to be observed over the noise threshold, and the cantilever can be 
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driven through a range of frequencies instead, at low drive amplitudes (higher amplitudes 

introduce nonlinearities which complicate this picture). The thermal tune method263 also 

uses the thermal noise spectrum. Here, the noise spectra is fit to an equipartition264 thermal 

noise model which is related only to the spring constant and the laser deflection sensitivity. 

As the thermal noise spectra needs to have a reasonably high signal to noise ratio, this method 

is not useful for stiffer cantilevers with smaller thermal oscillations. 

4.3.2 Mapping / spatial variation 

The most accurate way of mapping material properties at the nanoscale has been force-

volume imaging254 in an atomic force microscope (AFM). In this mode, the tip is ramped 

using the z-axis stepper motor to perform a nano indentation at every point in an image, 

producing a two-dimensional array of force curves, from which a variety of nanomechanical 

properties can be extracted. However force-volume mapping and standard tapping mode 

imaging do not deal well with large sudden changes in the surface mechanical properties, and 

the extensive time required to complete a force volume plot limits its usefulness. 

The recently introduced PeakForce QNM (quantitative nanomechanical mapping) AFM 

mode265-267 allows the spatial mapping of the nanomechanical properties of a surface at high 

speed by effectively ramping with the cantilever rather than the z-piezo; the time taken for a 

full nanomechanical map is comparable to the time taken for a standard AFM tapping mode 

topography-only image. PeakForce QNM imaging, like force volume imaging, generates a 

force curve per image pixel, from which a variety of useful mechanical properties can be 

extracted. However the extremely low speed of force-volume imaging (∼1 pixel per second) 

limits its usefulness and makes it susceptible to drift. In PeakForce imaging, the tip is 

oscillated at a non-resonance frequency (1-8 kHz) rather than ramped vertically with the z-

piezo (few Hz), dramatically increasing the capture speed (approx. 1–4 lines per second). 
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4.4 Ultraresolution patterning in graphene  

This section provides a brief review of lithographic techniques which can be used to produce 

sub 10nm features in graphene and 2D material systems. Firstly, the limits of resist based 

patterning, and a few techniques which may be able to extend them, are discussed. Then, the 

use of highly focused particle beams to directly pattern 2D materials is introduced and 

reviewed. Scanning probe based lithography on graphene has also been demonstrated on 

graphene 268,269 but is slow and unwieldy. 

4.4.1 Resist based patterning 

Graphene is typically patterned using electron beam lithography (EBL) and subsequent 

plasma etching, as described in section 4.2, into structures such as Hall bars270, 

nanoribbons271 and quantum dots272, and nanogap electrodes273,274. This is typically able to 

create structures on scales of 10-20nm depending on the accelerating voltage, but is typically 

unable to pattern smaller features due to secondary electrons spreading through the resist 

effectively widening the beam width275. Several strategies have been used to reduce this 

feature size further, including using SiNx membranes as substrates to reduce resist 

development from secondary electrons276, and optimising the development and etching 

procedures through underexposure and ultrasonication277,278 or development at reduced 

temperatures279,280 or with modified chemistries281 to prevent  areas of resist not exposed by 

the main beam from being removed. Also, the inherent feature broadening during the 

etching step can be utilised by designing a structure after development that will result in a 

small feature as a result of this over etching, such as dash line lithography282. This has enabled 

the reduction of feature sizes down to 5 nm273,274 in graphene/CNT devices, but requires 

significant experimental optimisation and specialised equipment, and only a few graphene 

structures with features on sub 10nm scales  patterned using this technique have been 

reported. 

4.4.2 Direct write patterning 

An alternative to selectively exposing resist to act as an etch mask for patterning materials is 

the direct writing technique, where a focused beam is selectively scanned across a sample to 

remove material. This has the advantage of being a clean maskless technique, with the feature 
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size dependent mainly on the beam width. Focused ion beam (FIB) systems have successfully 

patterned graphene using both Ga ions283 and He ions284,285, but can cause damage to the 

graphene sample286. Use of helium ion microscopes has enabled the fabrication of 5nm pitch 

structures in substrate supported graphene287, and 2-3nm scale structures in suspended 

graphene288.  

Alternatively, patterning of suspended graphene structures using the highly confined 

electron beam used in scanning transmission electron microscopes (STEM) to generate 

structures in graphene such as nanopores289,290 and nanoribbons291,292 has been reported. 

This beam patterning technique had previously been used to shape carbon nanotubes293,294 

but is perhaps more suited to graphene because of its planar nature. It has been demonstrated 

that this technique is able to produce structures with controlled edge geometries295. Recently, 

patterning at elevated temperature (600 °C) has been found to induce self-repair of the 

graphene lattice, which enables repeatable patterning while imaging, which is otherwise 

necessarily restricted to avoid damage to the rest of the graphene area. However the need for 

suspended samples means that this technique is only suitable for self-supporting structures 

such as nanopores and (under certain circumstances) nanoribbons; otherwise the intrinsic 

tension in any suspended graphene layer will distort the features once cut. This means it is 

unsuitable for producing structures such as nanogap electrodes296, as any electrically 

separated electrodes would therefore be mechanically unseparated, and would not maintain 

the few nm gap required.  
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5 Experimental procedures 

This chapter describes the experimental techniques which were developed and used as part 

of this thesis to answer the research questions posed in the peer-reviewed articles which are 

included as results chapters. Firstly, the microfabrication procedures used to fabricate 

patterned silicon nitride membranes, including optical lithography and wet and dry etching 

are reviewed. Then, procedures for exfoliation and transfer of graphene and hBN flakes are 

discussed. The next section describes the procedure used to cleanly pattern graphene layers 

using optical lithography. These techniques were employed throughout the experimental 

work undertaken as part of this thesis. Subsequently, 2 methods of segmenting the silicon 

nitride membrane samples into TEM compatible 3 mm discs are reviewed and compared. 

Then, there is a brief section describing the procedures used for fitting model EELS spectra 

to captured experimental data in the published work contained in section 9 of this thesis. 

Finally, the last 4 sections review the experimental procedures specific to the 4 results 

chapters, and describe the fabrication process for the eventual samples. 

5.1 Microfabrication of silicon structures 

In this work, patterned silicon nitride membranes were fabricated from nitride coated silicon 

wafers, by selectively etching away material in patterns defined using maskless optical 

lithography. Silicon nitride was removed using deep reactive ion etching with a photoresist 

mask, and silicon was removed in an anisotropic KOH etch with a silicon nitride mask. The 

nitride layer on one side is first patterned using DRIE into an etch mask for the wet silicon 

etch. The silicon nitride layer on the other side of the wafer acts as an etch stop layer, leaving 

a nitride membrane with a size defined by the etch mask on the other side. This membrane 

was then patterned using a second DRIE step. This is illustrated in figure 34. This generates 

through holes, meaning that transferring 2D materials over the patterned membranes 

generates samples suitable for characterisation in a transmission geometry. 
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Figure 34 Fabrication steps involved in the manufacture of patterned silicon nitride membranes. The silicon 

wafer is purple, and the nitride coating is green. Photoresist is coloured red. Red arrows indicate photoresist exposure 

and development, green arrows represent Bosch etching of silicon nitride, and blue arrows indicate KOH etching of 

silicon. The sample is flipped over between steps (d) and (e). 

In the following subsections, the fabrication process steps are discussed in detail. 

5.1.1 Wafers and preparation 

Initially, the wafers used were 500 𝜇𝜇𝜇𝜇 thick (100) oriented silicon wafers coated with 

500 𝑛𝑛𝑛𝑛 thick silicon nitride membranes. The wafers were supplied by Noel Technologies, 

with a <100> orientation and N-doped with a specified resistivity of 1 − 10 Ω. 𝑐𝑐𝑐𝑐. To enable 

a simpler and more efficient patterning process to divide wafers into TEM compatible 

samples, and achieve higher adhesion to 2D materials due to the reduced roughness of the 

nitride film, a thinner flatter wafer variety from a different supplier was used instead. These 

were 200 𝜇𝜇𝜇𝜇 thick (100) oriented silicon wafers coated in a 100 𝑛𝑛𝑛𝑛 film of low stress silicon 

nitride grown in a low pressure chemical vapour deposition (CVD) process. They were 

supplied by Structure Probe Inc. (www.2spi.com). They are referred to as thick and thin 

wafers respectively throughout this chapter. 
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Both wafers had 100 𝑚𝑚𝑚𝑚 diameters. They were patterned into 21.8 × 24.8 𝑚𝑚𝑚𝑚 segments 

by scribing and cracking along the Si crystal planes, using a wafer scriber (manufactured by 

South Bay Technologies). The scribes were aligned to the ‘flat’ segments of the wafers, which 

indicate the crystal direction. Normally this resulted in smooth edges, but sometimes jagged 

edges were caused by slight misalignment between the wafer flat and the actual crystal 

direction. The samples were opened in a Class 100 cleanroom environment and coated in a 

protective photoresist layer before being removed for scribing to protect the surface and 

prevent the deposition of silicon dust. After scribing, the chips were rinsed in acetone, and 

subsequently sonicated for 5 minutes each in acetone, deionised (DI) water, and isopropyl 

alcohol (IPA) to remove any photoresist or silicon dust. They were then stored submerged in 

IPA until required. 

5.1.2 Resist coating and patterning 

The etch masks were defined using maskless optical lithography, by a Microtech LW405 

LaserWriter system with a 405 𝑛𝑛𝑛𝑛 GaN laser. Resist layers were deposited by spin-coating, 

with the sample held in place by a vacuum chuck. The chips were removed from IPA, 

sonicated in solvents, dried using a stream of nitrogen, and then baked on a cleanroom wipe 

(to protect the nitride layer) on a hotplate at 180 ℃ for 10 minutes to dehydrate the surface. 

Adhesion promoter was not used, as there was no delamination observed during etching 

processes following this wafer cleaning procedure.  

Both sides of the sample needed to be coated to protect the nitride layer during the 

patterning. Even small holes in the nitride film caused by improper resist coverage or 

scratching can lead to large cavities after the KOH etching process. The ‘back-side’ during 

the first lithography process is the side that will end up as the area of interest, where the 2D 

flakes are to be transferred. To achieve good coating on both sides, the sample was suspended 

on 4 tape pillars attached to a PET base. The base was held by the vacuum chuck, and the 

resist pipetted both onto the upper sample surface, and into the space between the sample 

and the plastic support. On spinning, both sides are coated. It is difficult to estimate the 

thickness of the resist film on the bottom side, but it is sufficient to completely protect the 

nitride layer during subsequent processing. This arrangement is illustrated in figure 35. For 

the second lithography step after KOH etching, protecting the backside of the membrane was 
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no longer necessary. Instead, the samples were patterned with a large area in the centre free 

of membranes, which could be placed over the vacuum chuck, and the topside could be 

coated as usual. 

 

Figure 35 Illustration of the simultaneous double sided spin coating process. The sample is supported at 4 corners 

by tape stacks, consisting of two layers of high tack low strain tape on either side of double sided tape. This leaves a 

gap of approximately 1.5 mm under the sample. Resist is pipetted on to the surface and into the gap. The surface 

tension holds the resist in the gap rather than spreading across the plastic. 

For the thick wafers with thicker nitride layers, MicroPosit Shipley S1813 (Rohm-Haas) 

positive tone photoresist was used. It was spun at 4000 𝑟𝑟𝑟𝑟𝑟𝑟, with an acceleration 

of 500 𝑟𝑟𝑟𝑟𝑚𝑚 𝑠𝑠−1. This leads to a resist thickness of approximately 1300 𝑛𝑛𝑛𝑛 on the upper 

side. It was then cured on a hotplate at 115 ℃ for 90 seconds. Switching to wafers with 

thinner nitride layers allowed shorter etching times, and allowed a thinner resist layer to be 

used. MicroPosit Shipley S1805 (Rohm-Haas) was spun at 7000 𝑟𝑟𝑟𝑟𝑟𝑟, with an acceleration 

of 1000 𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠−1, giving a film thickness of approximately 400nm. It was baked on a hot 

plate at 115 ℃, first for 30 seconds on top of a cleanroom wipe and then for 60 seconds 

directly on the hotplate. Patterning for the backside etch mask was performed using a lens 

with a numerical aperture of 0.10, which can write feature sizes down to around 8 𝜇𝜇𝜇𝜇. Fine 

patterning used a lens with a numerical aperture of 0.65, able to write features of sizes down 

to around 1 𝜇𝜇𝜇𝜇. The radiation doses were optimised to fully remove photoresist from 

exposed areas after 30s immersion in developer solution.  After being immersed and gently 

wafted in TMAH developer solution (MicroPosit MF319 Developer solution from Rohm-

Haas) for 25 seconds, the wafers were visually inspected in an optical microscope using a red 

narrow pass filter so as not to expose the resist further. If required, the sample was immersed 

in developer for a further 5 seconds and reinspected until adequate development was 

reached. At this point, the sample would be hard baked on a hot plate at 150 ℃ for 5 minutes. 
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5.1.3 KOH etching of silicon 

As discussed in section 4.2.3.1, etching of silicon by KOH is an anisotropic process. KOH 

preferentially etches silicon’s (100) plane over its (111) plane. If we can expose a rectangle in 

a suitable etch mask which is aligned to the crystalline axis, this will lead to an etched volume 

in the shape which is the inverse of a 4-sided pyramid, with its volume defined by the shape 

of the rectangle, and (111) planes of the crystalline silicon making up the angled edges, as 

shown on the left side of figure 36. If there is an etch stop layer on the other side, and the 

mask size on the back side is large enough, this etch can leave an etch stop layer membrane 

with a shape corresponding to that of the mask, but minus a constant offset due to the (111) 

slope, leading to an etched volume corresponding to a 4-sided frustum. This is illustrated on 

the right hand side in figure 36. 

 

Figure 36 A schematic view of a KOH Si etch with an etch stop layer from the (001) plane. This is equivalent to 

the view from the (001) direction.  

Using trigonometry we can write the size of the membrane as a function of the size of the 

back etch as 

 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 2
ℎ
√2

= 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + ℎ√2 (25) 

where 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 are the widths of the mask and membrane respectively and ℎ 

is the thickness of the silicon. These parameters are indicated in figure 36. Generally the size 

and shape of the fabricated membranes was square with a sidelength around 100 𝜇𝜇𝜇𝜇 
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squares. For the 500 𝜇𝜇𝜇𝜇 thick wafers, this corresponds to an etch-mask square with a 

sidelength of around 800 𝜇𝜇𝜇𝜇. For the 100 𝜇𝜇𝜇𝜇 wafers, this corresponds to an etch mask size 

of around 250 𝜇𝜇𝜇𝜇.  

 

Figure 37 KOH etching of silicon. (a) and (b) show large silicon nitride membranes formed by KOH etching. The 

whole chip dimensions are 24 × 21 𝑚𝑚𝑚𝑚 and the membranes are squares with sidelengths ranging from 200 −

2000 𝜇𝜇𝜇𝜇. Both images have been contrast enhanced to aid visualisation of the trench features. (c) shows the water 

bath setup to keep the KOH temperature constant. 

Once the squares have been defined using lithography and transferred into the nitride layer 

using DRIE (as discussed in the following section), the sample is immersed in heated KOH 

solution, after rinsing in acetone, DI water and IPA to remove as much of the remaining 

photoresist as possible. Any remaining residue is removed during the etching process. The 

KOH solution was 30% by weight, with the addition of a small amount of IPA. Initially, 

etches were performed in a beaker on a hot plate set at 90 ℃. The sample was placed at an 

angle against the side of the beaker. If placed with the etching side up, the membranes can be 

damaged by sliding and scratching along the bottom. If placed with the etching side down, 

the hydrogen bubbles produced during the reaction cause the sample to jolt around, 

potentially fracturing the membranes. The etching process took 8-16 hours for 500 𝜇𝜇𝜇𝜇 thick 

wafers, indicating an etch rate of 30 − 60 𝜇𝜇𝜇𝜇/ℎ𝑜𝑜𝑜𝑜𝑜𝑜. From experimentally measured etch 

rates245,246,248, this indicates a KOH temperature of around 60 − 70 ℃. A new etching setup 

was subsequently developed, with a hotplate with an external temperature probe, as pictured 

in panel (c) of figure 37. This was used to maintain a water bath at a constant 85 ℃. The 

etchant was then kept in a lidded beaker submerged in the water bath. The etching process 

repeatedly took around 2 hours for a 200 𝜇𝜇𝜇𝜇 thick wafer, suggesting a KOH etchant 

temperature around 80 ℃. Once the approximate etching time has been reached, the etch 

progress can be optically monitored by briefly holding the sample up to a light, as shown in 
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panel (b) of Figure 37. The silicon nitride windows are transparent, and can be easily seen 

with the eye. Once the transparent membranes are visible, they are placed back into the 

etching solution for a further 10 minutes to ensure the complete removal of silicon from the 

backside of the wafer. They are then rinsed in DI water, and carefully dried using nitrogen, 

and are ready for subsequent processing. Optical images showing the sample at various stages 

of this process are collated in figure 38. 

 

Figure 38 Optical images showing the progression of the wet etching of 𝟓𝟓𝟓𝟓𝟓𝟓 𝝁𝝁𝝁𝝁 thick silicon wafers using 

KOH. (a) and (d) show squares patterned into silicon nitride, with sidelengths of 680 𝜇𝜇𝜇𝜇 and  810 𝜇𝜇𝜇𝜇 respectively. 

(b) and (d) show the same areas after 6 hours and 10 hours of KOH etching respectively. The focal plane is at the 

upper surface. (c) and (f) show the corresponding areas, but focussed on the bottom of the etched pit. After 6 hours 

of etching, the KOH has not finished etching all available (100) and (110) planes, and the roughened (100) place is 

visible. After 10 hours, the etch process has proceeded all the way through to the nitride etch stop layer on the other 

side of the wafer. The thin rim around the edge of the pit in (b) and (e) is a nitride membrane formed by the slight 

underetching of the etch mask caused by the slow attack of KOH in Si (111) planes. 

5.1.4 Bosch etching of silicon nitride 

Silicon nitride was patterned, when required, using a Bosch etch, as described in section 

4.2.3.2. Photoresist etch masks were defined using maskless optical lithography. The resist 

compositions for both wafer thicknesses, and the patterning and development parameters 
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are given in section 5.1.2. The etching system used was an Oxford Instruments PlasmaLab 

100 system, capable of generating plasmas using simultaneous RF power and inductive 

coupling. It was equipped with fluorine containing gaseous etchants. First, features on the 

scale of hundreds of 𝜇𝜇𝜇𝜇 are patterned onto one side of a wafer to act as an etch mask for a 

wet KOH etch. Subsequently, the membrane on the other side is patterned with an array of 

holes with sizes of a few 𝜇𝜇𝜇𝜇, over which 2D materials could be transferred to create 

suspended membranes over through holes. 

The Bosch etch was used to pattern the silicon nitride membranes, although it failed to 

produce anything like vertical sidewalls. The source gases were SF6 and CHF3 for the etching 

and deposition steps repeatedly. Photoresist was used as the etch mask, but was actually 

etched faster than silicon nitride, with a selectivity around 1:2. This meant that films far 

thicker than the nitride layers were required. Originally, when patterning 500 𝜇𝜇𝜇𝜇 thick 

nitride membranes, very thick photoresist films were required. The long etch times often led 

to a highly crosslinked polymer layer on the surface of the remaining layer that was hard to 

remove using solvents and subsequent plasma etching. In particular, this was a problem 

during the second etch when writing micron sized features, as the polymer films are often 

trapped by the holes. Sonication could not be used at any point during the cleaning process 

due to the risk of damaging the nitride membranes. Increasing the resist thickness, and the 

use of an acetone insoluble underlayer (PMGI) as in the liftoff process (see section 4.2.2), 

were partially successful in alleviating this problem, although not entirely. In addition, 

circular features of the same sizes of the patterned holes were often observed on the 

membrane after tape removal. Atomic force microscopy (AFM) on the topside of the 

membrane revealed no features, and the backside of the membranes were inaccessible due to 

the depth of the KOH pit. The origin and nature of these features is unknown. They are 

shown in panel (c) in figure 39. 
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Figure 39 Micron scale holes patterned into silicon nitride membranes using maskless optical lithography and 

a DRIE process. (a) shows the holes in the resist layer after exposure and development. The square feature is the 

silicon nitride membrane. Around this the nitride is supported by the surrounding silicon. (b) shows the same 

membrane after the Bosch etching process and the removal of the resist layer. (c) shows an example of the circular 

features that appeared on some membranes after the etching process. (d) shows a membrane contaminated with 

crosslinked photoresist sheets. 

The switch to thinner nitride membranes enabled the development of an optimised process. 

Rather than a relatively thick resist layer, an extremely thin one was chosen. The details of 

the resist film are given in section 5.1.2. During the Bosch etching process, the resist layer is 

nearly entirely etched away. It is then immediately removed in a high power oxygen etch 

process, leaving the nitride membranes clean and ready for immediate transfer. This new 

processing technique, in addition to the improved flatness of the low-stress nitride 

membranes made transfers of 2D materials onto them particularly successful due to the high 

adhesion between the membrane and the PMMA transfer film.   
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5.2 2D material exfoliation, identification, and transfer 

This section reviews the experimental procedures used for the exfoliation, identification and 

transfer of graphene and hBN during the undertaking of this work. Firstly, two 

micromechanical exfoliation techniques of graphene directly onto silicon oxide are 

described. Each technique is designed to maximise the yield of flakes with different but 

desirable characteristics, and typical flakes produced by both methods are compared. Then, 

the procedures used for exfoliating hBN on plasma thinned oxide substrates are discussed. 

The next section reveals the wet transfer processes used to transfer flakes from silicon oxide 

to arbitrary substrates. Then, an alternative technique used to cleanly transfer graphene onto 

hBN substrates by exfoliating the graphene flakes directly on the transfer polymer is 

discussed. Finally, transfer procedures for CVD graphene from its growth substrate are 

introduced. 

5.2.1 Micromechanical exfoliation procedure for graphene 

Graphene single crystal flakes for this project were exfoliated as required using the 

micromechanical cleavage technique, where graphite layers are pulled off a bulk graphite 

crystal using adhesive tape, and subsequently deposited on silicon wafers coated with a 

thermally grown oxide layer. Two related methods were used and are described here. One 

promotes the exfoliation of smaller, isolated flakes (with sizes of 10 − 20 𝜇𝜇𝜇𝜇), with ‘clean’ 

edges, where it is easier to identify the crystalline orientation optically. The other produces 

large (with sizes of 100 − 500 𝜇𝜇𝜇𝜇) flakes, although they are typically irregular, and 

surrounded by other flakes of varying thicknesses. 

100mm silicon wafers coated with oxide films with thicknesses of 90𝑛𝑛𝑛𝑛 and 290𝑛𝑛𝑛𝑛, were 

divided into segments using the scribing and cracking process described in section 5.1.1. 

Generally 90 𝑛𝑛𝑛𝑛 thick oxide was used due to the slightly higher contrast between monolayer, 

bilayer, and trilayer flakes under white light illumination. The segments were chosen to 

maximise the size of the segments and eliminate wafer offcuts whilst comfortably fitting in a 

standard 50ml beaker. This meant that a lower proportion of flakes exfoliated would be 

would be unviable for subsequent transfer due to their proximity to the sample edge. 

Exfoliation of monolayer flakes when the lowest layer of a thin graphite sheet deposited onto 

a substrate occurs when the adhesion between the layer and the substrate is higher than with 
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the other layers above it. When the tape is removed the other layers are peeled off, leaving 

the lowest monolayer. Thorough cleaning of the substrate is required to maximise the 

adhesion of the substrate. When required, silicon chips were removed from IPA, rinsed in 

DI water and IPA, and dried in a stream of nitrogen. They were then cleaned in a low power 

oxygen plasma etch, in a Moorfield etching system (power 10W), for 10 minutes. This not 

only removes organic contaminants by chemical reactions with the oxygen ions, but also 

dramatically increases the hydrophilicity of the substrate297. This helps to maximise the 

adhesion298 with the graphite layers, generating better coverage on the substrate and a higher 

chance of thin flakes. The chamber is vented using bottled nitrogen to prevent contact with 

air until the chamber is opened. In order to prevent hydrocarbon adsorption, the chamber 

is not opened until the last possible moment before graphite deposition.  

While the substrates are being cleaned using oxygen etching, the graphite films are prepared. 

Natural graphite flakes supplied by NaturGraphit GmbH were used. Upon receipt, the 

crystals are cleaved using a scalpel, and the cleaved side is cleaned by repeatedly peeling off 

layers with adhesive tape. The tape used is BT-150E-KL (Denko Nitto), which is designed as 

a support tape for wafer dicing in the semiconductor industry. Large graphene flakes are 

obtained when there are large areas without terracing on the graphite. This can be monitored 

using an optical microscope. When the graphite shows large shiny areas on one side, it is 

repeatedly stamped onto a sheet of tape to cover a large area. A second sheet of tape is then 

pressed onto the graphite film and firmly pressed, before being peeled off at a low angle to 

cleave the film. Both films are covered with a fresh piece of tape, and set aside.  

When the plasma etching of the samples is complete and the chamber has vented, these 

graphite films are then cleaved apart. The films now have, on average, a quarter of the 

thickness of the original films, but are still mostly opaque. Immediately after this final cleave, 

the plasma etching chamber is opened, and samples are removed one by one, and the tape 

covered with graphite is placed onto them, and pressed down with considerable force using 

the thumb using downward pressure and trying to avoid any shear force. The chamber is 

closed while this occurs to minimise the atmospheric contact of the remaining samples. The 

next step is dependent on the kind of flakes which are desired. For smaller, ‘sharper’ flakes, 

the tape is immediately peeled away from the substrate, with as small an angle between the 

tape and substrate as possible. Typical flakes produced using this method are shown in panel 
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(b) of figure 40. Samples show far less coverage of graphitic material, with isolated, small, 

thin graphene flakes.  

 

Figure 40 Optical images of thin graphene flakes on oxide coated silicon wafers produced using two 

micromechanical exfoliation techniques. In (a), the oxide layer is 290nm thick and in (b) it is 90nm thick. The 

area in (a) is characteristic of flakes produced using the tape dissolution method. Most of the thin area is monolayer 

graphene, with thinner purple flakes of a few nm thickness. The central thick light and dark blue flakes are of 

thickness of around ten nm. The white areas are bulk graphite flakes of thicknesses of tens of nm and upwards. The 

flake in (b) is characteristic of those produced using the direct exfoliation approach. It is isolated, and exhibits sharp 

edges at crystallographic directions, as indicated by the white lines. The long edge consists of three straight sections, 

with the central one out of alignment to the crystal axis.  

For larger flakes, the sample is set aside for a minimum of two hours, to allow the tape to 

relax. The tape and adhesive residue are removed using methyl isobutyl ketone (MIBK). 

Several beakers of MIBK are placed on a hot plate at 85℃. A tape covered sample is immersed 

in one beaker. After a few minutes, the adhesive is dissolved and the tape curls up away from 

the substrate. Most of the graphite should remain attached to the substrate. The sample is 

immediately removed and left in a fresh heated beaker for 5 minutes, and then transferred 

to another fresh beaker for a further 5 minutes. During the transfer between beakers, the 

sample is not allowed to dry at any time, as any contamination which is ‘dried on’ is far 

harder to subsequently remove. It is then transferred to a beaker of hot IPA, which is 

removed from the hot plate and left to cool for 5 minutes. The sample is dried using a stream 

of nitrogen perpendicular to the surface. Using IPA rather than MIBK or another relatively 

volatile solvent, such as acetone, for the drying step means any contamination is blown off 

the surface, rather than left behind as the solvent evaporates. The sample is then baked on a 

hot plate for 10 minutes at 130 ℃. This drives out any moisture and increases the adhesion 

of the lower graphite layers with the substrate. Excess graphite is then removed in a second 
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peel; high tack low strain tape is placed onto the surface, firmly pressed down, and peeled 

away at a low angle. After this second peel, a mixture of thin flakes and thicker, shiny 

graphitic material remains on the surface. Large area monolayer flakes of sizes around 

500 𝜇𝜇𝜇𝜇 are typically seen on the substrate, though often connected to thicker areas, or 

surrounded by other flakes. Although straight edges are sometimes seen, it is generally far 

harder to optically assign them a crystalline orientation. Optical images of graphene flakes 

produced using this method are shown in panel (a) in figure 40. All flakes were stored in a 

desiccator cabinet within a class 1000 cleanroom environment until required. 

5.2.2 Micromechanical exfoliation of hexagonal boron nitride 

Hexagonal boron nitride flakes were exfoliated in nearly exactly the same way as the small 

graphene flake method outlined above. They were exfoliated from single crystal hBN flakes 

purchased from HQ graphene (www.hqgraphene.com). Silicon oxide (90nm) coated wafers 

were prepared as in 5.2.2, but were then etched in a RIE process (CHF3/O2) to thin the oxide 

layer down to 70nm, which provided the highest optical contrast. The surface was then 

cleaned in a high power oxygen etch. The 2 step etch process was carried out in an Oxford 

Instruments PlasmaLab 100 DRIE system. 

 

Figure 41 Optical and AFM images of a representative mechanically exfoliated hBN flake. (a) shows an optical 

image of the flake. The contrast is enhanced as the silicon oxide substrate has been thinned to 70nm. (b) AFM image 

of the upper area of the flake shown in (a). (c) height histogram of the height image shown in (b). The main peak 

at 0 nm is the silicon substrate, and the higher peak at 8.7 nm is the hBN flake (the third small peak is the folded 

area). The peak widths are similar, indicating a similar roughness for the flake and substrate in this case. 

While the substrates are being prepared, a single impression of a BN crystal is taken on a 

piece of tape (area of approx. 1 x 1 mm) and repeatedly cleaved and spread around until a 

large area (approx. 2 x 2 cm) is covered. This is then covered, and pressed onto the 70nm 

 

http://www.hqgraphene.com/
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oxide film as soon as it has been removed from the plasma system. The tape is then pushed 

down with considerable force, before being peeled off very slowly, and a low angle from the 

substrate. This leaves a large amount of flakes of different thicknesses. Monolayers and 

bilayers can be clearly distinguished using an optical microscope, but are rarer and far smaller 

than those seen in graphene. For use as a support layer for graphene during TEM patterning 

(as described in section 5.9), flakes of 3-8 nm thickness are required. Flakes with thicknesses 

between 3 and 20 nm can be identified by their light purple colouring (comparable to 3-4 

layer graphene) in optical microscopy, but must be scanned in an AFM to determine the 

thickness. Figure 41 shows a flake which looks suitable under optical observation but is 

actually slightly too thick. Flakes of thicknesses below around 20 nm share the substrate 

morphology (as shown in panel (c) in figure 41), and often have bubbles trapped underneath, 

while flakes thicker than around 30 nm typically exhibit atomically flat sections. 

5.2.3 Wet transfer processes 

Graphene flakes were transferred to other substrates as required using the carrier film 

method, as discussed in section 4.1.3.2. Flakes to be transferred were first photographed at a 

range of magnifications, including images of the surrounding graphitic debris. This helps 

when subsequently locating them on the carrier film. This method was also used to transfer 

graphene/ hBN stacks fabricated on silicon oxide using a dry transfer process (described in 

section 5.2.4) to silicon nitride membranes. 

The carrier film consisted of PMMA deposited via spin coating. PMMA with a molecular 

weight of 950 kD dissolved in anisole (𝐶𝐶𝐻𝐻3𝑂𝑂𝐶𝐶4𝐻𝐻5) in concentrations of 3% and 8%. The 

film thickness was chosen depending on the location of any graphitic debris around the flake. 

Sometimes, this could be carefully removed using tweezers and small sections of tape, but 

this was not always possible. When there were large graphite chunks near the flake and a risk 

of the membrane being damaged, the 8% concentration was used, generating robust films of 

over a micron in thickness. Otherwise, thinner films were used, as they were found to adhere 

to the transfer substrate better, presumably due to their higher flexibility. The thin films had 

thicknesses of around 150 nm. Double layers were used for larger transfer membranes. Before 

the film deposition, the samples were baked for 5 minutes at 130 ℃ to dehydrate the surface. 

Whilst still slightly warm, the PMMA was deposited on the surface, and left for 10 seconds. 
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It was then spun at 3000 rpm, using an acceleration of 1000 rpm/s. It was subsequently cured 

on a hotplate at 130 ℃ for 5 minutes. 

 

Figure 42 Optical and AFM images showing various steps in a wet transfer process. (a) shows a mechanically 

exfoliated graphene flake with large 1, 2 and 3 layer areas on a 90nm silicon oxide substrate. (b) shows the same 

flake after transfer to a silicon nitride membrane patterned with 8.8 𝜇𝜇𝜇𝜇 diameter circular holes. (c) shows the flake 

after the deposition of the PMMA carrier film and attachment of the tape window, but before the removal of the 

oxide substrate. The flake is the area to the right of the centre. It is barely visible when the membrane is freestanding, 

but its position can be identified by the thicker areas of graphene surrounding it. (d) shows an AFM height image of 

the suspended graphene membranes shown in (b). Most membranes lie flat, but a few are distorted by particles 

attached around the edge of the hole. 

To enable transfer of particular flakes to specified areas, tape windows consisting of a roughly 

8mm square containing a few mm hole were placed over the flakes. The optical images taken 

earlier were used as a guide, as the thin flakes are very hard to see under the PMMA layer. 

The film is divided by mechanically scratching away the areas around the tape windows, so 

that the individual areas will float freely after the silicon oxide layer is removed. A very weak 

KOH solution (roughly 5 % by weight at room temperature which varied around 20 ℃) is 
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used to etch away the oxide layer and release the film. The process takes around 6-8 hours. 

The substrate is immersed in the etchant solution, and once the films are detached they float 

freely to the surface. The tape windows are then used to pick up the areas of the PMMA 

membrane attached to flakes of interest. They are dipped in DI water, and then left floating 

flake side down in fresh DI water to remove any etch residue.  

Two systems were used to mechanically position the flake on the required substrate. 

Originally, a SUSS MJB4 mask aligner was used to align the flake with the intended area of 

the substrate, and then bring the substrate and membrane into contact. For the later part of 

this work, a specialist graphene flake transfer system designed and built by Graphene 

Industries was used, incorporating both a substrate heater and rotation stage. In both cases, 

the membranes were removed from DI water, and dried very carefully using cleanroom 

wipes. They were then attached using tape stacks similar to those in figure 35 to a metal 

arm/plate that could be mechanically manipulated by the transfer system/mask aligner. 

Using the mask aligner, the position of the flake had to be inferred by the positions of thicker, 

more visible graphite debris. The transfer system allowed the use of narrow pass filters, as 

well as real time image averaging and post processing software that enabled visualisation of 

the flake on any substrate, or even when freestanding (as shown in panel (f) of Figure 52). It 

also included a heated stage, to improve the transfer adhesion. Transfers were carried out at 

temperatures of 65 ℃ when possible. Once the membrane and substrate are brought into 

contact, if the surface has high adhesion the membrane adheres to the substrate. Tweezers 

were then used to scratch around the perimeter of the membrane, separating it from the tape 

window. The tape window was removed, and the sample was baked at 130 ℃ for 10 minutes 

to increase the flakes adhesion to the substrate. The sample was then placed into acetone 

heated on a hotplate at 70 ℃  while still warm to remove the PMMA layer. It is then removed 

and dried using nitrogen. If the transfer is over holes to generate suspended graphene 

structures, drying in this manner causes tears of the graphene by surface tension. Instead, for 

small suspended structures, with diameters less than around 3 𝜇𝜇𝜇𝜇, they were immersed into 

hexane, which was then allowed to evaporate. Larger suspended structures were dried 

supercritically from acetone in a critical point dryer (CPD) system. 
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5.2.4 Dry transfer process 

An alternative transfer method was used in order to transfer the graphene flake without 

exposing the underside to liquid, by exfoliating it directly onto the transfer polymer film. 

The motivation was to improve the cleanliness of the underside of the graphene on hexagonal 

boron nitride substrates22,225, as discussed in section 4.1.3.2.  

Here, a polymer stack consisting of an alkaline soluble polymer covered by an organic soluble 

transfer polymer is produced using spin coating. The lower layer is PMGI SF6 (Microchem), 

an alkaline soluble polymer typically used as an underlayer in a bilayer resist for liftoff 

processing, as described in section 4.2.2. It was deposited on bare silicon wafers (company 

info, resistivity) segmented following the process in 5.1.1. The substrates were removed from 

IPA and rinsed in DI water and IPA, before being dried using a stream of nitrogen and baked 

on a hotplate at 180 ℃ for at least 5 minutes. After it has cooled, it is spin coated in PMGI 

SF6 with a spin speed of 4000 rpm, with an acceleration of 1000 rpm/s. This layer is cured at 

170 ℃ for 5 minutes. It is subsequently coated with PMMA (950 kD, 8% in anisole). This is 

pipetted onto the sample, and after 10 seconds spun at 6000 rpm, with an acceleration of 

1000 rpm/s. It is then cured on a hotplate at 130 ℃ for 5 minutes. This leads to a PMGI 

thickness of approximately 280 nm, and a PMMA thickness of approximately 900nm. 

Flakes are then exfoliated directly onto the PMMA surface. Graphite films are deposited on 

tape from natural graphite crystals using the method described in section 5.2.1. The tape is 

then pressed graphite side down onto the PMMA surface, and firmly pressed. The tape is 

then peeled away at a low angle from the substrate, leaving a variety of flakes of different 

thicknesses. The yield of monolayer flakes is much lower than on silicon oxide. Finding and 

identifying thin flakes is far more challenging than on silicon oxide, but possible through the 

use of narrow pass optical filters. Images of a flake exfoliated on the PMMA surface are shown 

in figure 44. The filter that gives the highest contrast varies over the sample as the film 

thickness changes slightly, meaning that scanning the sample whilst changing filters is 

necessary. It is much harder to unambiguously identify monolayer flakes. 
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Figure 43 Schematic illustrating the dry transfer process. (a) shows a graphene flake on a dual layer polymer film, 

on a silicon wafer. In (b) a scratch has been made around the flake using tweezers to allow the alkaline developer 

solution to reach the underlayer. (c) The TMAH solution is pipetted around the scratch. (d) The TMAH dissolves 

the alkaline soluble PMGI layer, leaving a free floating PMMA membrane. (e) The sample is lowered into a 

container of DI water, leaving the PMMA membrane floating on the surface. (f) The PMMA membrane is carefully 

picked up using a PMMA coated washer supported by a tape window. 

The whole membrane preparation process for dry transferred flakes is shown in figure 43. 

Once a desired flake has been identified, a circular scratch is made around the flake using 

tweezers, using the field of view of an optical microscope with a 5x objective as a guide. This 

leads to a circle with a diameter of around 3.5 mm, with the flake of interest at the centre. 

Alkaline TMAH solution (MicroPosit MF319 Developer, Rohm-Haas) is then pipetted 

around the scratch, whilst taking care to keep it away from the flake at all times. The TMAH 

dissolves the PMGI layer, gradually detaching the PMMA membrane from the subject. This 

process is monitored using optical microscopy, and more TMAH solution is added as 

required. Once the membrane is detached completely from the substrate, the silicon is 

lowered gently into a dish of DI water. It sinks to the bottom, leaving the small PMMA 

membrane floating on top, with the flake on top of it. To be able to manually handle it, the 

membrane needs to be attached to a support structure. Small metal washers with internal 

diameters of around 2mm are coated in PMMA (950 kD, 3% in anisole) by immersion and 

subsequent baking on a cleanroom wipe on a hot plate at 150℃ for a few minutes to increase 
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their adhesion with the PMMA membrane. One side is affixed to a tape window, which 

makes it easier to handle and attach to the transfer systems using tape. This washer is then 

brought up from under the water surface to pick up the membrane. Excess water is removed 

very carefully using the corner of a cleanroom wipe. The membrane is then transferred onto 

the required substrate, typically thin hBN on silicon oxide, in the same manner as the tape 

window in the wet transfer process as described in the previous section. 

 

Figure 44 Optical images showing the dry transfer process. (a) shows a large monolayer graphene flake exfoliated 

on the bilayer polymer film, using a green narrow band filter to aid visualisation of the flake. (b) shows a dark field 

image of the same area. (c) shows the flake transferred onto a thick, atomically flat hBN flake on silicon oxide. A 

green narrow pass filter has again been used to help visualise the flake on top of the hBN. The outline has been traced 

to guide the eye. Bubbles are clearly visible between the two flakes even though they are both freshly exfoliated and 

have never been in contact with any material. 

5.2.5 CVD transfer process 

CVD graphene grown on copper foils (provided by Bluestone Global Technologies) was used 

in this work. CVD growth was not a part of this work, and is not discussed here, but the 

optimised transfer process used in this work is described. As the graphene is grown on both 

sides of the copper foil, it first needs to be removed from one side before the copper can be 

etched away. The foil is carefully cut to the required size using sharp scissors, and then one 

side is coated with PMMA to act as both a protection layer during the back side graphene 

removal and subsequently as a carrier film for transfer. To prevent the foil bending, a thin 

PET film is punctured a few times, and then placed over the vacuum chuck on the spin coater. 

The copper foil is then placed over the plastic film, and the vacuum is switched on. The film 

prevents the area around the vacuum hole from being deformed too much, which makes it 

harder to spin a good film, and can damage the graphene. 
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PMMA (950 kD, 8% in anisole) was pipetted onto the copper, left to settle for 10 seconds, 

and spun at 2000 rpm with a ramp of 1000 rpm/s. This results in a film thickness of 

approximately 1.3 𝜇𝜇𝜇𝜇. The copper is then pressed flat between two thin PET sheets, and 

baked at 130 ℃ to cure the PMMA. The sample was then placed, PMMA coated side down 

in a Moorfield plasma etching system, using a 2:1 Ar:O2 ratio at around 10−2 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 

providing 10 W of RF power. The graphene layer on the back side was removed during a 60 

second plasma etch. The sample is then removed, and floated on the surface of the copper 

etchant, with the graphene and PMMA film remaining dry on the upper surface. The etching 

solution is 35 mg/ml APS in water, and the process was left to proceed overnight. 

After the etching process, the PMMA supported graphene film is repeatedly transferred to 

fresh containers of DI water and left to soak to wash away as much APS as possible. This is 

achieved by fishing it out by bringing up a silicon wafer underneath it, but not allowing it to 

dry. The graphene/PMMA film can be made easier to see by shining a desk lamp onto the 

surface of the water. Then, the film is transferred to the (freshly plasma cleaned) substrate of 

interest by submerging it and slowly bringing it up under the film, going diagonally from 

corner to corner. Excess moisture is then very carefully wicked away using the corner of a 

cleanroom wipe. The sample is then left to dry for around an hour, at a slight angle to the 

horizontal. The remaining moisture is removed by baking the sample on a hot plate at 130 ℃ 

for 10 minutes. Before removing the PMMA, a second layer is spun on and cured in the same 

manner as the first. This relaxes the PMMA membrane, and reduces wrinkles and tears in 

the CVD film after resist removal, as discussed in section 4.1.3.1. The sample is dropped into 

cool acetone while still warm, and subsequently transferred to a lidded acetone beaker on a 

hotplate at 60 ℃. The sample is stirred for a few seconds every 5 minutes using a stirrer bar, 

before being removed after 30 minutes, rinsed in fresh, hot acetone, and left in a heated IPA 

beaker that is allowed to cool for 5 minutes. The sample is then dried using a nitrogen stream 

parallel to the surface, and dehydrated by baking on a hot plate at 130 ℃ for 5 minutes. It 

would then be stored in a desiccator cabinet in a class 1000 clean room environment for 

storage prior to further processing.  
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5.2.6 Graphene annealing procedure 

After graphene transfer and patterning, most resist was removed using organic solvents, as 

described in section 5.2.3. For samples where cleanliness was particularly important, the 

solvent cleaning process was extended, with long soaks in successive beakers of heated 

acetone with occasional agitation. Following drying, the samples are then annealed in a 

reducing atmosphere to further reduce the amount of surface contamination. The annealing 

procedures are outlined in table 3. The maximum temperature used was the highest found 

to not degrade the electronic quality of graphene devices annealed for prolonged 

temperatures using the specific furnace. A tube furnace was used, with alumina ceramic 

furnace tubes surrounded by a heating coil. Separate tubes were used for samples with 

different levels of contamination: there was one tube for polymer removal from graphene/ 

hBN flakes, one for CVD sheets with may show exhibit metal contamination from the growth 

substrate, one for other 2D materials and one for liquid phase exfoliated graphene.  

Table 3 Annealing procedures for removing polymer (typically PMMA) residue from graphene sheets after transfer 

and patterning procedures. The atmosphere is 10% hydrogen with argon as a carrier gas. The final step provides no 

power to the heater and simply allows the furnace to cool at its natural rate. The maximum temperature of 280℃ 

is the maximum found not to degrade the electronic behaviour of graphene devices after prolonged exposure. 

Step Rate/Time 

Ramp to 100℃ 5℃/𝑚𝑚𝑚𝑚𝑚𝑚 

Hold at 100℃ 1 hour 

Ramp to 200℃ 5℃/𝑚𝑚𝑚𝑚𝑚𝑚 

Hold at 200℃ 2 hours 

Ramp to 280℃ 2.5℃/𝑚𝑚𝑚𝑚𝑚𝑚 

Hold at 280℃ 3+ hours 

Cool to 30℃ *System limited – Takes approx. 3 hours
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5.3 Selective patterning of graphene 

Large scale graphene patterning was achieved using a 3-layer resist process which achieves a 

far higher level of cleanliness than typical photolithography procedures. A PMMA 

underlayer is used to prevent the graphene from coming into contact with photoresist at any 

time, as it is far harder to remove than PMMA. The bilayer photoresist on top acts as an etch 

mask in a low power oxygen etching process, where the uncovered PMMA layer and the 

graphene underneath are simultaneously removed. The thickness of the protective layer 

needs to be as low as possible to enable it to be etched through in as short a time as possible, 

minimizing any photoresist crosslinking on the top. The layers are then removed sequentially 

to prevent the photoresist from ever coming to contact with the graphene, even in solution. 

The sample was spin coated first with a very thin layer of PMMA to act as a protective layer 

for the graphene. The solution was 1.5% in anisole, the PMMA molecular weight was 950kD, 

and it was spun at 7000rpm with a spin-up speed of 1000rpm/s. This results in a film 

thickness of approximately 40nm. The PMMA was cured on a hotplate at 130 ℃ for 5 

minutes. The next layer was the alkaline soluble MicroChem PMGI SF6 (Rohm Haas) resist 

spun at 6000rpm with a spin-up speed of 1000rpm/s, and subsequently cured at 160 ℃ for 

5 minutes. The top layer was MicroChem Shipley S1805 (Rohm-Haas) photoresist, again 

spun at 6000rpm with a spin-up speed of 1000rpm/s, and cured at 110 ℃ for 1 minute. The 

resist is then selectively exposed in a maskless optical lithography process, with the radiation 

dose optimized to give good feature reproduction after 30s development. After being 

immersed and gently wafted in TMAH developer solution (MicroPosit MF319 Developer 

solution from Rohm-Haas) for 25 seconds, the wafers were visually inspected in an optical 

microscope using a red narrow pass filter so as not to expose the resist further. If required, 

the sample was immersed in developer for a further 5 seconds and reinspected until adequate 

development was reached. At this point, the sample would be hard baked on a hot plate at 

150 ℃ for 5 minutes. 
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Figure 45 Schematic illustrating the 3-layer resist technique for clean patterning of graphene flakes. (a) The 

substrate is sequentially spin coated with PMMA, PMGI, and then S1805 (b) after selective exposure and 

development, the exposed areas of S1805 are washed away as well as the PMGI that was formerly protected (c) 

Oxygen plasma etching is used to burn through the PMMA and the graphene in unprotected areas (d) The layers 

are removed sequentially allowing the clean removal of the protective PMMA layer. 

After the top photoresist layers have been patterned, the uncovered PMMA areas and the 

graphene underneath are etched using low power oxygen plasma etching in a Moorfield 

etching system. 2 minutes is sufficient to remove the thin PMMA film and a graphene layer 

underneath. An extra 30s is added to the etch time for subsequent layers. With care, the 

remaining resist layers can be removed one by one; holding the substrate under a stream of 

acetone for ~10s removes the majority of the top S1805 layer, before the sample is immersed 

in DI water to prevent the PMMA under-layer from being attacked by the acetone. Leaving 

the sample in alkaline developer (TMAH, MicroPosit MF319) for a minute removes the 

PMGI layer, lifting off any remaining S1805 photoresist. Then only the thin protective layer 

remains, which can then be cleanly removed in a solvent bath (containing a minimum of 

photoresist residue) as described in the previous section. After annealing as described in 

section 5.2.6, atomic force microscopy of graphene on silicon dioxide patterned in this way 

shows residual contamination around the edges, but no measurable amount of residue in the 

central areas. 
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5.4 Optimised TEM sample fabrication procedure 

TEM sample holders are designed to hold 3mm circular samples. Originally, these were cut 

from silicon nitride wafers using an abrasive slurry disc cutter, from South Bay Technology 

(model 360). It is impossible to perform lithography on the sample after it has been reduced 

to the 3mm disc, as it is impossible to obtain a resist coating for lithography, the nitride layer 

on one side is destroyed by the slurry, and it becomes very difficult to keep the sample flat 

when exposing. It was therefore necessary to cut the sample after the silicon nitride 

membrane had been both fabricated and patterned.  

The samples, after fabrication as described in section 5.1, were coated in very thick 

photoresist films on both sides, by repeatedly spin coating and baking. Films varied in 

composition but were at least 2𝜇𝜇𝜇𝜇 thick. The sample was then affixed to the drill stage using 

the mildly tacky adhesive strip from a post-it note which was affixed to the stage with double 

sided tape. The sample is placed with the membrane side facing up. The cutting tool is aligned 

with the nitride membrane by eye. A circular guide was etched into the nitride layer during 

the membrane patterning step to help identify the correct location. The tool is a 30mm 

diameter tube with a flat end, and a notch cut out to help ‘pick up’ the cutting particles. It is 

pictured, along with the rotary cutter, in figure 46. The slurry was abrasive SiC powder with 

an average particle size of 30 𝜇𝜇𝜇𝜇, mixed with glycerine. A small amount was pipetted over 

the membrane and the cutting tool was lowered. It rotated at a speed of 60 rpm, with an 

adjustable downward force. The force was adjusted manually by listening to the grinding 

noise and adjusting to make it as loud as possible. Too high a force and the cutting fluid is 

forced out from between the tool and the cutting surface, reducing the abrasiveness. The 

process was stopped when an electrical connection was measured between the cutting tool 

and substrate using a multimeter. The process took 2-8 hours. The discs were rinsed in water, 

and then acetone, and then soaked in NMP heated to 60℃ in a hotplate for one hour while 

being stirred. They were then rinsed again in acetone, DI water, and IPA, and dried using a 

nitrogen gun. Prior to flake transfer, they were cleaned using a low power oxygen etch for 10 

minutes (using the etching system described in section 5.2.1) to remove any remaining 

organic contamination, and increase the surface adhesion when transferring 2D materials on 

top. 
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Figure 46 Old method of segmenting wafers into TEM compatible samples. (a) the rotary cutter used to grind 

out the 3 mm discs. (b) The cutting tool. The notch promotes the pickup of cutting fluid. (c) A grid manufactured 

using the grinding process. The flaggy edges on the bottom side are typically seen and often make it difficult to fit in 

TEM holders, at least in the preferential orientation. (d) A perforated membrane contaminated by an agglomeration 

of cutting slurry after photoresist removal. 

In practice, many samples were destroyed or irreparably contaminated during the cutting 

process. SiC particles often got stuck to the patterned membrane areas, and many 

membranes were broken. Also, many discs were unable to fit properly in TEM sample 

holders due to irregular jagged edges on one side. Images of a contaminated grid, the cutting 

tool, and the jagged edges are pictured in figure 46. In addition, the relatively rough surface 

of the nitride film (typical RMS roughness is around 1 nm) caused problems when trying to 

transfer flakes. Often the PMMA membrane would not stick to the nitride layer even when 

it was heated and in contact. Perpendicular air flow and/ or tweezers could be used to ‘push’ 

the PMMA down onto the substrate but often caused large lateral shifts, drastically reducing 

the transfer positioning accuracy. 
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A new method of patterning the silicon nitride membrane structures was developed using 

bulk KOH etching to define weak points in the sample during the membrane fabrication 

step. The wafer can then be cleanly snapped into individual 3mm samples after further 

processing steps and 2D material transfer.  The procedure is outlined in figure 48. Patterning 

the etch mask in this grid pattern generates a series of 12 sided discs299, connected to 4 

adjacent discs by a thin silicon section. The KOH etch mask dimensions are given in figure 

47, along with the approximate dimensions of individual grids after the etching process. The 

main source of variation in the grid size is misalignment between the crystal axis and that of 

the etch mask, often caused by wafer flat misalignments as described in figure 47. 

 

Figure 47 Etch mask and produced structure dimensions in the improved TEM sample fabrication process. (a) 

shows the etch mask dimensions as exposed by the Laserwriter. The actual etch mask dimensions will vary slightly 

with development procedures. (b) shows the typical dimensions of the generated structure. These can vary (especially 

the corner to corner distance) due to crystalline imperfections in the silicon and misrotation between the silicon 

crystalline axis and the vertical and horizontal directions of the etch mask.  Top down and side on views are included. 
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Figure 48 Series of diagrams showing the steps in the improved TEM sample fabrication process using a top 

down view of the sample array, and a side view of an individual sample in the array. (a) The nitride layer on 

one side of the wafer is patterned into a etch mask for the KOH silicon etch using photolithography and DRIE 

etching. (b) After the KOH etch, the wafer has trenches spanning its length, although the silicon is thick enough that 

it is mechanically stable. (c) The nitride membranes are patterned using subsequent photolithography and DRIE 

etching from the other side. This method enables processing steps such as (d) flake transfer and (e) photolithography, 

evaporation and liftoff to define metal contacts. This was impossible using the previous fabrication technique. (f) 

The samples can then be cleanly snapped into 3mm TEM compatible segments. 
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This production method motivated the switch to thinner wafers to enable more efficient 

patterning of wafers into TEM compatible samples. These were 200 𝜇𝜇𝜇𝜇 thick (100) oriented 

silicon wafers coated in a 100 𝑛𝑛𝑛𝑛 film of low stress silicon nitride grown in a low pressure 

CVD process. They were purchased from Structure Probe Inc. (www.2spi.com). They were 

segmented, patterned, and etched according to the process described in section 5.1. The 

KOH etch mask is shown in figure 47. Generally, arrays were patterned with a space in the 

central area (as shown in figure 49) where there are no membrane structures so that the 

sample can be spin coated safely (for the membrane patterning step) using a vacuum chuck. 

This process enables the spinning of resist layers, and thus subsequent patterning steps on 

the sample array after transfer of 2D materials, whilst maintaining TEM compatibility. This 

could be used, for example, to make electrical contacts to 2D materials, or pattern them into 

desired shapes. After the final processing step, they could be cleanly snapped out along the 

pre-etched trenches to use in a TEM.  

  

http://www.2spi.com/
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Figure 49 New method of fabricating TEM samples. (a) shows the silicon nitride (in blue) etch mask before the 

KOH etch. (b) shows the same sample during etching (hence the visible bubbles). The silvery silicon has been almost 

completely removed. The corners of the original square nitride membrane are still just visible – they are broken 

during the drying process. (c) and (d) show an example of a wafer of grids fabricated using this method from the 

front and back side respectively. 

The low stress silicon nitride membranes on the new wafers were far flatter than previously. 

They exhibit typical RMS roughness values of 0.3 nm or lower. This means that they are 

remarkably easy to transfer 2D materials to, with the PMMA membrane being ‘pulled down’ 

onto the surface as soon as the central point (ideally where the flake is) makes contact. This 

improves the positional accuracy of the transfer process from ~20 𝜇𝜇𝜇𝜇 of uncertainty 

to ~5 𝜇𝜇𝜇𝜇. 
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5.5 EELS spectra; fitting and quantification 

EELS spectra were processed using a combination of Gatan Digital Micrograph, and the open 

source Hyperspy python package300. In most cases, measured spectra were fit to a model 

EELS spectra186,187 using Hyperspy, which is dependent on the microscope as well as the 

sample. This requires spectra with a high signal to noise ratio. Often, these were integrated 

spectra, where all point like spectra along a line map are summed. If analysis of individual 

spectra was required, principal component analysis301 (PCA) was used to reconstruct a signal, 

which could then be fit. However this method tends to fail in regions where there is a very 

small peak relative to the noise level302, and tended to generate spurious peaks from the noise 

if no expected components were found in a particular region of a spectral image, so was not 

used when, for example, mapping areas where the background spectra differed remarkably. 

Before fitting using a least squares technique, the energy axis of each spectra is calibrated 

using a subpixel fit to the zero loss peak in the low-loss spectra. Where required, plural 

scattering effects were minimised by operating a Fourier-ratio deconvolution303 with the low 

loss spectra, after power law background removal304.  

 

Figure 50 Least squares fitting of EELS spectra using Hyperspy. The blue dots show an integrated core-loss EELS 

spectrum of a monolayer graphene flake on thin (6.5 nm) hexagonal boron nitride. The core-loss edges for Boron 

(188 eV), Carbon (284 eV) and Nitrogen (401 eV) are clearly visible. The fit model used for elemental quantification 

is also shown, along with its individual components. 
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Core loss spectra were fit to a model combining a power law background182, and a group of 

individual edge models corresponding to user defined elemental species, each with their own 

power law background representing plural scattering effects. A model fit to an experimentally 

obtained EELS spectra is shown in figure 50, showing its individual components. Elemental 

quantification was carried out by normalising the extracted edge intensities by the 

(acceleration energy and spectrometer angle dependent) Hartree-Slater cross sections 

contained within Digital Micrograph’s database. 
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5.6 Mechanical measurements on graphene membranes – 

1st paper 

Graphene membranes were manufactured for mechanical measurements by transferring 

thin graphene flakes onto patterned silicon nitride membranes. The membranes were 

fabricated according to the process outlined in section 5.1 for the ‘thick’ wafers. This 

generated 500 𝑛𝑛𝑛𝑛 thick silicon nitride membranes which were rigid at the forces applied to 

the graphene membranes. This was verified by comparing force curves taken on the 

membrane to those on the silicon supported area. Graphene flakes were exfoliated on silicon 

oxide (see section 5.2.1) and then transferred over the membranes using a wet transfer 

process (see section 5.2.3), before being dried in a CPD system. The transfer process steps 

and resulting membrane are pictured in figure 42. Membrane sizes between 2 − 10 𝜇𝜇𝜇𝜇 were 

fabricated, but the majority of measurements were performed on 3 𝜇𝜇𝜇𝜇 diameter 

membranes. 

Measurements were carried out on a Bruker Dimension Icon AFM, using PeakForce 

Quantitative Nanomechanical Mapping (QNM) mode, with PeakForce Capture enabling the 

saving of a representative force curve for every pixel in the image. These were compared to 

conventional nanoindention and force volume measurements. Then, using the technique 

described in section 3.4.2.2, the central force deformation behaviour was fit to equation (15) 

to enable the extraction of the elastic properties of thin graphene sheets.  

All AFM tips used were sold by Bruker (www.BrukerAFMProbes.com). For low force 

mapping, at forces up to 100 𝑛𝑛𝑛𝑛, ScanAsyst-Air tips were used. These use a triangular silicon 

nitride cantilever, and have a rated force constant of 0.4 N/m. At higher forces, TESPA tips 

were used. These use a silicon rectangular cantilever and have a rated force constant of 42 

N/m. They have a reflective aluminium coating on the back of the cantilever to increase the 

reflectivity. To try and probe the failure properties of the membranes, TESPD tips were used. 

These are similar to TESPA but lack the reflective coating and are coated in a 10nm thick 

diamond like carbon (DLC) film. Before use, they were coated in a 30nm Cr layer on the 

back of the cantilever to increase the cantilever reflectivity. At intermediate forces, TAP150A 

tips were sometimes used. These consist of a rectangular silicon cantilever, have a rated 

stiffness of 5N/m, and also have a reflective aluminium coating. To calibrate the deflection 
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sensitivity (see section 4.3.2), after the tips were loaded they were ramped on a sapphire 

crystal to a setpoint corresponding to 10nm of cantilever bend. The gradient of the obtained 

force curve (in V) was then assumed to be entirely due to the cantilever bend, specifying the 

deflection sensitivity. Force constants were obtained using the thermal noise method for the 

ScanAsyst-Air tips, and using Sader’s method (and a thermal noise spectrum) for the other 

rectangular silicon cantilevers. 

Custom scripts were developed to import force displacement data into Matlab, calling 

functions from the NSMatlabUtilities utility provided by Bruker to access the proprietary file 

format. This allowed simultaneous processing of all force curves in an image, rather than 

being exported pixel by pixel. The membrane force displacement data was then extracted 

from the force curves, and fit to equation (15). The dominant source of error in the 

measurements was the determination of the zero displacement point (ZDP). Various 

algorithmic methods were trialled, including those described in references75,305 and leaving it 

as a free parameter with the full retract curve, including the adhesive part. Due to the level of 

noise at low forces, it was not possible to come up with a single fitting algorithm which could 

be used to specify the ZDP in all cases. In this case fits with differing possible ZDPs were 

visually inspected to choose the most appropriate. This led to a large estimated experimental 

error on the measured 2D modulus, and a larger one on any pretension, as the linear 

coefficient is more sensitive to the ZDP moving than the cubic one. Experimental errors on 

the measured pretension values exceeded that of the measured pretensions. Previously 

reported pretension values for membranes fabricated in this way70,306 have been low but 

should have been measurable in this case. This difference may be down to the larger relative 

size of the membranes (and therefore less effect from sidewall adhesion as described in), or 

fabrication or flake transfer differences. In particular, in the mentioned cases the flakes have 

been exfoliated directly over drums whereas here they have been transferred, which induces 

extra compressive strain in the flake307. 
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5.8 Selectively graphene coating SOI ring resonator 

waveguides – 2nd paper 

The silicon on insulator (SOI) ring resonators used in chapter 7 were coated in CVD 

graphene following the process outlined in section 5.2.5, which was subsequently patterned 

using the process outlined in section 5.3. A relatively thin strip of CVD graphene (~5 𝑚𝑚𝑚𝑚) 

was used to avoid depositing it over the surface gratings used to couple light into the 

waveguide. Optical images of the waveguides before and after graphene coating and 

patterning are shown in figure 51. It was not possible to cover the entire ring cavities, as it 

was imperative to leave the input-pass waveguide free of graphene, and the coupling gap was 

only 300nm wide. Over a centimetre scale wafer with few sharp marks on the surface to align 

to, this level of alignment accuracy is impossible in optical systems. After optical 

measurements, AFM was used to confirm the graphene layer is continuous and flat to the 

waveguide surface around the ring. 

 

Figure 51 Optical images of SOI ring resonators before and after selective patterning with CVD graphene. 

(a) shows a white light image of the ring resonators before graphene transfer. (b) shows squares of CVD graphene 

over the ring optical cavities. The image has been enhanced using postprocessing and averaging to enhance the 

visibility of the graphene areas. The upper left square is contaminated with a sheet of crosslinked resist. Tears are 

also clearly visible in the upper right area. 
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5.7 Fabrication of large area suspended tBLG – 3rd paper 

Aligned transfer of graphene220,225 typically uses small flakes of sizes up to around 10 𝜇𝜇𝜇𝜇. 

This is not only because small flakes are produced in much greater numbers than larger flakes 

during micromechanical exfoliation, but that they are more likely to exhibit straight edges at 

crystallographic angles, and it is therefore more likely that the crystal orientation can be 

ascertained by optical inspection.  

To maximise the signal to noise ratio in the Raman measurement, a suspended tBLG sample 

was necessary to enable measurement of Raman spectra using a transmission geometry. To 

reduce background information, the membranes had to be as large as possible compared to 

the laser spot size. Flakes transferred over holes often tend to scroll or crack when drying if 

there is not a large area of membrane supported graphene around the holes. Although the 

transfer alignment described in section 5.2.3 is accurate to ~0.5°, there is a lateral positioning 

error of a few 𝜇𝜇𝜇𝜇. As two transfers are required, and the hole needs to be relatively large (at 

least 8 𝜇𝜇𝜇𝜇 diameter), this makes small flakes unsuitable for this process.  

It was therefore necessary to identify the crystal axis of large flakes, with ‘flaggy’ edges. 

Monolayer flakes of this size very rarely show sharp edges. However, large flakes containing 

many areas with different layer numbers would occasionally be identifiable as having many 

parallel edges or particularly long straight terraces, where the ‘upper’ flake shows edges with 

crystallographic orientation. Two such flakes are shown in panels (a), (b) and (c) in figure 

52, with the crystalline edges marked. AFM imaging was also often able to determine the 

directions of flakes which seem to have flaggy edges at the large scale, but have straight edges 

at 30° orientations at smaller scales, as shown in figure 53. 
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Figure 52 Sequence of optical images showing stages in the tBLG suspended membrane fabrication process. 

(a) shows a large flake, with an abundance of parallel straight edges in the indicated direction. (b) shows a zoomed 

in region of the flake in (a), showing a series of parallel edges at a 30° angle to the original set. (c) shows a second 

graphene flake, with presumed crystallographic edges marked. (d) shows the flake from panel (c) stacked on top of 

the flake from panel (a), with an 11.3° misalignment between the assigned crystal directions. The area bounded in 

red is the tBLG area, surrounded by monolayer graphene and thicker material. (e) shows the flake after transfer to 

the specially designed membrane. A green low pass filter is used to aid visibility. The tBLG area from panel (d) is 

again shown. (f) shows the suspended graphene under high illumination with green light. The lighter tBLG area is 

visible compared to the darker monolayer areas. 
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Once identified as likely candidates for crystal axis orientation, tBLG samples were fabricated 

by transferring one on top if the other in a wet transfer process (as described in section 5.2.3), 

with a 𝜃𝜃 ≈ 11.5° misalignment between the two identified axes. As we were not able to 

identify the nature of the edges (zigzag or armchair), this resulted in tBLG structures with 

twist angles of 𝜃𝜃 ≈ 11.5° or 𝜃𝜃 ≈ 30° + 11.5° = 41.5° (which is equivalent to 𝜃𝜃 ≈ 60° −

41.5° = 18.5°). There is a 50% chance of generating either twist angle, assuming there is an 

equal chance of generating either kind of edge (which is not necessarily true308). Panel (d) in 

figure 52 shows the flake from panel (a) after the flake from panel (c) has been transferred 

on top. The estimated misrotation angle is shown. The resulting tBLG area is highlighted in 

red. 

 

Figure 53 AFM images of graphene flakes with straight, crystalline edges on the smaller scale, but a messy 

appearance at scales observable using optical microscopy. (a) and (b) show large and small scale images 

respectively of a thin flake. In panel (b), the characteristic straight edges at 30° angles are observed. 

Silicon nitride membranes were produced following the techniques described in section 5.1 

for ‘thick’ wafers. The lithography design for the membrane patterning stage consisted of 

10 𝜇𝜇𝜇𝜇 diameter holes in a triangular lattice with a 20 𝜇𝜇𝜇𝜇 pitch. The array shape was defined 

by the tBLG areas for the individual samples. This was to maximise the yield of large tBLG 

membranes, whilst ensuring a seal around the bilayer area to reduce the risk of the 

membranes breaking or the flakes scrolling during the drying process after polymer removal. 

After patterning and etching, the holes had an average diameter of 11 𝜇𝜇𝜇𝜇. The tBLG stacks 

were transferred on top using a second wet transfer process, and the resist was removed using 

acetone before the sample was dried using CPD as described in section 5.2.3. 

 



140 
 

As this was a wet transfer process, the characteristic triangular bubbles connected by wrinkles 

appear between the tBLG layers. However we are confident that between these bubbles the 

interfaces are atomically clean. AFM images of the membranes are shown in figure 54. 

 

Figure 54 AFM images of large (𝟏𝟏𝟏𝟏 𝝁𝝁𝝁𝝁 diameter) suspended tBLG membranes. (a) shows a height image of 

the membrane array. The third row of holes down is only covered with one layer of graphene, showing smooth 

membranes. The others are tBLG membranes, showing the bubbles and wrinkling due to transfer contamination. 

(b) shows an error signal image of a wrinkled tBLG region, showing the typical triangular bubbles joined by 

wrinkles. Between the wrinkles the membranes are smooth. The ‘smudgy’ features in the upper part are imaging 

artefacts. 

Following the AFM imaging, and immediately prior to posting the samples to the group of 

collaborators, they were annealed in H/Ar as described in section 5.2.6. 
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5.9 Fabrication and TEM patterning of suspended 2D 

materials - 4th paper 

The silicon nitride support structures for the suspended membrane samples in this work 

were fabricated using the optimised process described in section 5.4. The hBN flakes were 

mechanically exfoliated onto thinned silicon oxide films on silicon substrates as described in 

section 5.2.2. Thin flakes were identified optically, and imaged with AFM to estimate their 

thickness. To minimise contamination between the graphene and hBN, the graphene flakes 

were exfoliated on a PMMA film and dry transferred directly onto the selected hBN flake, 

following the process outlined in section 5.2.4. Thin flakes were again identified optically, 

and AFM was used after transfer to unambiguously identify the number of graphene layers 

(layer step height on hBN is observed at 330Å intervals). The graphene/hBN stack was then 

transferred over the selected hole on the SiNx membrane following the procedure outlined 

in section 5.2.3. The samples were then cleaned and annealed following the process in 5.2.6. 

The sample used in the majority of the paper is pictured in figure 55. 

 

Figure 55 2 layer membrane patterned in 4th paper. (a) shows an optical image taken using a green narrow pass 

filter of the exfoliated graphene flake on the bilayer polymer dry transfer membrane. Areas of monolayer, bilayer 

and trilayer graphene are clearly visible. (b) shows a white light optical image of the hBN flake. Steps are faintly 

visible across the main part of the flake. The heights of the different areas were measured using AFM. (C) The dual 

layer membrane after transfer to the patterned nitride grid. 

All data contained in the 4th paper with the exception of the first figure was taken from one 

sample, in two sessions. For the first session (cutting with EELS monitoring), the sample was 

annealed overnight and loaded into the microscope in the morning. For the second session, 

the sample was annealed again the day before imaging, and loaded into the microscope the 

night before imaging, producing slightly lower levels of mobile contamination and better 

patterning conditions. However, metallic nanoparticles containing principally Cu and Ag 

were observed on the particle after the second anneal, due to contamination in the ceramic 
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furnace tube. They are discussed in a section of the supplementary information included 

with the research paper. 

Patterning and imaging were performed in a FEI Titan G2 80-200 kV with an X-FEG electron 

source operated at 200 kV, equipped with a Gatan image filter (HAADF/EELS) and a Super-

X four silicon drift EDXS detector system. Images and spectral data were processed and 

analysed using Gatan Digital Micrograph software and the open source python package 

Hyperspy. EELS spectra were used to quantify the elemental composition of the sample using 

the process outlined in section 5.5. 
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6.1 Introduction to 1st paper 

Suspended graphene membranes are a useful experimental testbed and have been proposed 

for use in next generation sensors and actuators, but are challenging to characterise. Central 

point nanoindentation on circular suspended membranes is the leading technique for 

investigating the static mechanical properties of graphene. Tapping mode AFM has been 

previously used to image small graphene membranes, but the high interaction forces between 

the AFM probe and graphene make this challenging and can induce significant imaging 

artefacts. The newly introduced PeakForce AFM mode allows the spatial mapping of the 

nanomechanical properties of a surface at high speed by capturing a force curve per pixel. 

This paper investigates the utility of this imaging technique for extracting both local sample 

and intrinsic graphene nanomechanical behaviour.  

6.2 Summary of 1st paper 

Graphene membranes were fabricated by transferring mechanically exfoliated graphene 

flakes onto a SiNx membrane lithographically patterned with circular through holes. We 

show that it was possible to use peak-force imaging to capture topographic and 

nanomechanical data on large soft graphene membranes, of 3 − 10 𝜇𝜇𝜇𝜇 scale and with a high 

dynamic vertical range at known deformations, in contrast with standard tapping mode.  We 

present maps of mechanical properties derived from the captured force distance behaviour. 

We compare the force distance behaviour of the central area of the membrane captured from 

a peak-force map, and obtained using conventional nanoindentation, and find them to be in 

good agreement.  By fitting this force distance behaviour to a semi-empirical model of a 

clamped circular elastic membrane, a ‘derived’ Young’s modulus for graphene of 1 TPa was 

measured on the large scale graphene membranes fabricated, which agrees with theoretical  

predictions and experimentally measured literature values. 

6.3 Author contribution to 1st paper 

The sample was fabricated and characterised by the thesis author. The data was analysed and 

interpreted by the author. The paper was written by the author with advice from AV and AO, 

and revised and edited by the author and AV. The experiment was conceived and planned 

by the author and AV. 
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Understanding the mechanical properties of suspended
graphene membranes is crucial to the development of graphene
nano-electromechanical devices. PeakForce QNM (quantitative
nanomechanical mapping) atomic force microscopy imaging
was used to rapidly map the nanomechanical properties of a
range of suspended graphene membranes. The force–displace-
ment behavior of monolayer graphene extracted from the peak-
force imaging map was found to be comparable to that taken
using standard nanoindentation. By fitting to a simple elastic
model, the two-dimensional elastic modulus was measured
at around 350Nm�1, corresponding to a Young’s modulus of
around 1TPa.

Nanomechanical parameters which can be directly extracted
from force curve data in real time. Inset shows a dissipation map
of a suspended graphene membrane.

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Probe based indentation is a widely
used technique for studying local mechanical material
properties [1]. The most accurate way of mapping material
properties at the nanoscale has been force-volume imaging
in an atomic force microscope (AFM) [2]. In this mode, the
tip is ramped using the z-axis stepper motor to perform a
nanoindentation at every point in an image, producing a two-
dimensional array of force curves, from which a variety of
nanomechanical properties can be extracted. However force-
volume mapping and standard tapping mode imaging do
not deal well with large sudden changes in the surface
mechanical properties, and the extensive time required to
complete a force volume plot limits its usefulness.

The recently introduced PeakForce QNM (quantita-
tive nanomechanical mapping) AFM mode [3, 4] allows
the spatial mapping of the nanomechanical properties
of a surface at high speed by effectively ramping with
the cantilever rather than the z-piezo; the time taken for
a full nanomechanical map is comparable to the time

taken for a standard AFM tapping mode topography-only
image.

Graphene, a two dimensional (2D) carbon lattice, has
attracted broad interest due to its unique electrical, thermal, and
mechanical properties [5–7], and could play an important
role in the next generation of micro/nano-electromechanical
systems (M/NEMS). Its measured intrinsic strength exceeds
that of any other material [8]. Suspended graphene mem-
branes [9] are a useful experimental testbed in a wide range
of areas [10–12], but are challenging to characterize due to
their extreme optical and electronic transparency.

AFM nanoindentation and force volume experiments on
suspended graphene are the primary way through which
the mechanical properties of graphene and other two-
dimensional materials can be measured [13–16]. Previous
attempts to image graphene membranes using tapping mode
AFM have been problematic due to the unusual combination
of their high strength and high elasticity. The high interaction
forces between the AFM probe and graphene induce large
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high frequency oscillations of the graphene membrane,
producing a triangular wave like artifact as the oscillation
is repeatedly induced and subsequently decays. Although
it was possible to image the topography of smaller
membranes in tapping mode, by carefully controlling the
scan parameters to reduce the tip–sample interaction force,
the height data was misleading due to the lack of knowledge
about the force applied to the membrane (the topography of
which changes with the applied tip force). These issues can
be overcome in peak-force tapping mode which allows for a
pre-defined force to be applied during each “tap,” and this
force can be minimized to very small values. Since this
process involves capturing a full force curve at every “tap”
during imaging, it also provides a full nanomechanical
characterization at every data-point on the AFM image.
Here we present nanomechanical maps of suspended
graphene taken using the PeakForce QNM imaging mode
and compare extracted force curves to those measured using
conventional nanoindentation/force volume mode. The
force–displacement data was in agreement, and by fitting
this to a simple model of a circular 2D elastic film under
central point loading the Young’s modulus of graphene
was measured at around 1TPa [8, 16], in agreement with
literature values. We also demonstrate that peak-force
imaging allows the capture of topographic data from large
soft membranes with a high dynamic vertical range using
non-contact AFM, as opposed to tapping mode imaging
where the tip–membrane adhesion induces oscillations in
the membrane which result in triangular artifacts.

2 Materials and methods The suspended graphene
membranes used in this study were supported by patterned
silicon nitride membranes. The nitride membranes were
patterned with 8mm diameter holes using photolithography
and reactive ion etching (RIE). Graphene flakes were
mechanically exfoliated [17] from graphite onto silicon
dioxide coated substrates. A 90 nm thick SiO2 coating was
used to maximize the optical contrast and allow the number
of layers to be easily visualized [18]. A flake containing
regions of both monolayer and trilayer graphene was
selected and transferred onto the patterned nitride mem-
branes using a standard flake transfer procedure [19].
Pictures of the flake before and after transfer and a schematic
cross section of the resultant membrane are shown in Fig. 1.

PeakForce Tapping and conventional TappingMode
AFM images were taken using a Dimension Icon (Bruker
Nano) AFM with a Nanoscope V controller. PeakForce
images up to a force setpoint of 100 nN were taken using
ScanAsyst Air probes, and up to 10mN, along with the
tapping mode images, with ATESP probes (both from
Bruker). Probe spring constants where calculated using the
thermal tune method [20] for the ScanAsyst Air tips and
Sader’s method [21] for the stiffer ATESP probes.

Figure 2 shows a comparison of PeakForce and
TappingMode images of identical suspended graphene
membranes. Both images contain 512� 512 pixels and were
captured using a scan rate of 1 line per second for a total of

81/2 min. The peak-force mode image (Fig. 2b) was taken
using a ScanAsyst Air probe with a peak-force setpoint
of 5 nN to minimize the resulting membrane deflection.
The sawtooth like artifact in the tapping mode image is
characteristic of the kind of artifact that is observed when
imagingmembranes of this type.While it is possible to obtain
clean images on smaller suspended membranes with careful
control of the scanning parameters it is extremely challenging
to do the same on membranes of diameters of more than
around 5mm. Larger membranes are desirable as the quality

Figure 1 (a) Mechanically exfoliated graphene flake on 90 nm
SiO2 substrate, to highlight the monolayer, bilayer, and trilayer
regions. (b) Graphene flake after transfer to patterned silicon nitride
membrane. The lighter green square is the unsupported nitride
membrane; it is backed by silicon everywhere else. (c) Schematic
cross-section of suspended graphene membrane, covering a
suspended patterned silicon nitride grid.

Figure 2 Comparison of TappingMode and PeakForce images of
suspended membranes. (a) TappingMode image of 8mm diameter
monolayer graphene membrane captured using an ATESP probe.
(b) PeakForce image of same membrane captured using a
ScanAsyst Air Probe with a 5 nN force setpoint. (c) Comparison
of height traces across the center of the membrane. Trace 1 is from
the tapping mode image and trace 2 is from the peak force image.
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factor of circular graphene mechanical resonators increases
in proportion to their size [22]. They are also interesting
experimentally for their use as novel electron microscopy
samples and sample supports [23], as well as investigations
into proton transport through thin films [24, 25], as well as
potential applications as molecular sieves and pressure/strain
sensors. In PeakForce mode, the voltage signal from the
photodetector is linked to the force on the membrane, and
the tip is repeatedly ramped using the piezo until the voltage
signal corresponding to the force setpoint is reached, when
the tip is retracted. This enables fine control over the force
which is applied by the tip, which can be minimized to
reduce the induced oscillations of the membrane.

PeakForce QNM imaging, like force volume imaging,
generates a force curve per image pixel, from which a variety
of useful mechanical properties can be extracted. However
the extremely low speed of force-volume imaging (�1 pixel
per second) limits its usefulness and makes it susceptible
to drift. In PeakForce imaging, the tip is oscillated at a
non-resonance frequency rather than ramped vertically with
the z-piezo, dramatically increasing the capture speed
(approx. 1–4 lines per second). A schematic of how the
extracted parameters are obtained from the force curve is
shown in Fig. 3a. The deformation channel is the vertical

distance between the position at which the tip first contacts
the sample and the maximum extension and represents the
vertical distance through which the sample is deformed by
applying a known force (the peak force setpoint) via the tip.
The dissipation of energy by the sample is obtained by the
area between the measured extend and retract force curves.
During the retract phase, short range attractive van derWaals
forces keep the tip anchored to the surface until sufficient
force is applied to pull the tip away from the surface. The
force at which this occurs is saved as the adhesion quantity.
The high adhesion values which are observed when scanning
suspended graphene help suggest an explanation for the
cause of the observed artifacts in tapping mode; the
membrane is pulled up by the tip and violently released,
inducing the membrane oscillations. As the frequency of
these oscillations is much higher than that of the tip (the
fundamental frequency is expected to be around 10MHz
[22]) the upper point of the graphene oscillation envelope is
imaged. The membrane oscillation gradually decays due
to damping, and when it gets low enough such that the
restoring force at the top of the oscillation is lower than that
of the tip–graphene attractive force, the membrane is again
picked up, deformed, and released. In PeakForce mode,
the tip sticks to the graphene during every indentation, and
measures the static membrane behavior rather than the
dynamic. Despite the use of tips with different degrees
of stiffness, up to 200Nm�1, and trying a wide variety of
scanning parameters, we have been unable to produce a
convincing image using tapping mode of a suspended
monolayer membrane larger than 3mm.

Figure 3 contains nanomechanical property maps of an
interesting membrane structure. Most of the hole is covered
by monolayer graphene, but the area in the top right is
covered by trilayer graphene. The number of layers was
confirmed by the well-calibrated optical contrast of graphene
on Si/SiO2 substrate [18] before the transfer. The hole is
surrounded by a “hard” silicon nitride membrane which does
not deform at the forces used in these experiments. The
PeakForce maps allow us to quickly say that the trilayer
region is harder to deform (from Fig. 3c), dissipates
relatively the same amount of energy per strike (from
Fig. 3e), and exhibits a stronger AFM tip–graphene adhesive
interaction (from Fig. 3d). All the data from Fig. 3b–e
was taken in one 512� 512 pixel (data point) scan taking
around 8min to complete, orders of magnitude faster than
a traditional force volume mode scan would have taken
(72 h using a typical ramp rate of 1 pixel per second). A
recorded force curve from the slack region in the center of
the graphene from this scan is shown in Fig. 4.

PeakForce maps were taken on a range of membranes at
increasing force, up to that required to fracture the graphene
membranes (between 2 and 3mN). Nanoindentations in the
centers of suspended membranes at similar forces were also
taken to verify the mechanical response of the membranes. A
comparison of force response curves from nanoindentations
and extracted from PeakForce maps in the center of the same
membrane is shown in Fig. 5. The force displacement

Figure 3 (a) Schematic force curve illustrating how the nano-
mechanical parameters are extracted. Inset shows the height data
from a semi supported graphene membrane. (b)–(e) PeakForce
images of same membrane showing variety of PeakForce channels:
(b) error, (c) deformation, (d) adhesion, and (e) dissipation.
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behavior of circular graphene monolayer membranes can be
described to a high degree of accuracy [8] by the model of a
clamped circular linearly elastic membrane under a point
load at its center [26, 27]. The force–displacement behavior
is approximated by:

F ¼ ðpTÞdþ ðE2Dq3a2Þd3;

where F is the upward force applied on the tip by the
membrane and d is the deflection of the membrane, and a is
the radius of the circular membranes. T is the pretension in
the membrane and q¼ 1/(1.05� 0.15v� 0.16v2)¼ 1.02 is a
dimensionless constant where v is the Poisson’s ratio of
graphene, taken to be equal to 0.165 [28]. E2D is the two-
dimensional Young’s modulus, with units of force divided
by length. Fitting this model to the force curves should
therefore yield both the pretension and the elastic modulus of
the membranes. An offset was often observed between the

nominal zero deflection point and the force minima, so a
free parameter was added to the fit to account for this
discrepancy. The true zero deflection point was taken to be
the force minimum, which was output during the fit. In
practice, there was a good agreement between the moduli
obtained using peak force and nanoindentation methods,
with both yielding measurements of the modulus of
monolayer graphene as around 350� 50Nm�1. This can
be compared to the 3D modulus by dividing by the nominal
thickness of a graphene layer (0.335 nm [29]) to yield values
of the Young modulus of graphene around 1 TPa, in good
agreement with that measured by other groups [8, 16, 30,
31]. Pretension in the membranes was not observed in
most cases. Previous reports [8] suggest that the observed
pretension is entirely due to the extension of the membrane
due to the adhesion of the grapheme to the edges of the
hole for the first few nm, and that mechanically exfoliated
graphene is nominally compressed when not suspended. As
our membranes are significantly larger than those used in
that study (1–1.5mm) without a significantly larger adhered

Figure 5 Comparison of force–deflection data of the center of a
membrane. The blue data was extracted from a peak force image,
whilst the red data was taken using a point indentation (a single
force volume image “pixel”). Fits of both sets of data to the elastic
model are also shown.

Figure 6 (a) SEM image of a broken graphene membrane after
failure test. (b) Schematic highlighting the location of the tip (the
tip is colored in blue and the cantilever in gray) in the SEM
images shown in (c) and (d) of an ATESP probe before and after
performing a failure test.

Figure 4 Force curve from slack region of graphene membrane
illustrated in Fig. 3. The peak force setpoint was set at 50 nN, and
the maximum adhesive force was 16.6 nN.
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region around the edges, the predicted tension due to
extension is far lower, and consequently cannot be observed
in our measurements.

At very high forces no slipping of the graphene or
permanent deformation was observed until the failure of
the membrane. The high forces (above around 1mN) were
enough to significantly damage the silicon tips used here. An
SEM image of a broken membrane is shown in Fig. 6, along
with images of the tip used to puncture it both before and
after the scan. Extensive tip damage was observed on all the
silicon ATESP tips after high force imaging and graphene
fracture. The force–displacement behavior is independent of
the tip radius as long as it is far smaller than the size of the
membrane. However the breaking force of the membrane
is highly dependent on the tip radius, as it is the area of
extremely high stress directly under the tip which is
significant. Therefore extracting the ultimate tensile strength
of the membranes was not possible.

3 Discussion PeakForce AFM imaging looks to be
an ideal technique for imaging suspended graphene, and
therefore more complicated structures based on graphene
membranes as well as those based on other 2Dmaterials. The
speed with which nanomechanical data can be obtained is
a dramatic improvement over the equivalent force-volume
technique, and is comparable to tapping mode imaging
speeds. It opens up lots of possibilities of new experiments
involving graphene membranes. Deformation and dissipa-
tion are important quantities when investigating damping
in graphene resonator systems [13, 15, 32], and adhesion
mapping enables a variety of tip and graphene functional-
ization experiments [33].

The force–displacement behavior of the membranes, and
the dissipation and deformation channels was highly
repeatable and independent of the tip, depending only on
the size of the membrane and the number of layers. By fitting
a model to the extracted force data, the measured two-
dimensional elastic modulus was found to agree with data
taken in a standard nanoindentation experiment, as well as
literature values obtained using diamond tip nanoindent-
ers [8, 14]. The large error on the measured modulus
was largely due to uncertainties about the z height that
corresponded to zero membrane deflection, to which the
model, especially the linear term was highly sensitive.

Derived quantities which depend on knowledge of
the tip condition were less repeatable. The tip–graphene
adhesion, for example, is dependent on the contact area. The
breaking force is also determined by the extreme stress
concentrations directly underneath the tip, and is highly
sensitive to tip radius. This made extracting parameters
such as the intrinsic strength and nonlinear elastic behavior
challenging due to the extreme degradation of the silicon tips
at these high forces.

4 Summary PeakForce QNMAFM imaging was used
to rapidly map the nanomechanical properties of a range of
suspended graphene membranes, something which was not

previously possible using other AFM modes. Structures and
ripples on the membrane are clearly visible when compared
to images taken in other modes. The force–displacement
behavior of monolayer graphene extracted using peak-force
imaging mode was found to be comparable to that taken
using standard nanoindentation. By fitting to a simple elastic
model, the two-dimensional elastic modulus was measured
at around 350Nm�1, corresponding to a Young’s modulus
of around 1 TPa, which is in good agreement with the
literature values.
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7.1 Introduction to 2nd paper 

Along with graphene’s unique mechanical properties, its ability to absorb light over an 

extremely wide wavelength range and its high carrier mobility make a variety of graphene 

based photonic devices possible. The large surface area of graphene, as well as its chemical 

purity, reactivity and simplicity of functionalisation, make it an ideal sensing platform, 

potentially leading to ultra-sensitive devices that can detect specific biological species. 

Understanding the nature of lights interaction with graphene is critical for the development 

of graphene integrated silicon photonic sensors taking advantage of these properties.  The 

linear attenuation coefficient of graphene had previously been measured using a cutback 

method, but there was a discrepancy between published results. We aimed to unambiguously 

determine this attenuation factor, and guide future designs for both optoelectronic devices 

and sensing devices working using this concept. 

7.2 Summary of 2nd paper 

CVD graphene was transferred onto an array of silicon racetrack cavity resonators and 

selectively patterned to remove it from the input-pass waveguides. The waveguide spectra 

were collected both before and after graphene modification. Analysis of the spectra showed 

that the graphene induced a strong quenching of the resonance signal as the light-graphene 

interaction length (racetrack length) is increased. The linear attenuation due to graphene (as 

a function of its length) was measured using both a cutback method (as had been performed 

previously) and by fitting it as a parameter in the ring resonator transmission spectrum. 

From this work a model of cavity resonance attenuation with respect to graphene length and 

height over said cavity was developed, which should provide future design rules for 

developing graphene integrated silicon photonic devices for chemical sensing and 

optoelectronic applications. 

7.3 Author contribution to 2nd paper 

The previously fabricated silicon racetrack resonators were selectively patterned with CVD 

graphene by the thesis author. The topography of the CVD membranes over the resonators 

was confirmed by the author using AFM. The author also contributed to the design of the 

experiment, the interpretation of the experimental data, and the editing of the paper.  
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Determination of the quasi-TE mode (in-plane) 
graphene linear absorption coefficient via 

integration with silicon-on-insulator racetrack 
cavity resonators 
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Abstract: We examine the near-IR light-matter interaction for graphene 
integrated cavity ring resonators based on silicon-on-insulator (SOI) race-
track waveguides. Fitting of the cavity resonances from quasi-TE mode 
transmission spectra reveal the real part of the effective refractive index for 
graphene, neff = 2.23 ± 0.02 and linear absorption coefficient, gTE = 0.11 ± 
0.01dB m−1. The evanescent nature of the guided mode coupling to 
graphene at resonance depends strongly on the height of the graphene above 
the cavity, which places limits on the cavity length for optical sensing 
applications. 
©2014 Optical Society of America 
OCIS codes: (240.0240) Optics at surfaces; (240.0310) Thin films; (240.6490) Spectroscopy, 
surface. 
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1. Introduction 

The disruptive technological potential of graphene is extremely wide ranging [1], with the 
emergence of the first commercial devices anticipated as early as 2015. In particular, 
graphene’s ability to absorb light over an extremely wide (UV to IR) wavelength range, 
coupled with its high carrier mobility offer the potential for a plethora of photonic devices 
including ultrafast, high band-width photo-detectors and optical modulators [2]. On the other 
hand, as a true 2D material, it has an extremely large surface area, which combined with its 
chemical purity, reactivity and simplicity of functionalization make for an ideal sensing 
platform that could lead to ultra-sensitive devices for the detection of biological and/or gas 
molecules in fields as diverse as healthcare, environment and homeland security. 

However, there are certain fundamental limitations associated with graphene when 
compared with conventional semiconductors. For instance, intrinsic graphene is a semi-metal 
(zero band-gap semiconductor) which means that it exhibits a poor ‘on/off’ current ratio when 
integrated into electronic devices [3]. This, coupled with the huge financial and intellectual 
investment in the silicon CMOS micro-electronics industry and, more recently, the emerging 
field of silicon photonics, means that graphene is unlikely to completely supersede silicon in 
the foreseeable future. Rather, there are distinct and obvious advantages to be gained by 
combining these two power-house material systems. For instance, despite its large operating 
bandwidth, the relatively small fraction of photons absorbed at normal incidence (2.3%) and 
the small effective detection area of defect-free graphene limits its responsivity to levels well 
below that required for a commercial photo-detector [1]. However, by integrating graphene 
with a silicon waveguide, the light–matter (graphene) interaction length and therefore optical 
absorption can be increased considerably [3]. And the relationship is bi-lateral; for instance, 
integrating graphene with current commercial silicon optical modulators, such as the Mach-
Zehnder Interferometer (MZI) [4] and the cavity ring resonator [5], which are used to encode 
transmission data for optical interconnects, offers the potential to improve device 
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performance precisely because of graphene’s ultra-fast response over an extremely broad 
spectral range. 

Whatever the application, understanding the nature of the light-matter interaction in 
graphene integrated silicon photonic devices is critical if the combined potential ‘greater than 
the sum of its parts’ is to be realized. 

Our immediate focus is trying to understand the limitations on the practical sensitivity of 
silicon photonic cavities, in which graphene acts as a sensitization layer or pre-concentrator 
with improved reactivity over the silicon surface, for sensing applications. The ring resonator 
is one such cavity, in which the wavelength specific mode confinement of light arises from 
the high refractive index contrast at the silicon/air interface. Such cavity resonators are 
routinely fabricated, via deep UV or e-beam lithography with sub- m precision, from the 
commercial silicon-on-insulator (SOI) platform with a wire-ring, positioned adjacent to a 
straight section wire-waveguide, providing a low loss resonant cavity into which light is 
evanescently coupled when the wavelength matches an integer number of round-trips of the 
ring [6]. The efficiency with which this coupling is achieved, and the very narrow (sub-nm) 
cavity resonances, provides a tightly confined (both physically and spectrally) intense 
evanescent field for near-surface molecular interaction, and therefore sensing [7–9]. The 
transmission spectrum (of a tuneable laser or broadband source) at the wire-guide output 
reveals these cavity resonances, the spectral position of which is also a strong function of the 
local (near surface) refractive index, which depends on the concentration of the bound target 
molecule. By monitoring this transmitted light intensity it is therefore possible to detect 
extremely small changes in the refractive index of the near surface region as molecules attach 
themselves to the primed silicon cavity surface. The functionalization of such silicon micro-
cavities for bio-sensing applications has now been reasonably well explored, for instance for 
the detection of single-stranded DNA by peptide nucleic acid functionalization [7], 
streptavidin detection by biotin functionalization [8] and glucose detection by glucose oxidase 
functionalization [9]. However, the chemical functionalisation of silicon is limited in its scope 
due to its relatively poor reactivity, so that even the versatile ‘click-chemistry’ route to bio-
functionalization [10] is not possible directly on silicon. Whilst methods to improve the 
reactivity of silicon surfaces, such as coating with poly-p-xylylenes have been described [11], 
these still leave a relatively thick ( m-scale) coating on the surface. For waveguide based 
photonic sensors such as these, the evanescent field decays exponentially away from the 
surface, and therefore it is essential that the reactive groups (be they biological or gaseous 
molecular compounds) be located as close to the silicon surface as possible and thus relatively 
thick coatings are undesirable. Rather, our approach is to coat our cavity surfaces with 
monolayer graphene with the expectation that the highly versatile reactivity of graphene will 
open up a wide variety of sensing applications that would otherwise be inaccessible to purely 
silicon photonic platforms. As a first step in this process, in this contribution we report 
measurement of the optical response of graphene coated cavities and in so doing determine 
both the real part of the effective refractive index and the quasi-TE (in-plane) linear 
absorption coefficient for single layer graphene. 

2. Experimental details 

Strip waveguides and racetrack resonators with height of 220nm and width of w = 350nm 
were fabricated, from commercial SOI with a 2 m thick buried oxide layer, via deep UV 
(193nm) lithography using standard complementary metal-oxide semiconductor fabrication 
processes. Three racetrack resonators, with equivalent racetrack-to-wire coupling length, Lc = 
13 m and coupling gap, g = 0.3 m but different radii of curvature, r = 10, 20 and 40 m are 
reported here, with only the smaller devices integrated with graphene. 

The graphene was grown by chemical vapour deposition (CVD) on copper foils 
(Gratome-R-Cu, Bluestone Global Tech) and transferred on to the SOI wafer containing the 
devices using a polymer-mediated wet transfer procedure described elsewhere [12]. The 
graphene was patterned, to ensure selective coverage of the racetrack resonators, using raster-
scan photolithography and oxygen plasma etching. The sample was subsequently cleaned 
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with acetone and annealed at 270°C in a reducing atmosphere to remove residual photo-resist 
contamination. In order to confirm we have deposited single layer graphene, we have used 
Raman scattering spectroscopy. The samples were excited with a 514nm (Cobolt Fandango 
solid state diode) laser via a 50x microscope objective lens and the Raman spectra (not shown 
here) collected in a back-scattering geometry, dispersed in a Renishaw 1000 micro-Raman 
system and detected using a charge coupled device (CCD) camera. Three key factors from the 
scattering spectra may be used to determine whether graphene is single (n = 1) or multi- (n = 
2, 3, 4…) layer; the G-peak position, G (n) = 1581.6 + 11/(1 + n1.6) [13], the width (w2D) and 
symmetry of the 2D-peak and the ratio of the 2D and G integrated intensities, I2D/IG [14]. 
From Lorentzian fits to our measured G and 2D scattering peaks, we obtain G (n = 1) = 
1587.2 ± 0.1cm−1, a symmetric 2D peak with width, w2D = 28cm−1 and I2D/IG ~6, all of which 
confirm we have single layer graphene. 

In order to facilitate optical device characterization in a sensing environment, we have 
developed a novel system, Fig. 1 for achieving free-space delivery and collection of the 
optical signal from an external cavity laser (Thorlabs TLK-L1550R), which has a narrow 
(100kHz) linewidth and tuning range from 1480 to 1600nm. 

 

DUT 

50:50 

50:50 

IR camera 

External 
cavity laser 

Micro-fluidics/gas 
flow cell

0

 
Fig. 1. (a) Schematic of the graphene integrated race-track resonator; The image illustrates the 
selective (partial) coverage of the race-track at the coupling section with the un-coated wire-
guide (b) free-space optical set-up for measuring the resonator device transmission 
characteristics 

The laser output is delivered, via a single mode fiber and polarizer, to a 50:50 beam-
splitter, where it is reflected at near (~11°) normal incidence onto a wide field of view, long 
working distance 5x microscope objective lens (Thorlabs LMS03-BB). Unlike the fiber based 
techniques for characterization of such devices, this arrangement provides a ‘stand-off’ 
optical system (of ~3cm) above our device under test for future integration of micro-fluidic 
channels and/or gas flow cell. The laser spot is focused onto a surface grating (optimized for 
TE mode coupling) at one end of the strip waveguide, which tapers over ~1mm to achieve 
single-guided mode operation. The total length of the strip waveguide is ~3mm at the end of 
which the light emerges, via another tapering section and equivalent surface grating, at a 
similar angle off the normal. The light is then collected using the same objective lens and 
passes through the other side of the beam-splitter, whereupon it is reflected from a mirror 
onto a second beam-splitter, dividing the collected light between the aperture of an IR 
camera, which is used to image the waveguide input and output for alignment, and a fiber-
coupler, which focuses the light onto the end of a fiber where it is delivered to a bench-top, 
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Bayspec SuperGamut© spectrometer with thermo-electrically cooled InGaAs array detector 
from which we determine the transmitted light intensity as a function of wavelength. The 
transmission spectra are all corrected for spectral variations in the laser output power and 
waveguide insertion loss. 

3. Results and discussion 

A typical transmission spectrum for the race-track ring resonator device (r = 40 m) without 
graphene is shown in Fig. 2. 
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Fig. 2. Measured (red) transmission spectrum for a silicon racetrack cavity resonator (physical 
dimensions, r = 40 m and Lc = 13 m) without graphene. The model (blue) curve is derived 
from a fit using Eq. (1) with r = 42.5 m, Lc = 14 m,  = 1.737dBcm−1 and neff = 3.249. Inset: 
close-up of the resonance peak around 1.56825nm 

The device exhibits a relatively high extinction (~17dB) on resonance with a quality factor 
(Q = 0/ ) of the order of 105. The measured transmission spectrum is well described by the 
following expression, modified after [15]: 
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Where k and  are respectively power coupling and intensity loss factors, which depend on 
the coupling efficiency of the ring resonator structure, L ( = 2 r + 2Lc) is the total physical 
round-trip length of the racetrack waveguide with radius of curvature, r and coupling length, 
Lc. neff is the effective refractive index and  is the loss coefficient, which includes 
contributions from both scattering and absorption. The model values obtained from the fit for 
r and Lc agree well with the design (and known physical) dimensions of the racetrack and the 
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values for neff and  are in excellent agreement with literature values [16] for this type of 
device. 

Figure 3 shows typical transmission spectra for the two graphene integrated racetracks 
with different radius of curvature (r = 10 and 20 m) but otherwise identical physical 
parameters (Lc, g and w) to the device without graphene. 
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Fig. 3. (a) Measured (red) and modelled (Eq. (1), blue) transmission spectra (offset for clarity). 
Fits to both data sets yield residual minima with physical dimensions r = 10, 20 m and Lc = 
13 m, neff = 2.23 ± 0.02 and  = 0.11dB m−1 (b) Optical images of the two corresponding, 
selectively coated graphene integrated silicon racetrack cavity resonators with (top) r = 10 m 
and (bottom) r = 20 m. (c) Measured peak extinction as a function of the light-matter 
(graphene) interaction length, Lg with linear regression fit of the form ER(Lg)dB = ER(0)dB - 

Lg with slope  = 0.104dB m−1 

Figure 3 reveals a good fit to the transmission spectra using Eq. (1) for both cavity lengths 
with an effective refractive index, neff = 2.23 ± 0.02. It is important to stress here that neff is 
representative of the waveguide core and cladding material and it is not trivial to extract a 
precise value for the refractive index of graphene, ng from this. Published values for ng [17–
19] tend to be somewhat higher than that of graphene oxide and lower than that of bulk 
graphite [20]. 

The large variation we obtain in neff, going from un-coated to graphene coated cavities 
indicates dramatically altered modal propagation in our system and suggests that the optical 
properties, including the index of refraction are dominated by the graphene. Whilst neff can be 
expected to vary to a lesser degree according to the exact cavity dimensions, which determine 
the mode profile, we note that the value we have obtained here is in good agreement with 
previously reported values for modelled graphene-slot waveguides integrated into silicon 
platforms [21]. 

In general, although ring resonator scattering losses tend to increase with smaller ring 
radii, this should be balanced by lower propagation losses due to the smaller overall round-
trip length. In the case of the graphene integrated devices we have measured, variation in the 
scattering losses due to tighter bend radii are negligible and the losses leading to the 
significant reduction of the extinction ratio and broadening of the resonances observed in Fig. 
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3 are almost entirely the result of increased propagation loss (absorption) in the graphene 
layer situated at the cavity surfaces. These losses are a strong function of the light-matter 
(graphene) interaction length, Lg and so as the racetrack size increases the observed extinction 
diminishes. Thus by examining the change in the peak extinction ratio for different overall 
graphene integrated racetrack lengths, one can independently determine the absorption 
coefficient for graphene and cross-correlate this with the value obtained by fitting the 
resonance spectra with Eq. (1). A total of four graphene integrated devices (two with r = 
10 m and two with r = 20 m) were measured and their extinction ratio is plotted as a 
function of Lg, along with the data point for the no graphene device, in Fig. 3(c). Analysis of 
the optical images in Fig. 3(b) revealed that the rings were not completely coated by the 
graphene and so Lg has been corrected for this fractional coverage, n ( = Lg/L; 0 < n < 1). A 
linear regression fit to the data in Fig. 3(c), of the form ER(Lg)dB = ER(0)dB - Lg, yields a 
value for the graphene linear absorption coefficient,  = 0.104dB m−1, which is equivalent 
(within experimental error) to the value derived from the fitting of Eq. (1) to the transmission 
spectra in Fig. 3(a). We note that similar analyses were recently reported for graphene 
integrated silicon wire waveguides without cavities [22], graphene integrated MZI devices 
[23] and from analysis of the Q-factor variation for a single ring resonator, partially coated 
with graphene [24], all of which yield similar values of  to that we have obtained. In [23] the 
authors increased the graphene-waveguide separation using a spin-on glass (HSQ) spacer 
layer, which revealed a dependence of the absorption coefficient on height, h, due to the 
interaction strength of the evanescent field, according to: 

 ( ) 2
0

hh e γα α −=  (2) 

We assign 0 ( = 0.11dB m−1) as the experimental value we have obtained for the TE-mode 
linear absorption coefficient for h = 0 and  ( = 8.5 m−1) is the waveguide evanescent field 
decay constant determined from a fit to the data of Fig. 4(d) in [23]. Expanding our analysis 
of the change in peak extinction with Lg, to include Eq. (2), we can write a general expression 
for the resonant signal attenuation in our cavities, Ag (Lg, h) induced by the graphene as: 

 ( ) ( ) 2
0, 0 ( ) h

g g g gdB dB
A L h ER ER L e Lγα −= − =  (3) 

A contour plot of Ag as a function of both Lg and h is shown in Fig. 4. 
Figure 4 reveals that, for Lg ≤ 25 m, the cavity signal attenuation induced by a graphene 

layer is negligible at large h (max 3dB at h = 0) but this becomes increasingly significant for 
longer lengths of graphene, particularly if it is deposited at the waveguide surface. For 
instance, for Lg = 150 m, the cavity signal is reduced to half its original value for a graphene 
height, h ~120nm and for this length of graphene deposited at the surface (h = 0), a cavity 
resonance with ER(0) ~17dB (similar to that described in Fig. 2) would be all but quenched. 
This agrees well with our observations for fully coated racetrack resonators with r > 20 m 
and Lc = 13 m (Lg = 2 r + 2Lc > 152 m), for which the transmission spectra yields no 
resonances. In order to confirm that the graphene we have deposited sits at the cavity surface, 
we have carried out a careful analysis, using scanning probe microscopy (not shown here) of 
a step from the plasma etched substrate to the graphene, which indicates a height, 1 < h ≤ 
1.5nm. This is typical for graphene on a (native) silicon dioxide surface, particularly under 
ambient conditions and indicates that the graphene layer resides at the cavity surface. 

The predictive power of our model has important implications for the design of 
graphene/silicon photonic devices, depending on the target application. For instance, in 
refractive index sensing applications, where one relies upon being able to measure small 
shifts in the cavity resonant wavelength, these design rules dictate that small Lg and/or large h 
should be employed to improve the reactivity of the silicon surface without sacrificing the 
cavity resonance signal. Practically, Lg can be controlled using selective etching to partially 
coat the race-track cavities with graphene whilst the inclusion of a (low-loss) dielectric spacer 
layer (such as HSQ) can be used to increase the height, h of the graphene above the cavity 
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surface. Indeed, control over such spacer layer thickness (at the 10’s nm range) has already 
been demonstrated on silicon Mach-Zehnder type devices [23]. On the other hand, for e.g. 
photo-detector applications, one requires maximum absorption in the graphene layer and 
therefore designs should aim for large Lg and/or small h. It is worth pointing out that, for TM-
mode operation, a different set of curves can be expected due to graphene’s polarization 
sensitive absorption coefficient [22, 25]. 
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Fig. 4. (a) contour plot of the calculated signal attenuation, Ag (blue – low, red – high, contour 
lines – 1dB increment) as a function of length, Lg and height, h of graphene over the silicon 
cavity ring resonator (b) calculated Ag as a function of Lg for specific heights (h = 0, 50, 
100nm) along with our measured data (blue squares) and (c) calculated Ag as a function of 
height for specific lengths (Lg = 25, 75, 150 m). The red dashed lines in (b) and (c) indicate 
the graphene (Lg, h) co-ordinates where the cavity resonance signal is attenuated by 3dB 

4. Conclusions 

We have deposited CVD graphene on racetrack type silicon cavity resonators as a route to 
improving the surface reactivity for bio-molecular and/or gas sensing applications. 
Measurements and analysis of the transmission spectra for a cavity with no graphene and for 
graphene integrated cavities reveal a strong quenching of the resonance signal with increasing 
light-graphene interaction length, which is due to the quasi-TE mode (in-plane) absorption in 
graphene. From these analyses we obtain a value for the graphene linear absorption 
coefficient, gTE = 0.11 ± 0.01dB m−1, which is in excellent agreement with literature values 
if we assume the graphene intersects the evanescent field of the guided mode at the cavity 
surface. A model of the cavity resonance signal attenuation for different graphene length and 
height co-ordinates over such cavities provides design rules for different graphene integrated 
silicon photonic devices according to the required application. 
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8.1 Introduction to 3rd paper 

Twisted bilayer graphene has a peak in its optical conductivity associated with its van Hove 

singularities, in the visible region of the spectra and with an energy dependent on the twisting 

angle. This peak generates resonances in the respective Stokes and anti-Stokes Raman 

processes at energies which can be controlled by the twist angle. We aimed to produce a large, 

suspended tBLG sample mode engineered to work in Stokes and anti-Stokes resonance under 

illumination from standard laboratory 532 𝑛𝑛𝑛𝑛 and 633 𝑛𝑛𝑛𝑛 lasers, and demonstrate the 

production of correlated Stokes anti-Stokes photons at the anti-Stokes resonance condition. 

8.2 Summary of 3rd paper 

A method to control the twist angle between layers of graphene had not previously been 

successfully developed prior to this work, and all studies were performed on ‘randomly’ 

oriented twisted samples. Large, suspended tBLG membranes were fabricated with a chosen 

twist angle. Changing the laser energy, we observed significant enhancement of the anti-

Stokes Raman signal under illumination with a 532 𝑛𝑛𝑛𝑛 laser. The laser power dependence 

of the spectra indicated the generation of correlated Stokes and anti-Stokes photon pairs 

under this condition. 

8.3 Further work related to 3rd paper 

Some results from this paper were included in a further, wider paper309 on Stokes and anti-

Stokes correlation in diamond and graphene systems, where the laser power dependence of 

the signals in diamond and a variety of graphene systems is reported. This is then used to 

explain the signal ratio in terms of both laser induced heating and the production of 

correlated Stokes/ anti-Stokes photons for each system. 

8.4 Author contribution to 3rd paper 

The author designed the exfoliation, fabrication, transfer and cleaning procedures necessary 

to generate the required tBLG sample, and performed the entire fabrication process, as well 

as characterising the membranes using AFM.  The author also assisted with the preparation 

of the manuscript.  
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Optical-Phonon Resonances with Saddle-Point Excitons in Twisted-
Bilayer Graphene
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ABSTRACT: Twisted-bilayer graphene (tBLG) exhibits van Hove singular-
ities in the density of states that can be tuned by changing the twisting angle θ.
A θ-defined tBLG has been produced and characterized with optical reflectivity
and resonance Raman scattering. The θ-engineered optical response is shown
to be consistent with persistent saddle-point excitons. Separate resonances
with Stokes and anti-Stokes Raman scattering components can be achieved
due to the sharpness of the two-dimensional saddle-point excitons, similar to
what has been previously observed for one-dimensional carbon nanotubes.
The excitation power dependence for the Stokes and anti-Stokes emissions
indicate that the two processes are correlated and that they share the same phonon.

KEYWORDS: Graphene, Raman scattering, optical reflectivity, coherence

Saddle points in the electron dispersion of two-dimensional
systems generate logarithmically diverging van-Hove

singularities (vHs) in the density of states (DOS).1 In single-
layer graphene (Figure 1a), the vHs occur at the M point for
both the valence (π) and conduction (π*) bands (Figure 1b)
and consequently in the joint density of sates (JDOS) for
optical properties. The JDOS vHs falls into the ultraviolet
frequency region in graphene,2 as well as the related peak in the
optical conductivity (Eopt), which should be redshifted from the
JDOS vHs due to excitonic effects.3

Twisted-bilayer graphene (tBLG) is formed by adding a twist
angle θ between two graphene layers on top of each other.4−7

The expansion of the real lattice parameter when building a
superstructured tBLG (see arrow in Figure 1c) generates a
shrinking of the reciprocal space (Figure 1d), thus bringing the
Dirac (K and K′) points close together and moving them closer
to the M saddle point. Consequently, the vHs will shift in
energy, thereby redshifting the JDOS vHs to visible frequencies
and even into the far-infrared, depending on the twisting angle
θ. This effect has been measured in tBLG using scanning
tunneling spectroscopy6 and it has been explored using Raman
spectroscopy.7−16

Until now, the studied tBLGs have been produced randomly,
that is, without controlling the twist angle θ. Furthermore, the
generated 2D vHs have been directly measured only by
scanning tunneling spectroscopy,6 which is limited to energies
near the Fermi level and is usually more invasive and less
accurate than optical measurements. Here we report the
production and optical characterization of a tBLG with a
previously selected θ angle, chosen specifically to explore

Stokes and anti-Stokes resonance Raman scattering effects. By
mode-engineering the system to work in resonance with the
anti-Stokes line, we observe a quadratic power dependence of
the anti-Stokes process. This power dependence is indicative of
Stokes-induced anti-Stokes scattering in which the phonon
generated by the Stokes scattering is consumed by the anti-
Stokes process.
Resonance Raman studies show that the peak in the optical

conductivity is given by Eopt = E0 sin(3θ) with E0 = 3.9 eV
obtained experimentally.16 By choosing θ = 11.3°, we expect
Eopt = 2.175 eV. Our tBLG sample was prepared as follows: two
mechanically exfoliated single-layer graphene flakes with well-
defined edges were found on top of a solid SiO2 surface. The
samples are shown in the optical images in Figure 2a,b, where
the well-defined edge directions are indicated by the larger and
smaller white lines, respectively, as sufficient indication of either
zigzag or armchair crystallographic orientations. In sequence,
one of the graphene flakes was transferred and placed on top of
the second flake with the well-defined edge rotated with respect
to the second by an angle θ = 11 ± 1°, as indicated by
translation of the larger white line from Figure 2a into Figure
2b. Then the θ = 11 ± 1° tBLG was transferred onto a 500 nm
thick SiNx membrane perforated with holes of 10 μm diameter
(see optical image in Figure 2c and schematics in Figure 2d).
Because the samples have areas with bi-, tri-, and many-layer
graphene, it is only where the monolayers of each flake overlap
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that the tBLG is present. In the image in Figure 2c, a dark
contour outlines where the tBLG occurs. Notice that while
well-defined edges are a sufficient indication of crystallographic
orientation, armchair or zigzag cannot be differentiated
optically, and the procedure here has 50% chance of generating
a (30° + θ) angle, rather than the wanted θ. A reference sample
with θ = 0° was also fabricated by directly depositing a
mechanically exfoliated AB-stacked bilayer graphene (AB-BLG)
onto a similar 500 nm thick SiNx membrane perforated with
holes of 10 μm diameter (not shown). All experiments were
performed in the freely suspended regions of the graphene
tBLG and AB-BLG, that is, in the holes of the SiNx membranes.
This excludes any substrate-related background scattering and
artifacts.
Figure 3 shows the reflectivity of the tBLG shown in Figure

2c, measured with a supercontinuum laser and normalized to

the response of the AB-BLG. The tBLG reflectivity peak is
observed at Eopt = 2.18 eV, in excellent agreement with the
prediction for θ = 11.3°.16 The asymmetric reflectivity line
shape observed in the ultraviolet for graphene has been
identified as a result of the convolution between a well-defined
(excitonic) transition with a continuum density of electronic
states, which results in a Fano resonance feature.3 The
asymmetric line shape shown in Figure 3 is fully consistent
with this picture, showing that many-body effects leading to the
formation of two-dimensional saddle-point excitons are
persistent, remaining in the modified structure of tBLG, as
discussed by Havener et al.17

Having properly characterized the energy of the saddle-point
exciton (Eopt = 2.18 eV), we can now explore different
phenomena in the resonance Raman scattering. Figure 4 shows
the anti-Stokes and Stokes G band Raman spectra for AB-BLG
(a,b) and tBLG (c,d). In Figure 4a,c, the samples were excited
with a frequency doubled YAG laser at Elaser = 2.33 eV (λlaser =
532.0 nm), while in Figure 4b,d the samples were excited with a
HeNe laser at Elaser = 1.96 eV (λlaser = 632.8 nm). These two
laser energies are marked in Figure 3 by the vertical dashed
lines. Notice that the two lasers are off resonance with respect
to the saddle-point exciton, Elaser being blue- or red-shifted from
Eopt by approximately the G band phonon energy (EG = 0.2
eV).

Figure 1. (a) Illustration of a single-layer graphene in real space, and
(b) the dispersion of the π and π* electrons at the edge of the
Brillouin zone, close to the Dirac (K and K′) and saddle (M) points.2

(c) Illustration of a tBLG showing the superstructure Moire ́ pattern
that defines the increased lattice periodicity (arrow). (d) The first
Brillouin zones of the two single-layer graphenes (green and red) and
of the tBLG (black). The location of the M points are indicated.

Figure 2. (a,b) The optical images of two exfoliated graphene samples
with well-defined edges (see white traces). The two graphene samples
were superimposed with an angle θ = (11 ± 1)° between the well-
defined edges. The twisted bilayer graphene (tBLG) is then deposited
on top of a Si substrate with a 500 nm thick layer of SiNx, perforated
with 10 μm diameter holes (optical image in (c) and schematics in
(d)). The red dot in (c) indicates the hole where the specific tBLG
experiments reported here were performed.

Figure 3. Reflectivity of the tBLG normalized by the reflectivity of AB-
BLG. The vertical dashed lines show the energies of the excitation
lasers Elaser = 1.96 eV and Elaser = 2.33 eV.
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In the AB-BLG case (Figure 4a,b), the Stokes and anti-Stokes
signals do not change significantly when changing the excitation
laser energy. The spectra obtained with Elaser = 2.33 eV is only
two times more intense than the spectra obtained with Elaser =
1.96 eV (see Figure 4a,b, respectively), due to the Elaser

4

dependence of the G-band scattering cross section.2,18 The
intensity ratio between the Stokes and the anti-Stokes peaks
(IaS/IS) is basically unchanged. However, in the case of tBLG,
the spectra change significantly when changing the excitation
laser energy. Figure 4c (Elaser = 2.33 eV) shows a Stokes signal
∼10 times stronger than the signal obtained from the AB-BLG,
while the anti-Stokes signal is ∼10 times weaker. On the other
hand, Figure 4d (Elaser = 1.96 eV) shows a Stokes signal with
comparable intensity but an anti-Stokes signal ∼10 times
stronger than in the AB-BLG. The IaS/IS ratio thus changes by 3
orders of magnitude when comparing the measurements with
Elaser = 2.33 eV and Elaser = 1.96 eV. This result happens
because, while the Elaser = 1.96 eV laser leads to a resonance
with the anti-Stokes photon emission, the Elaser = 2.33 eV laser

gives rise to a resonance with the Stokes photon emission.
Qualitatively, similar Stokes versus anti-Stokes resonances were
observed in one-dimensional (1D) carbon nanotubes,19 where
sharp resonances are characteristics of the 1D band structure.20

Interestingly, similar effects can be observed in a two-
dimensional graphene system due to the saddle-point exciton
resonance.
Notice that in Figure 4d, the anti-Stokes G band signal

intensity is close to the Stokes intensity. Although similar anti-
Stokes scattering resonance has been observed in carbon
nanotubes before,19,20 an important question remains: where
do these high energy G band phonons, which are being
annihilated in the highly efficient resonant anti-Stokes emission,
come from? To answer this question, we refer to the Feynman
diagrams shown in Figure 5. The S diagram shows the Stokes

Raman scattering event where a phonon and a Stokes-shifted
Raman photon are generated. The aS diagram shows the anti-
Stokes Raman scattering process, where one existing phonon is
annihilated, generating the anti-Stokes shifted Raman photon.
The aS process depends on the previous existence of the
phonon in the lattice. In the case of graphene, EG = 0.2 eV is
much higher than the thermal (room temperature) energy. The
last diagram in Figure 5, which we call here the Stokes−anti-
Stokes (SaS) event, describes a nonlinear process where a
phonon created by the Stokes process is subsequently
annihilated in the anti-Stokes process. The Stokes and anti-
Stokes photons emerging from the SaS event can be correlated
and, as discussed by Klyshko,21 the character of this correlation
can be continuously varied from purely quantum to purely
classical. In order to observe the SaS scattering, we need to
efficiently consume photogenerated phonons in the anti-Stokes
process. Otherwise, the phonons will decohere via scattering.
We also need high energy optical phonons that are unlikely to
be populated at room temperature. These constrains are
achieved in our θ-defined tBLG system.
To differentiate the anti-Stokes signal originated from the

SaS event from that produced by the usual aS process, we
analyze the excitation laser power (Plaser) dependence of the

Figure 4. Stokes and anti-Stokes Raman spectra of AB-BLG (a,b) and
tBLG (c,d). Panels a and c have been obtained with excitation at Elaser
= 2.33 eV, while panels b and d have been obtained with excitation at
Elaser = 1.96 eV. All spectra have been acquired with Plaser ∼ 5 mW
reaching the sample through an air objective (NA = 0.8). The signal is
collected in transmission by another air objective with larger NA (=
0.9). The Stokes spectra are displayed down to 1200 cm−1 to highlight
the absence of the disorder-induced (D) band. The insets show the
respective second-order G′ (or 2D) bands, characteristic for AB-
stacked (a,b) and misoriented (c,d) bilayer graphene. The anti-Stokes
signals are magnified for clarity (magnification indicated on top of the
respective peaks). All spectra have been corrected to account for
detector (charged-coupled device from Excelon - Pixis 100B) and
spectrometer (Acton SP2300 from Princeton Instruments, equipped
with a 600 grooves/mm grating blazed at 750 nm) nominal
efficiencies.

Figure 5. Feynman diagrams for three different Raman scattering
processes. Wavy and straight arrows stand for photons and phonons,
respectively, while the dashed circles represent electron−hole pairs.
Black dots and black squares represent electron−photon and
electron−phonon interactions. S stands for Stokes Raman process,
aS for anti-Stokes Raman process, and the last diagram, named here
SaS, represents the generation of a Stokes and anti-Stokes photon pair
via creation and annihilation of the same phonon.
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anti-Stokes Raman intensity (IaS). Considering both the aS and
SaS events in Figure 5 separately, IaS assumes the form

η= +I P C C P{ }aS laser aS SaS laser (1)

where CaS and CSaS are constants and η = 1/[e(ℏωphonon/kBT) − 1]
is the temperature dependent Bose−Einstein phonon distribu-
tion function. Here we considered η + 1 ≈ η. The sources for
IaS are the laser and the phonon, and the two components on
the right side of eq 1 are direct consequences of the aS and SaS
Feynman diagrams shown in Figure 5, respectively. The first
component (aS) in eq 1 is well-known,2 while the second term
has been proposed here. In the thermal regime, the dependence
of IaS on Plaser reflects the material temperature through η. In
the regime where the SaS event dominates, IaS is proportional
to Plaser

2 .
Figure 6 shows the power dependence of the Stokes (a) and

anti-Stokes (b) signals from the tBLG (blue) and from the AB-

BLG (red), when excited with Elaser = 1.96 eV. The intensities
are normalized by the excitation laser power. Figure 6a shows
that the Stokes signal scales linearly with excitation power for
both samples, which is indicative for the spontaneous scattering
regime. However, the anti-Stokes Raman signals of the two
samples show markedly different behaviors (Figure 6b).
The anti-Stokes intensity of the tBLG excited at Elaser = 1.96

eV shows a quadratic power dependence within the measured
range (0−10 mW, blue data in Figure 6b). The data can be
accurately fitted by eq 1 considering η constant at T = 295 K
with CaS = 9.1 W−1 s−1 and CSaS = 2.3 × 10−9 W−2 s−1. For

comparison, the power-normalized anti-Stokes intensity (IaS/
Plaser) from the AB-BLG reference shows a much less
pronounced enhancement within the measured range (see
red data in Figure 6b) with a clear nonlinear power dependence
behavior (see inset). The AB-BLG IaS/Plaser data can be fit by eq
1 with CaS = 1.0 W−1 s−1, assuming that the temperature
depends linearly on the excitation laser power as T = 295 +
CTPlaser with CT = 27 mW−1 K and CSaS = 0. According with this
latest equation, for Plaser > 10 mW the AB-BLG temperature
crosses 600 °C. The AB-BLG sample burns for laser powers
above 12 mW, while the tBLG withstands higher powers,
evidencing the cooling process induced by the efficient anti-
Stokes resonant emission in tBLG. Consistent with this picture,
Figure 7 shows that the G band frequency (ωG) from tBLG

(blue data) exhibits a smaller power dependence (frequency
downshift with increasing power) when compared to ωG from
AB-BLG (red data). It is important to comment, however, that
the presence of some heating in the tBLG or the SaS event in
the AB-BLG reference sample cannot be ruled out from the
results shown here, since a relatively small nonzero temperature
increase for tBLG or CSaS term for AB-BLG can be added to the
fitting curves without significantly compromising the fitting
qualities.
The SaS process has been measured in diamond.22 The

experiments were carried out in the femtosecond pump regime,
where the extremely high number of photons per pulse
significantly enhances the SaS probability. It is surprising that
our results indicate the observation of the SaS event in
graphene with a significantly low power from a CW laser. Lee et
al.22 demonstrated the quantum nature of the SaS correlation in
bulk diamond at room temperature by measuring a nonclassical
SaS second-order time correlation function g(2). This type of
measurement has to be developed in tBLG, so that the
correlation nature of the SaS event, as proposed by Klyshko21

and observed for bulk diamond,22 could be explored. This effect
places tBLG as a candidate for a source of entangled photons
and for a host for quantum memory.21,22

It is important to make clear the reason why we built a tBLG
and performed the experiment in the condition of anti-Stokes
Raman resonance. When the system is in resonance with the
anti-Stokes photon emission, the probability that the exciton
and the phonon decay into a photon is high. Out of resonance,

Figure 6. Power dependence of (a) Stokes (IS) and (b) anti-Stokes
(IaS) Raman intensities for the tBLG (blue) and AB-BLG (red)
obtained with Elaser = 1.96 eV. The G band peaks were fit with a
Lorentzian function. The Raman intensities were obtained from the
peak integrated areas and then normalized by the laser power (IS/Plaser
and IaS/Plaser) to clearly demonstrate the difference in behavior. Circles
are experimental data and lines are fitting functions according to eq 1
(see text for fitting values). The inset in (b) is a magnified version of
the AB-BLG data.

Figure 7. Power dependence of the G band frequencies ωG for tBLG
(blue) and AB-BLG (red). Positive and negative values stand for
Stokes and anti-Stokes peaks, respectively. The lines are fit to the
Stokes data, given by ωG

tBLG = 1588.0 − 0.5Plaser (blue) and ωG
AB−BLG =

1583.5 − 1.0 Plaser (red).
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the exciton and the phonon may rather decay through different
processes. We actually performed similar power dependence
measurements in tBLG with the 2.33 eV laser, that is, in
resonance with the Stokes photon emission. The possibility
that the SaS process is ruling the aS photon intensity in the
Stokes resonance case cannot be ruled out. However, the signal
intensities are not strong enough for the data to support this
assumption (or to reject it). Therefore, the SaS process
introduced may apply to graphene systems more broadly.
We expect the SaS event also to play a role in the anti-Stokes

Raman scattering intensity from other low dimensional
materials, like carbon nanotubes. Steiner et al.23 observed
laser-induced phonon cooling in single-wall carbon nanotubes
by introducing them into an external optical cavity. They
discussed how this scheme can be used to remove high energy
hot phonons, which play an important role in the thermal and
electrical properties of low-dimensional structures.24,25 Here,
we designed a system that can perform like a cooling system,
but the nanostructure itself is the cavity. Because of the M-point
engineering scheme used to build the tBLG, the resonance can
be tuned to work at any selected wavelength from the far-
infrared up to the ultraviolet, in the vibration amplifying or
cooling mode, just by changing the tBLG angle θ. Also,
multiple twisted bilayer graphenes can be stacked to enhance
the efficiency further (separated for example by hexagonal-BN
to avoid tBLG−tBLG electronic interaction).
Finally, because Raman spectroscopy is established as an

important tool to study and characterize nanostructures, our
findings indicate that the SaS event has to be considered when
using this technique to extract structural and transport
properties of low-dimensional structures. For example, the
SaS phenomena will have to be considered for quantitative
analysis of temperature, thermal conductivity, and carrier
dynamics, when extracted from the G band, because the peak
properties (intensity, frequency, and line width) are signifi-
cantly dependent on the Kohn anomaly26 statistics. In future
work, it will be interesting to study changes of the phonon (G
band) line width and frequency as a function of detuning (Eopt

− Elaser), which may change the influence of the Kohn anomaly
effects in the G band properties. Furthermore, because defects
change the phonon lifetimes, there could be a competition
between defect scattering and the coherent anti-Stokes
generation, thus opening another route for further studies.
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9.1 Introduction to 4th paper 

Patterning of graphene at few-nm resolution is desired to enable the creation of graphene 

based electrodes for molecular electronics. Patterning suspended graphene using a STEM 

beam has been demonstrated, but is unsuitable for the creation of nanogaps as the edges sag 

away once mechanically separated due to tension in all suspended sheets. We aimed to 

pattern graphene on top of a thin hBN support, meaning that we could electrically separate 

graphene areas without mechanically separating them. We aimed to monitor the progress of 

the cuts using EELS and EDXS to guide us in optimising the cutting process, and work out a 

repeatable and reliable patterning procedure. 

9.2 Summary of 4th paper 

We successfully demonstrated cuts on graphene/ hBN structures down to sub 2nm widths 

along lengths of hundreds of nm. The cutting process was monitored using EELS and EDXS 

spectrometry, and the effects of various writing parameters were investigated. We were able 

to find a repeatable, reliable set of cutting parameters, but the cutting behaviour was strongly 

dependent on the local environmental conditions, i.e. the level of contamination.  

9.3 Author Contribution 

The thesis author designed the experiment, with advice from AV and SH. The fabrication 

process was designed, optimised and carried out by the author. The TEM characterisation 

was performed by EL and SH. The data was analysed and interpreted by the author. The 

manuscript was prepared and written by the thesis author with assistance from AV, EH and 

SH. 
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Nanometre electron beam sculpting of 
suspended graphene and hexagonal boron 
nitride heterostructures 
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ano-patterned and suspended graphene membranes 
find applications in electronic devices, filtration and 
nano-pore DNA sequencing. However, the fabrication 

of suspended graphene structures with nanoscale features is 
challenging. We report the direct patterning of suspended 
membranes consisting of a graphene layer on top of a thin 
layer of hexagonal boron nitride which acts as a mechanical 
support, using a highly focused electron beam to fabricate 
structures with extremely high resolution within the scanning 
transmission electron microscope. The boron nitride support 
enables the fabrication of stable graphene geometries which 
would otherwise be unachievable, by preventing intrinsic 
strain in graphene membranes from distorting the patterned 
features after areas are mechanically separated. Line cuts with 
widths below 2 nm are reported. We also demonstrate that the 
cutting can be monitored in situ utilising electron energy loss 
spectroscopy (EELS). 

Graphene is an atomically thin1 carbon allotrope with 
exceptional mechanical strength2 and electron conductivity3. 
Patterning graphene at extremely small length scales can be used 
to create interesting physical systems, such as nanogap electrodes 
for molecular electronics4, molecular separation membranes5, 
nanopores for DNA sequencing6, and nanoribbons7 for studying 
electron transport phenomena.  

Molecular electronics 8,9 represent the ultimate in device 
miniaturisation, where individual molecules are used as circuit 
components. The overall performance of such systems is largely 
determined by the electrode/molecule interface (anchor) and 
ensuring the stability of such contacts is a major challenge. Gold 
based systems are limited by the instability of thiol-gold bonding 
due to the mobility of gold atoms at ambient temperatures, and 
variability in electrode geometry between repeat devices10. 
Systems based on sp2 bonded carbon electrodes formed from 
graphene11 or carbon nanotubes (CNTs)12 have been suggested as 
an alternative, with a number of theoretically predicted 
advantages13 as long as the gap can be made narrow enough to 
bridge molecules with lengths up to a few nm. Carbon electrodes 
also have the advantage of being atomically stable at room 
temperature14. Molecules terminated with polyaromatic 
hydrocarbon endgroups can bridge to carbon electrodes in a secure 
and conductive way via mechanical attachment of the aromatic 
moieties either side of the gap15-17.  

Solid state nanopores are of interest for filtration and 
biomolecular analysis, particularly DNA sensing6. Typically, a 
DNA molecule is threaded through a hole in a thin membrane 
using an applied voltage, and the ionic current across the 
membrane is monitored. It has been suggested that different bases 
along the DNA molecule block the ionic current through the pore 
by differing amounts, in principle allowing determination of the 

base order. Nanopores in large graphene sheets have demonstrated 
DNA detection18-20, although in all cases the translocation has 
occurred too quickly to resolve signals from individual bases. An 
alternative strategy is measuring the conductance of a graphene 
nanoribbon patterned with a nanopore in the centre. Theoretical 
simulations have suggested that electron transport through the 
ribbon is strongly affected by interactions with nucleotides in the 
pore21, with different bases having differing signals due to the 
differences in coupling strength. Detection using this mechanism 
has been reported22, although sequencing remains elusive due to 
the high speed of the translocation and low signal to noise ratios 
seen in realised devices most likely as a result of the fabrication 
challenges. 

Graphene nanoribbons themselves are of particular scientific 
and technological interest. As the ribbon width is reduced, there 
are significant structure dependent (primarily edge orientation) 
changes to the electronic, magnetic and optical properties23-26, 
including the opening of a band gap7,27, due to the quasi 1D spatial 
confinement at few nm scale widths28. They are therefore 
promising candidates for building electrical interconnects, 
transistors, and sensors29-32. Fabrication limitations mean that the 
properties of graphene nanoribbons with widths below around 10 
nm have not been fully experimentally explored33. 

Graphene is typically patterned using electron beam 
lithography (EBL) and subsequent plasma etching into structures 
such as Hall bars34, nanoribbons23, quantum dots35 and nanogap 
electrodes12,36. However, fundamental limitations37 mean that this 
technique cannot be used to pattern features at length scales of less 
than ~10 nm. Scanning probe based lithography on graphene has 
also been demonstrated38,39, but is slow and unwieldy. Carbon 
nanogap electrodes are typically fabricated using feedback 
controlled electroburning14,40 to open a narrow physical gap in a 
graphene ribbon. Direct write patterning of suspended graphene 
promises a far higher patterning resolution and control of the edge 
geometry. Patterning in focused ion beam (FIB) systems using Ga 
ions41 or He ions42,43 has been reported, but can cause damage to 
the neighbouring graphene reducing the potential of this approach 
for electronic applications44. 

Recently, the highly focussed electron beam of the scanning 
transmission electron microscope (STEM) has been used to 
generate nanopores45,46 and nanoribbons47,48 in suspended 
graphene sheets. The use of this technique in patterning carbon 
nanotubes has previously been reported49,50, but the geometry 
means that it can be more usefully applied to planar structures. 
Nanopatterning in the STEM can be combined with simultaneous 
electron diffraction or atomic resolution imaging, enabling the 
fabrication of nanostructures with controlled edge geometries51. In 
situ holders also allow patterning to be performed at a range of 
temperatures and patterning at 600 °C has been found to induce 
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self-repair of the graphene lattice52. However, the fact that the 
graphene structure needs to be self-supporting limits the type of 
structures that can be produced. For example, use of this technique 
to produce nanogap electrodes is extremely challenging, as the 
electrodes need to be electrically isolated from each other, 
meaning they must be mechanically unseparated. Once cut, they 
would be unlikely to maintain the required sub-5nm gap due to 
intrinsic tension and mechanical instability at the electrode ‘tip’. 

In order to overcome these limitations, we demonstrate the 
direct write electron beam nanopatterning of two layer 
heterostructures consisting of monolayer or bilayer graphene on 
top of a thin (6-9 nm) hexagonal boron nitride (hBN) layer. hBN 
is commonly used as a substrate for graphene due to its insulating 
nature and atomic flatness53 (for thick flakes). Here we propose its 
use as an insulating mechanical support in suspended devices, to 
prevent distortion of the membrane after partial patterning. We 
report successful patterning of these heterostructures, 
reproducibly generating line cuts in graphene with lengths of 
hundreds of nanometers and widths less than 2 nm. Figure 1 
compares the patterning of thin lines in unsupported and hBN 
supported monolayer graphene. Figure 1(c) and (d) show that cuts 
in the unsupported graphene ‘bow’ outwards such that the width 
of the central part of the cut depends on the cut length, rather than 
any patterning conditions. In contrast, we observe that cuts in the 
hBN supported graphene show a much narrower cut profile, as the 
hBN prevents distortion of the membrane (Figure 1(e)). Minimum 
cut widths in the heterostructure were less than 2 nm, whereas in 
unsupported graphene widths were limited to greater than 5 nm. 

A two-step approach whereby conventional EBL and oxygen 
plasma etching are used to pattern the graphene-hBN 
heterostructure into nanoribbons and then followed by STEM 
nanosculpting is a viable route to the fabrication of extremely 
narrow nanogap electrodes. When applied creatively, this 
approach could be applied to create a wide array of geometries 
which are not achievable when the graphene is required to be self-
supporting.  

A significant challenge in generating ultra-narrow patterns is 
the verification of the effectiveness of the patterning – whether the 

cut has proceeded to entirely separate the graphene on both side, 
and if so what the true width of the cut is. This has been typically 
done by imaging the graphene at atomic resolution after the 
cutting, which necessitates a high electron dose and may cause 
further damage or edge reconstruction to the graphene, and can  
induce broadening or closure of the cut52. In order to overcome 
this, we demonstrate here that it is possible to monitor the cutting 
progression in real time as well as the width of the cut using 
electron energy loss spectroscopy (EELS), removing the need for 
subsequent additional atomic resolution imaging.  

RESULTS 

Imaging whilst cutting was performed in STEM mode, which 
allowed accurate control over the electron dose in order to avoid 
unwanted beam induced damage18.  The probability of knock-on 
damage from the beam is dependent on the incident electron 
energy, the beam current, and the electron dose. The threshold for 
knock-on damage for graphene has been theoretically predicted to 
be ~113 keV54, but experimental measurements observe some 
electron sputtering at high magnification for lower voltages 
between 80-100 keV, possibly as a result of catalytic 
impurities55,56. For hBN monolayers the knock-on threshold 
energies are 80 keV and 120 keV for B and N sites 
respectively57,58. Experimentally, it is challenging to frequently 
modify the accelerating voltage. Therefore a constant accelerating 
voltage of 200 keV provides a suitable compromise between the 
energy needed to reliably perform patterning with that required to 
preserve the structure while imaging. We find that no damage is 
detectable after repeated imaging by employing low 
magnifications and short dwell times (~2µs).  However, longer 
dwell times did result in visible damage to the sample. 

Figure 1 shows the series of EEL spectra obtained over 
repeated scans whilst patterning a line in a graphene monolayer 

Figure 1 Patterning monolayer graphene and hBN supported monolayer graphene using 
a 1.4 nA STEM beam. (a) schematic (not to scale) showing the membrane structure when 
viewed in cross section at the position indicated by the dotted line superimposed on the image 
in (b). (b)-(e) HAADF STEM images illustrating the patterning of this structure. (b) shows a low 
magnification image of the sample. The dark pill shape in the centre is the hole in the silicon 
nitride membrane. A 9 nm thick hBN flake covers the majority of the membrane and is false 
coloured blue. A monolayer graphene flake covers the entire membrane, and is false coloured 
red. The scale bar is 5µm. (c) shows a STEM cut in the suspended region of the sample across 
the edge of the hBN flake. The cut has a width of ~7nm on the unsupported graphene, and a 
width of just ~2 nm on the hBN supported area. The equivalent line dose for this cut was 625 
mC/m. The scale bar is 100 nm. The inset shows a higher magnification image of the indicated 
area. Small bridges over the cut are visible. The scale bar is 20 nm. (d) shows 2 cuts in 
unsupported monolayer graphene with lengths of 161 and 332 nm, using equivalent line doses 
of 311 and 151 mC/m for the short and long cuts respectively. The cut features are broadened 
by tension within the membrane, with the widest areas in the centre of the cut. The scale bar 
is 50 nm. (e) shows a long cut on a hBN supported region of monolayer graphene, with a line 
dose of 1.8 mC/m. In contrast to (d) no bowing or deformation of the membrane after patterning 
is visible. The scale bar is 50 nm. 

Figure 2 Successive EEL spectra obtained whilst patterning. The evolution of the EELS 
spectra captured whilst patterning monolayer graphene on 6.5 nm thick hBN. All 11 scans/cuts 
were made with the same writing parameters, with an effective line dose of 100 mC/m per 
scan. 4 features of the energy loss spectra are shown; the low loss region (5-40eV) and the 
extracted elemental edges (after background subtraction) for boron, carbon and nitrogen. The 
intensity of the low loss region of the spectra has been enhanced by a factor of 10, and the C 
and B edges by a factor of 4 to aid visibility. Low dose HAADF images of the cutting region 
before scanning are shown to the left of the corresponding spectra. The scale bars are 20 nm. 

 
 



  
  

supported by a 6.5 nm thick hBN flake. In total, 11 cuts or scans 
were used, with each scan corresponding to a line dose of 
100mC/m. The individual edges shown were obtained from the 
captured core loss EELS spectra integrated along the length of the 
cut to reduce noise. The edge shapes do not change significantly 
during the cutting process, but the position of the inelastic 
scattering peak in the low loss spectrum reduces from ~23 eV to 
~18 eV. The progression of the peak intensities with subsequent 
cuts, normalised by the expected ionization cross-section, is 
plotted in figure 4(a), and allows us to track the relative quantities 
of boron, nitrogen, and carbon atoms within the interaction 
volume of the probe. As can be seen from the plot (and the original 
spectra in figure 1), the ionization edges are still present even 
when a continuous cut has been formed. 

The low loss spectral region is widely used to monitor 
specimen thickness by estimating a value for t/λ from the relative 
intensities of the parts of the spectrum corresponding to elastic and 
inelastic scattering and using the log ratio technique59,  where t is 
the sample thickness and λ is the mean free path for inelastic 
scattering. Hence we can use the t/λ value obtained during 
successive scans to monitor cutting progression. Figure 4(a) shows 
the t/λ value plotted alongside the normalised ionization edge 
strengths for the 3 main atomic species present. While a significant 
drop in the t/λ value is observed during cutting, it does not drop to 
near zero after patterning is finished, and sees a smaller relative 
decline than the core loss signals in the high loss region of the EEL 
spectra.  

The cut progression can also be monitored by looking at the 
change in the HAADF intensity of the cut feature. The line profiles 
from the successive survey images in figure 2(a) perpendicular to 
the cut are integrated along the cut direction and collated in figure 

2(c). The relative intensity changes and FWHM of the successive 
cuts are plotted in figure 2(d). 

The final resultant cut is pictured in figure 4(d) (rotated 90° 
clockwise from the low dose images in figure 1). The width of the 
feature is around 2 nm for most of its length, but broadens to 3.5 
nm at one end, which was the beam rest position during scanning 
and received a slightly higher dose during fly back correction. It 
can be seen that the cut feature is not completely continuous, with 
bridges crossing the gap, especially in the centre of the line. The 
nature of these bridge regions is investigated further in figure 5. 

The data shown in figure 2 are integrated sum spectra for the 
whole cut region, although the same features are observed in all 
individual point spectra within these scans even at the widest part 
of the cut. However, we can also interrogate the individual pixel 
EEL spectra to gain information on the local structure and 
composition across the scan. Figure 4 shows the elemental profiles 
obtained while patterning vertically across an existing horizontal 
line cut. The EELS spectra at each point were fit to obtain peak 
intensities corresponding to B, C and N ionization edges and the 
t/λ values obtained from the low loss EEL point spectra are also 
plotted. It is noted that the elemental edge signals do not drop to 
zero in the centre of the cut region, even after 3 subsequent line 
scans, although the nitrogen edge in (d) became significantly 
smaller than the noise. However, as was observed in figure 1, the 
relative intensity change for the core loss ionization peaks is 
greater than that for the low loss t/λ region.   

Figure 5 depicts the results of prolonged scanning of the same 
specimen area after line cutting, in which a large hole has appeared 
around the original cut (supplementary video 1 shows the 
formation of this feature during imaging). After prolonged 
scanning of this region the (horizontal) cut feature width is 
increased to ~7 nm wide, and is bordered on the upper side by a 
dark grey area of > 5 nm width. The frame border from the video 
is visible as a vertical feature on the left, which has etched 
completely through close to the original cut. EEL spectrum image 
of this region allows mapping of the composition for areas with 
different HAADF intensity. Summed EEL spectra from various 

Figure 3 Tracking cutting progression using electron energy loss spectroscopy. 
Extracted parameters from the spectral series shown in figure 1. The colours in (a)-(c) 
represent the spectra of corresponding colour. (a) shows the evolution of the normalised core 
loss edge intensities of B, C and N derived from the energy loss spectra, and the estimated 
ratio t/λ. (b) shows the HAADF intensity perpendicular to the cut, integrated along the cut for 
the image series in (a). The progressive traces are offset for clarity. (c) shows the difference 
in the HAADF intensity measured on the membrane and in the centre of the cut from (b), as 
well as the width (FWHM) of the cut feature. (d) shows a HAADF STEM image of the area 
after patterning. 

Figure 4 Elemental core loss EEL intensity profiles obtained during vertical line cutting 
across an existing horizontal cut. (a) and (c) show HAADF STEM images of the same area 
at different patterning stages. The horizontal line was first patterned using 4 successive cuts 
with a line dose of 247 mC/m. The same conditions were then used to pattern the vertical line. 
(a) shows the area prior to starting the vertical line, and (c) shows the area after 3 vertical 
cuts. The scale bars are 20 nm. (b) and (d) show the elemental core loss intensities at each 
point along the first vertical cut and along the final (fourth) vertical cut at the positons indicated 
by the arrows in (a) and (c) respectively. Even in the region where the vertical cut crosses the 
horizontal cut, the measured edge intensities do not reach zero, although the nitrogen peak 
becomes weaker than the noise level in the final spectra. The right axes and the green trace 
show the value of t/λ extracted from the respective low loss spectra. More details on the 
cutting of this cross feature can be found in figures S3 and S4 of the SI. 

 
 



  
  

locations indicated in Figure 5(a) on the higher resolution HAADF 
STEM image) are plotted in Figure 5(b). In region 1 (on the video 
frame boundary), indicated by the green colour, B, C and N core 
loss edges are clearly visible, as well as a faint oxygen edge 
(visible in the inset in panel (b)) at an energy loss of 532 eV. 
Region 2 is completely within the hole region, and is indicated by 
the red spectra. Here no edges are visible, although there is a small 
inelastic scattering background visible in the spectra. Region 3 is 
in the dark grey area on the image, and is indicated by the dark 
blue spectra. Here, only edges due to B and N are present. This 
grey area is similar to that seen in other images after repeated 
imaging (for example the bridges shown in figure 1(c), the strip in 
figure 7(a), the etched corners in figure 8(b), with further examples 
being found in the supplementary information); we reason that in 
all cases this dark grey area corresponds to the region where the 
graphene has been etched away from its edges due to prolonged 
irradiation when cutting or imaging but the hBN substrate still 
survives. Regions 4 (light blue) and 5 (pink) in figure 6(a) 
represent similar areas, however region 4 was part of the scanning 
area during the prolonged imaging, whilst region 5 has only 
previously been exposed to a minimal amount of radiation. 
Compared to region 5, the irradiated region shows a slight drop in 
the counts for B and N, but a significant rise in the amount of 
carbon, due to the beam attracting local mobile contamination. 
The lower panels in the figure show elemental maps extracted 
from the spectral image. All are normalised so that a black pixel 
represents no signal, and a white pixel represents the highest signal 
level in the image. The ‘square’ feature corresponding to the image 
border during the video capture is visible as a darker area in the B 
and N maps and a lighter area in the C map, as indicated by the 
spectra from regions 4 and 5. The areas where the graphene has 
been etched away, including holes separate from the main cut 
feature, are clearly visible in the C map. The O map is unclear due 
to the relatively low signal to noise level, but the relative oxygen 
percentage map in panel (g) shows that the O signal is only 
significant around the edges of the main cut feature. This 
distribution of oxygen signal is also seen in elemental maps of cut 
features acquired using energy dispersive x-ray spectroscopy (as 
illustrated in figure S14 in the supplementary material). This is 
consistent with previous atomic resolution EELS studies of hBN 
monolayers which show oxygen atoms can substitute into nitrogen 
sites60. 

The feature shown in figure 5 is sufficiently large that the 
EELS core-loss signals for B, C, and N all drop to zero in the 
centre (as shown by the red EELS profile). This only occurs when 
the probe is >2 nm from the cut edge, giving us an estimate of our 
effective EELS interaction radius. In contrast the low loss spectra 
contains inelastic scattering events even in the centre of the cut 
feature; 3.5 nm from any edge (calculated t/λ values are 
superimposed in a table in figure 5(a)). This data is consistent with 
the behaviour observed for the thinner cut features shown in figure 
2 and 3 and indicates that the effective area under test when using 
the log ratio59 method to specify the sample thickness has a radius 
of over 3.5 nm under our patterning conditions. The localization 
distance61,62 for inelastic scattering processes is inversely 
proportional to the energy loss involved, therefore higher energy 
loss processes (such as the core loss ionization peaks) are more 
spatially constrained than lower energy processes, such as the 
inelastic scattering events in the low loss spectrum. Thus it is to be 
expected that the low loss features will persist further from the 
sample edge than the core-loss. 

We also used in situ energy dispersive X-ray spectroscopy 
(EDXS) to characterise patterned features, as discussed in the 
supplementary information. When capturing EDXS line scans 
perpendicular to previously patterned line features, we note that 
the EDXS elemental signals for B, C and N did drop to zero even 
when the original cuts were less than 2 nm in diameter (as shown 
in figure S8 in the supplementary information). EDXS maps of cut 
features also show an absence of elemental counts within the cut 
features. However, the signal to noise ratio of EDXS spectroscopy 
is poorer than EELS for these light elements, therefore EELS was 
the preferred technique for monitoring cutting progression.   

Although the effective EELS interaction area can be affected 
by the accelerating voltage, the interaction energy loss, and beam 
broadening (in thicker samples), it is dominated by the effective 
electron probe size62. The presence of significant core loss peak 
intensities 2 nm from the sample edge suggests the electron probe 
has tails which extend to this radius, although the main probe peak 
is estimated to be <1 nm. This larger than would normally be used 
in an aberration corrected STEM but is unsurprising given the 
exceptionally high probe current (1 nA) used here in order to 
ensure effective patterning in a timely manner. 

To test the wider use of this patterning approach we have also 
investigated patterning of bilayer graphene supported on a hBN 
flake (7 nm thick). Figure 6 illustrates the importance of electron 
dose rate in addition to overall electron dose. Both cuts received a 
total line dose of 2 C/m, but in figure 4(a) and 4(b)) two separate 
scans were used, with a line dose of 1 C/m per scan, while in figure 
4(c) and 4(d)) 8 separate scans were used each at a lower dose of 
0.25 C/m per scan. The line was successfully patterned using 2 

Figure 5 EELS mapping of large cut features in monolayer graphene on 6.5 nm thick 
hBN. The horizontal feature is the cut corresponding to that shown in figure 1 after progressive 
imaging as shown in supplementary video 1. The vertical feature corresponds to the left edge 
of the frame during the video acquisition. (a) shows a HAADF STEM image of the area. (b) 
shows the EELS spectra integrated over the areas highlighted by the corresponding colours 
in (a). The inset is a zoomed in region showing the location of the O edge. (c) - (f) show maps 
of the core loss peak intensities for B, C, N and O edges respectively. (g) shows the elemental 
O percentage. All scale bars represent 20 nm. 

Figure 6 Comparing the effect of dose rate for cutting of bilayer graphene. (a) and (c) 
show HAADF STEM images of lines patterned in bilayer graphene supported on hBN (7 nm 
thick), using the same total line dose (2 mC/m), but using 2 and 8 beam scans respectively. 
The scale bars are 20 nm. (b) and (d) show the initial and final integrated core loss EEL 
spectra captured while patterning the lines in (a) and (c). Ionization edges for B, C and N are 
clearly visible at energies of 188, 284 and 401 eV respectively. The blue and green profiles 
represent the initial and final cuts respectively. (e) shows the evolution of the normalised core 
loss intensities of B, C and N derived from the integrated energy loss spectra captured while 
patterning the two areas (left axes). The dose plotted on the horizontal axis corresponds to 
the total cumulative dose received by the sample after the scan. The right axis and the green 
traces show the values of t/λ extracted from the respective low loss EEL spectra. 

 
 



  
  

scans at 1 C/m per scan, and has a final measured width of ~2 nm 
but when using 8 scans at 0.25 C/m per scan the cutting failed. 
Figure 4(d) shows the initial and final integrated EELS spectra 
collected during patterning, and a large growth in the carbon K-
edge is clearly visible. This suggests that the beam is drawing in 
local carbon containing contamination whilst removing the 
underlying hBN. More information can be found in figure S5 and 
S6 of the supplementary information. The normalised peak 
intensities as a function of total dose received for both cuts are 
shown in figure 4(e). It is clear that while the reduction in the B 
and N signals are similar for both cases, the carbon content and t/λ 
values are highly affected by number of scans used. For the 8-scan 
case the C signal actually increased during cutting and this 
together with the overall increase in the value of t/λ measured for 
subsequent scans indicates that the rate of beam driven carbon 
increase was larger than the combined sputtering rate for B, C and 
N.  

While electron sputtering is the key process governing the B 
and N content, the C content is also affected by the beam driven 
ingress of mobile carbon contaminants present on the surface. 
Inhomogeneous hydrocarbon contamination is a ubiquitous 
problem in electron microscopy63, especially with organic samples 
where plasma cleaning is challenging. The brighter areas in our 
HAADF images of the membranes correspond to hydrocarbon 
contamination on the graphene surface, as shown by the EELS 
peak intensity profiles in figure S5 in the supplementary 
information. The initial flake thicknesses were the same in both 
cases and attempts were made to ensure the radiation received by 
the sample before the scan was taken were similar. However, we 
note that the initial carbon signal was slightly greater in the area 
of the 8 scan cut, suggesting an increased level of local carbon 
contamination in this region. Nevertheless, the results in figure 4 
are consistent with our other tests which support the need for high 
dose rates to ensure sputtering is greater than beam induced carbon 
build-up. 

We reason that for individual beam scans with a linear dose 
below a certain threshold, which may be dependent on the level of 
local mobile contamination in the immediate area, the rate of 
ingress of carbon-containing contaminants is greater than that of 
carbon removal due to beam sputtering. In the flakes shown in 
figure 4, this corresponds to a dose between 0.25 and 1 C/m for 
bilayer graphene on 7 nm thick hBN. This critical sputtering 
threshold was not observed for monolayer graphene on 6.5 nm 
thick hBN, indicating a threshold below our minimal individual 
scan dose of 0.1 C/m. 

Figure 7 illustrates further the effect of electron dose on the 
quality of the cut for monolayer graphene supported on hBN (6.5 
nm thick). Here, the total linear dose was varied systematically for 
a series of horizontal cuts all with a length of 196 nm but which 
were written using different cutting times with a line dose of 610 
mC/m per minute. From bottom to top, the lines were written with 
total cutting times of 8, 6, 4, 2, 1 and 0.5 minutes with the 
corresponding electron doses (in mC/m) given next to each cut. 
Only total cutting times of >2 minutes (>1.22 C/m) have produced 
a cut through in the sample, although the lines are not continuous 
until the cut time >6 minutes (>3.66 C/m). The FWHM of the lines 
at the ends and in the centre as a function of the received total dose 
is shown in figure 6(b).  For the 6 minute (3.66 C/m) line, two 
values are given for the central width; the dark data-point indicates 
the width of the central cut feature, and the light data-point 
includes the width of the dark grey area above the line. Subsequent 
EDXS mapping reveals that this dark grey region responds to the 
local peeling of the graphene away from the cut, as was previously 
observed in figure 5. The small differences in the cutting 
behaviour along the length of the cut are most likely due to local 
variations in the level of contamination and could be reduced by 
careful specimen cleaning64,65. In addition although there is a clear 
increase in the width of the cut for longer cutting times there 

Figure 7 Effect of dose on the resultant cut width. (a) shows a HAADF STEM image 
showing a series of line cuts with varying total times 0.5, 1, 2, 4, 6, and 8 minutes with the 
number to the left of each cut indicating the total dose in mC/m. The scale bar represents 50 
nm. (b) shows the widths of the cuts in (a) as a function of their dose, for the end and central 
portions of the cut features. The translucent data point on the 6 minute cut includes the width 
of the dark grey area seen above the cut in panel (a). (c) - (e) show EDXS elemental maps of 
the area for B, C, and N respectively. The scale bars represent 60 nm. (f) shows the elemental 
percentage of O counts from the EDXS map. The scale bar represents 60 nm. (g) shows a 
high magnification TEM image of the produced pattern. The scale bar represents 50 nm. The 
left inset shows the 4 minute and 6 minute cuts, with the scale bar representing 10nm, and 
the right inset shows just the 8 minute cut, with a scale bar representing 8 nm. 

 
 



  
  

appears to be an optimal dose (and dose rate) where effective 
cutting is achieved with a cut width of <2 nm. The cutting 
behaviour also varies depending on the proximity to previously 
patterned features as discussed further in the supplementary 
information. 

We also investigated the potential for patterning acute angles 
by cutting angled crosses. This is of particular interest for creating 
nanogap electrodes for molecular electronic applications; if 
nanoribbons were simply cut using a linear pattern, this would 
result in ‘long’ cuts (minimum nanoribbon width is limited by 
conventional EBL resolution) that could be bridged at any point 
along their length. However, by cutting a cross feature into the 
ribbon, it would be possible to define a set of nanogap contacts 
that are both narrow and ‘short’, so that they can only be bridged 
in the central area. Figure 8 shows an example of the patterning of 
angled crosses in a graphene monolayer supported by hBN (6.5 
nm thick). An equivalent line dose of 1.64 C/m was used for the 
220 nm long horizontal line, and doses in the range of 1.7-2 C/m 
were used for the crossing lines. The lines were cut sequentially 
from left to right without intermediate imaging. The resulting lines 
were continuous, and had widths below 2 nm. The ‘acute wedge 
peninsulas’ surrounding the crosses were found to be self-
supporting during cutting but to be more sensitive to damage 
during subsequent imaging, with additional etching of these 
regions observed during acquisition of the subsequent EDXS maps 
(see figure S10 in the supplementary information). The ‘obtuse 
wedge peninsulas’ were more stable and are separated by just 3 
nm at the apex of the cross as shown in the inset of figure 6(b) 
(although after EDXS mapping and TEM imaging, the distance 
across the crosses increased to around 4 nm due to the additional 
radiation dose received). These distances compare favourably with 
gap widths reported previously for carbon electrodes for molecular 
electronics12,36. 

DISCUSSION 

We conclude that a critical line dose of 1.5 C/m was 
consistently able to cut through clean areas of suspended 
membranes consisting of monolayer graphene on 6.5 nm thick 
hBN in the STEM. We find that the patterning is relatively robust 
for monolayer and bilayer graphene with widths of 2 nm 
achievable for a range of doses up to twice the threshold dose. We 
observe a weak dependence on dose rate of the cut quality, with 
higher dose rates providing more effective cutting as a result of the 
balance between sputtering from the electron beam and the beam 
driven ingress of mobile carbon contaminants. Inhomogeneous 
contamination is a ubiquitous problem for graphene research and 

here significant contamination has been observed to negatively 
affect cut quality and can even lead to cuts being repaired66.  

We demonstrate that it is possible to reproducibly pattern cut 
lengths of >100nm whilst maintaining cut widths below 2 nm. 
Thinner line widths of ~1.5 nm were possible but these lines were 
not consistently continuous, and were highly dependent on the 
level of local contamination. We hypothesise that even thinner cut 
widths could be achievable for cleaner samples.  

Analysis of the EELS spectra obtained during cutting allowed 
us to plot the evolution of the relative quantities of different 
elements in the probe area and hence monitor the sputtering or 
deposition of B, C and N during cutting. We found that it was 
possible to use EELS to successfully track the cutting process, 
although the inelastic scattering signals did not fall to zero within 
the cut until the beam was several nm from the edge. However, 
using calibrated baseline values for the EELS core loss peak 
intensity allows the spectra acquired during cutting to be used to 
infer the completion of the cutting progress without directly 
imaging the sample in a ‘blind’ patterning procedure. 

These proof of principle results offer the promise of a 2 stage 
patterning process for the manufacture of parallel graphene 
nanodevices with few nanometre resolution. Firstly, the stack is 
transferred onto a SiNx membrane. Conventional EBL and oxygen 
plasma etching can then be used to pattern the graphene into 
isolated structures on top of the hBN. As the etch rate of hBN is 
relatively slow and easy to control, this could also be done with a 
protective hBN sheet on top of the graphene layer as well, 
although it would need to be relatively thin. EBL, metallization 
and lift-off can also be used at this point to connect the graphene 
devices to metallic electrodes. This would lead to a linear array of 
graphene nanoribbons which could then be individually patterned 
(narrowed or cut) using a STEM beam in a second patterning step, 
while the whole membrane remains mechanically stable. Ideally, 
this would be performed at elevated temperature52 to enable lattice 
self-repair, or using a pattern generator such as those commonly 
seen on EBL SEM systems to control the exact position of the 
beam and avoid exposure of the active elements. Etched or 
deposited features created near the membrane during the EBL step 
could be used to work out the affine transform between the sample 
and beam coordinate systems and produce the desired pattern 
without exposing any of the remaining graphene. This would 
enable current annealing of the nanoribbons (ideally in situ in the 
TEM)18 to reduce the level of surface contamination. Other 
strategies to reduce contamination after transfer could include high 
temperature vacuum annealing before65, or even during 
patterning52, or annealing in the presence of platinum to help 
catalytically break down the PMMA residue at high temperature64. 

The nanosculpting results we demonstrate here could be 
extended to other 2-dimensional (2-d) materials heterostructures. 
One obvious application is the patterning of materials 
encapsulated in hBN using the hot stamping transfer technique67, 
where the residual contamination layers around the central 
material are much lower. It could also allow sculpting of air and 
beam sensitive 2-d materials such as black phosphorus, which is 
of technological interest due to its layer number dependent band 
gap. 

In summary, we have demonstrated that it is possible to pattern 
thin suspended graphene and graphene/hBN heterostructures 
using a high current 200 keV aberration corrected STEM probe. 
The addition of the thin hBN substrate allows thinner cuts to be 
achieved by preventing ‘bowing’ of the monolayer due to tension 
by acting as a mechanical support. We have demonstrated the 
nanosculpting of cuts with widths of less than 2 nm. We identified 
a set of optimal cutting parameters which enable ‘blind’ patterning 
for device fabrication and show that the EELS signal acquired 
during patterning can be used to track progress. This approach 
allows the cut nanostructures to remain unimaged until they have 
been electrically characterised, thus preserving the electronic 

Figure 8 Patterning angled crosses in a graphene monolayer supported by 6.5 nm thick 
hBN. (a) shows a HAADF image of initial line cut with a length of 220nm, with an equivalent 
line dose of 1.64 mC/m. The scale bar represents 50 nm. (b) shows a HAADF image of the 
location after a series of cuts of length 60-70 nm (line dose 1.7 – 2 mC/m) crossing the initial 
cut, at angles of 90°, 75°, 58°, 36° and 20° to the initial cut. The scale bar represents 50 nm. 
The inset shows a higher magnification image of the most acute cross, showing a less than 3 
nm gap between the opposite areas. (c) shows a high magnification HRTEM image of the 
produced pattern. The scale bar represents 20 nm. 

 
 



  
  

properties and very narrow linewidth structures. Performing this 
technique on pre-patterned graphene (using conventional EBL and 
plasma etching) on hBN is suggested as a convenient route for the 
fabrication of near-atomic precision graphene device structures, 
such as nanoribbon and nanogap electrode arrays. 

METHODS 

Sample fabrication: The sample fabrication process is illustrated 
in figure S1, and discussed in detail in the supplementary 
information. Briefly, the flakes were deposited on patterned 
membranes of SiNx supported by 2.8 mm diameter Si chips. The 
Si chips were 200 µm thick and coated with 100 nm thick low 
stress SiNx. The membrane was produced by removing the 
silicon from the central area using a masked KOH etch, and then 
patterning the membrane using masked reactive ion etching. hBN 
flakes were exfoliated from a bulk crystal on oxide coated silicon 
wafers. Monolayer graphene flakes were exfoliated onto a 
PMMA film, which was then used as a carrier film to transfer the 
graphene onto the hBN flake using a dry transfer53 process. Flake 
thicknesses were measured using AFM for the hBN, and 
optically identified for the graphene68. The hBN/graphene stack 
was then transferred from the oxide coated silicon wafer to the 
patterned SiNx membrane using a conventional wet transfer 
process69. After polymer removal, it was annealed at 280°C in a 
H/Ar atmosphere to remove as much polymer contamination as 
possible. Immediately prior to insertion into the TEM, samples 
were baked on a hotplate at 300°C. The produced membranes 
were monolayer and bilayer graphene on hBN substrates 6 - 9 
nm thick. 
Imaging and spectroscopy: High resolution TEM and STEM 
imaging with simultaneous energy dispersive X-ray spectroscopy 
(EDXS) and electron energy loss spectroscopy (EELS) was 
performed using a probe side aberration-corrected FEI Titan G2 
80-200 kV with an X-FEG electron source operated at 200kV. 
High angle annular dark field (HAADF) STEM imaging was 
performed using a probe current of 0.5-2 pA, a convergence 
angle of 21 mrad and a HAADF inner collection angle of 54 
mrad. . Electron energy loss spectroscopy (EELS) was carried 
out using a Gatan Quantum ER spectrometer with an energy 
dispersion of 0.25 eV and a collection angle of 60 mrad The data 
was acquired in Dual EELS mode where the low loss region and 
high loss region were collected separately with different 
acquisition times (typical acquisition times were 1E-5s for the 
low loss region and 0.01s for the high loss) and an energy offset 
of ~150eV. Energy dispersive x-ray (EDX) spectrum imaging 
was performed using the Titan’s Super-X four silicon drift EDX 
detector  system  with  a  total  collection  solid  angle  of  0.7  
srad.  
Beam patterning: Cutting was performed by acquiring intense 
line scans using Gatan’s Digital Micrograph software (for EELS) 
or Bruker’s Esprit v1.9 (for EDXS). This approach enabled 
simultaneous cutting and chemical analysis of the 
heterostructures using EELS and EDXS to monitor the progress 
of the cutting. The linear dose (mC/m) experienced by the 
sample can be adjusted by altering the pixel step size (and 
number of pixels), the beam current, the pixel dwell time, and/or 
the number of repeat scans in the same location. In this work we 
investigated the effect of the dwell time, beam current, and 
number of repeat scans but kept the step size below 0.5 Å in all 
cases. Beam currents between 0.5 and 2 nA were used. Full 
patterning parameters are listed in the supplementary 
information. 
Analysis of EELS spectra: EELS core loss edge intensities were 
obtained from the captured spectra by using a model based fitting 
routine contained in the open source python package Hyperspy70 
to  split the spectra into its various components. The total 
intensity of each peak (and its resultant tail) were extracted and 

normalised using the tabulated Hartree-Slater cross sections from 
Gatan Digital Micrograph. Full details are provided in the 
supplementary material.  
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SUPPLEMENTARY INFORMATION 

This document contains the supplementary information referred to in the main text, along with the descriptions of 
the two supplementary videos. The detailed experimental procedures used to fabricate the samples are given in 
section 1. Section 2 discusses the details of the line patterning parameters used, and records the exact parameters 
used when patterning the areas shown in the figures in the main text. Section 3 details the procedures used to 
analyse the collected EEL spectra. Section 4 contains additional experimental data and images not shown in the 
main text. 

1 SAMPLE FABRICATION PROCEDURES 

The sample fabrication process is illustrated in figure S1. The flakes were deposited on patterned membranes of 
SiNx supported by 2.8 mm diameter Si chips, as shown in panel (a). They were produced from Si wafers which 
were 200 µm thick and coated with a 100 nm thick film low stress SiNx purchased from SPI Supplies. Firstly, the 
SiNx film on one side was patterned to act as a hard mask for a subsequent KOH etch, using photolithography and 
reactive ion etching (RIE).  KOH etching was then used to remove the areas of silicon that were not masked by 
SiNx with the nitride layer on the other side acting as an etch stop layer. This left a thin nitride membrane, which 
was subsequently patterned using a second stage of photolithography and RIE to produce µm scale holes.  

hBN flakes were exfoliated from a bulk crystal (purchased from HQGraphene) on oxide coated silicon wafers. 
An oxide thickness of ~70 nm was used to maximise the optical contrast.1 Relatively thin flakes were identified 
optically, and their thickness was measured using atomic force microscopy (AFM).  Graphene flakes were 
exfoliated from natural graphite samples onto a PMMA film supported on a silicon substrate. This layer was 
detached from the substrate and used as a carrier film to transfer the graphene onto the hBN flake in a dry transfer2 
process, as shown in figure S1(c). Monolayer and bilayer flakes were identified optically3, and their thickness was 
confirmed using AFM after the transfer onto the hBN flake. The hBN/graphene stack was then transferred from 
the oxide coated silicon wafer to the patterned SiNx membrane using a conventional wet transfer process4. After 
polymer removal, it was annealed at 280°C in a H/Ar atmosphere to remove as much polymer contamination as 
possible. Immediately prior to insertion into the TEM, samples were baked on a hotplate at 300°C. Our samples 
contained membrane regions with monolayer and bilayer graphene areas supported on hBN flakes with 
thicknesses of 6 – 9 nm. 
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Figure S1 Schematic showing fabrication steps for hBN supported graphene TEM compatible membranes. (a) 
Fabrication of patterned SiN membranes. Firstly the nitride coating on the reverse side of the wafer is patterned to form a mask 
for a KOH etch which removes a defined volume of silicon, leaving a thin nitride membrane, as shown in the left panel. The 
membrane is then patterned using optical lithography and SF6 plasma etching, as shown in the right image. (b) Graphene and 
boron nitride are mechanically exfoliated. hBN is exfoliated onto a silicon oxide coated substrate, and graphene is exfoliated 
onto a polymer film. (c) After characterising the flakes, the chosen graphene flake is transferred onto the chosen hBN flake 
using the polymer film as a support membrane in a dry transfer process. This means that the interface between the 2 flakes is 
as clean as possible. (d) The heterostructure is transferred (hBN side down) onto the patterned TEM grid using a second 
polymer film in a wet transfer process. 

2 DETAILED PATTERNING PARAMETERS 

When performing pattering while collecting simultaneous EEL spectral data, each individual line scan was 
specified by the length, number of pixels and dwell time per pixel. In between line scans, the area was imaged 
using a low electron dose (example low dose images are shown in figure S2) to ascertain the progress of the 
cutting process. Subsequent line scans were then made in the same location as the first to continue the cutting 
process. When performing pattering while collecting simultaneous EDXS data, as in figures S7-S12, the pixel 
number and dwell time as well as a total cutting time were specified, and the resulting scans occurred 
consecutively, with no pause for imaging the area. 

PATTERNING PARAMETERS FOR MAIN TEXT FIGURES 

FIGURE 2 
Shows data obtained whilst patterning of a line in a graphene monolayer supported by a thin (6.5 nm thick) hBN 
flake. The patterning parameters used (for an individual scan/cut) were a probe current of 1 nA scanned over 400 
points along 40 nm with a pixel dwell time of 10 ms, corresponding to a line dose of 100 mC/m per cut. The line 
was patterned using 11 cuts, corresponding to an effective total dose of 1.1 C/m, and has a final measured 
linewidth of between 2 and 3.5 nm. 
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FIGURE 3 
Shows data obtained whilst patterning a cross in a graphene monolayer supported by a thin (6.5 nm thick) hBN 
flake. The spectra correspond to the 5th and 8th cuts in figure s3. The patterning parameters used were a probe 
current of 1 nA scanned over 1000 points along 40.5 nm with a pixel dwell time of 10 ms, corresponding to a line 
dose of 247 mC/m per cut. The cross is made up of 2 perpendicular lines consisting of 4 cuts each. 

FIGURE 4 
2 examples of patterning lines in a graphene bilayer supported by a thin (7 nm thick) hexagonal boron nitride 
flake. The patterning parameters used for figure 4(a) were a probe current of 1nA scanned over 4000 points along 
40 nm with a pixel dwell time of 10 ms, corresponding to a line dose of 1 C/m per cut. The line was successfully 
patterned using two cuts, and has a final measured linewidth of ~2 nm. For figure 4(b) the patterning parameters 
used were a probe current of 1 nA scanned over 1000 points along 40 nm with a pixel dwell time of 10 ms, 
corresponding to a lower line dose of 250 mC/m per cut. The beam was not able to open a clear gap in this case 
after 8 cuts. 

FIGURE 5 
Figure 5 depicts a patterned line feature (main text figure 4) which has enlarged after prolonged imaging, 
(supplementary video 2). The (horizontal) cut is now ~7 nm wide, bordered by a dark grey area of > 5 nm width. 
The frame border from the video acquisition is visible as a vertical feature, which has etched completely through 
the membrane close to the original cut. 

FIGURE 6 
Figure 6 shows an example of the patterning of lines in a graphene monolayer supported by a thin (6.5 nm thick) 
hexagonal boron nitride flake. The patterning parameters used were a probe current of 2 nA scanned over 4000 
points with a pixel dwell time of 2 ms for a variety of total cutting times. The horizontal cuts have lengths of 
196nm, giving a line dose of 610 mC/m per minute of cutting time. From bottom to top, the lines were written 
with total cutting times of 8, 6, 4, 2, 1 and half a minute. Only total cutting times of 2 minutes (1.22 C/m) and 
above seem to have opened a cut in the sample. 

FIGURE 7 
Figure 7 shows data obtained while patterning of lines in a graphene monolayer supported by a thin (6.5 nm thick) 
hBN flake. The patterning parameters used were a probe current of 2 nA scanned over 4000 points with a pixel 
dwell time of 2 ms. The horizontal cut was patterned for 3 minutes and is 220 nm long, giving a line dose of 1.64 
C/m. The shorter lines took 1 minute and are 60-70 nm long, corresponding to doses in the range 1.7-2 C/m. They 
were cut sequentially from left to right without intermediate imaging. The area is the same as that shown in Figure 
S10 in the supplementary information. 

 

3 ANALYSIS OF EELS SPECTRA 

EELS spectra were analysed using the open source python package Hyperspy5. Firstly, the individual spectra 
corresponding to single pixels along the cut lines were aligned on the energy axis so that the zero loss peak occurs 
at zero energy. Both the (separate) low loss and core loss spectra were shifted. Generally, the individual spectra 
were summed to provide an average spectra along the line with a higher signal:noise ratio. Plural scattering events 
were removed using a fourier-ratio deconvolution6 technique. A model containing components corresponding to 
the core loss background and the 3 principal edges was then fit to the spectra, enabling us to view the individual 
components (for example, the spectra from figure 4 (d) in the main text are split into their components in figure 
S6 in the supplementary material. The total peak intensities for the individual elements are then normalised using 
the (energy dependent) Hartree-Slater-Foch cross sections tabulated within Gatan’s Digital Micrograph software, 
allowing us to identify their relative quantities. 
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4 ADDITIONAL PATTERNED AREAS 

Figure S2 Patterning a cross in 6.5 nm thick hBN. (a) shows the evolution of the elemental quantities of B and N derived 
from the EEL spectra. The first four cuts correspond to the horizontal cut in the images, and the second four cuts correspond 
to the vertical cut. All cuts were made with the same writing parameters, corresponding to a line dose of 244 mC/m per cut. 
(b) shows the integrated EEL spectrum along the line during the initial cut. The inset shows a low dose HAADF STEM image 
of the area before cutting. (c) shows the integrated EELS spectrum along the horizontal line during the final cut. The inset 
shows a low dose HAADF STEM image of the area prior to cutting the vertical line. (d) shows HAADF STEM images of the 
area after patterning. The upper inset shows a higher magnification image of the central area. The lower inset shows a low 
dose image of the same area as the main image. The holes seen in the top left quadrant of the cross are a result of the beam 
resting at these locations between line cuts. 

Initially we investigated the cutting an uncovered hBN membrane (6.5 nm thick). The resulting cross is shown in 
figure S2. The patterning parameters used were a probe current of 1 nA scanned over 1000 points along 41 nm 
with a pixel dwell time of 10 ms, corresponding to a line dose of 244 mC/m per cut. The cross is made up of 2 
perpendicular lines consisting of 4 cuts each. The core loss edges corresponding to B (edge onset energy = 188 
eV) and N (edge onset energy = 401 eV) are clearly visible in both the initial and final collected EELS spectra. 
The horizontal cut of the cross appears much wider than the vertical cut, with a width of ~3nm as opposed to 
~1.5nm. The horizontal line was patterned first so this may be attributed to additional widening caused by the 
imaging performed between the cuts. 
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Figure S3 Patterning a cross in a graphene monolayer supported by 6.5 nm thick hBN. (a) shows the evolution of the 
elemental quantities of B, C and N derived from the energy loss spectra using the procedure described in the text. The first 
four cuts correspond to the horizontal cut in the images, and the second four cuts correspond to the vertical cut. All cuts were 
made with the same writing parameters, with a beam of current 1nA scanning 1000 points along 40.5 nm with a dwell time of 
10ms (b) shows the integrated EELS spectrum along the line during the initial cut. The inset shows a low dose HAADF STEM 
image of the area before cutting. The area where the cut is made is highlighted. (c) shows the integrated EELS spectrum along 
the horizontal line during the final cut. The inset shows a low dose HAADF STEM image of the area prior to cutting. (d) shows 
a HAADF STEM image of the area after patterning. The upper inset shows the wider area prior to patterning. The lower inset 
shows the wider area prior to making vertical cuts. 

Figure S3 shows a further example of the patterning of a cross in a graphene monolayer supported by a 6.5 nm 
thick hBN flake. The white areas seen around the cross are polymer remnants on top of the graphene from the 
transfer process. EELS elemental profiles obtained while cutting across this contaminated area show a much 
stronger EELS carbon K edge in these regions (shown in figure S5). The patterning parameters used were a probe 
current of 1nA scanned over 1000 points along 40.5nm with a pixel dwell time of 10ms, corresponding to a line 
dose of 247 mC/m per cut. The cross is made up of 2 perpendicular lines consisting of 4 cuts each. The core loss 
edge corresponding to C-K edge (284 eV) is now visible along with those of B-K edge (188eV) and N-K (401eV) 
in both the initial and final collected spectra. The horizontal cut of the cross appears wider than the vertical cut, 
with a width of ~3nm as opposed to ~2 nm. The horizontal cut is not completely continuous, with dark grey 
bridges spanning the gap. The evolution of these bridges under sustained imaging is shown in supplementary 
video 2. The (continuous) vertical cut and (bridged) horizontal cut both widen under the continued exposure, but 
the effect is greater for the vertical cut, which was initially narrower. The dark grey bridges crossing the horizontal 
cut appear to remain intact despite the imaging. As before, the tracked EELS edge intensities were non zero during 
the final cut.  
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Figure S4 Monitoring cutting process using low dose HAADF STEM imaging. The 8 frames show the evolution of the 
cross feature pictured in figure 3 in the main text. Each cut was made immediately after the frame (horizontal for (a) – (d) and 
vertical from (e) – (h), with a line dose of 247 mC/m. Elemental profiles during the cuts after frames (e) and (h) are shown in 
figure S5 in the supplementary information. 

Figure S4 shows an example of the low dose HAADF survey images used to position the individual cuts in when 
cutting whilst collecting EELS spectra. The images correspond to the feature in figure S3. Cut features are clearly 
visible, although features visible in high dose (longer dwell time) images such as panel (d) in figure S3, such as 
the areas of graphene surface contamination, are not.  

Figure S5 shows the elemental intensity profiles along the cut during the initial scan. The area of the cut that 
corresponds to the white area of contamination on the HAADF image corresponds to an area with significantly 
higher carbon core loss edge intensity, suggesting it is primarily composed of carbon. No peaks due to other 
atomic species were observed. 

 

Figure S5 EELS contamination signal. (a) shows a HAADF STEM image region of monolayer graphene supported by 9nm 
thick hBN. Polymer contamination on the graphene surface is visible as lighter areas. (b) the region shown in (a) after 
patterning with a line cut. (c) shows the elemental quantities extracted from the EELS spectra collected while cutting, as a 
function of the position along the cut, from left to right as shown in panel (b). The whiter areas in panel (b) correspond to a 
larger carbon peak in the EELS spectra. The cut also appears narrower in the region of the contaminated area. 
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Figure S6 Evolution of EELS spectra over progressive cuts of bilayer graphene on 7 nm thick hBN. This is the EELS 
data collected during the cuts featured in figure 5 in the main text. All cuts were made with the same writing parameters, with 
a beam of current 1nA scanning 1000 points along 40nm with a dwell time of 10ms. 4 features of the energy loss spectra are 
shown; the low loss spectra and the extracted elemental edges (after background subtraction) for boron, carbon and nitrogen. 
The low loss spectra and the N edge have been enhanced by a factor of 4 to aid visibility. The offset between adjacent spectra 
corresponds to 1,000,000 counts. 

Figure S6 shows the progression of the EELS spectra captured during the failed attempt to pattern bilayer graphene 
highlighted in figure 4 in the main text. The initial cut is shown at the top, and successive ones below. Separate 
edge components extracted from the captured spectra integrated along the length of each cut are shown. Whilst 
the boron and nitrogen edges clearly decline, there is a clear rise in the carbon peak. There is also an increase in 
the intensity of inelastic scattering peak in the low loss spectrum, implying an increase in the sample thickness. 
This suggests that the rate of carbon ingress during this procedure was greater than the combined sputtering rates 
for B, C and N.  
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Figure S7 Patterning a cross in a graphene monolayer supported by 6.5 nm thick hBN. Both cuts were made using a 
probe current of 2nA, and by repeatedly scanning the beam over 4000 points for a total of 2 minutes, with a pixel dwell time 
of 15ms. (a) HAADF STEM image of the initial line cut, with a length of 187nm. (b) shows the location of the orthogonal cut, 
with a length of 168nm, along with the elemental counts for B, C and N from the EDS signal collected during cutting. The x-
axis corresponds to that shown in the image. (c) HAADF STEM image after orthogonal cut. The inset shows a higher 
magnification image of the central area. (d) to (f) show EDX elemental maps of the area for B, C, and N respectively, whilst 
(g) shows the HAADF image captured during the EDX mapping process. 

Figure S7 shows an example of the patterning of a cross in a graphene monolayer supported by a 6.5 nm thick 
hBN flake. The patterning parameters used were a probe current of 2nA scanned over 4000 points with a pixel 
dwell time of 15ms, for a total cutting time of 2 minutes. This corresponds to rastering the beam along the length 
only once. The cross is made up of 2 perpendicular cuts of lengths of 168 and 187 nm for the horizontal and 
vertical cuts respectively, meaning that the total line dose received was 1.43 and 1.28 C/m. The horizontal cut of 
the cross appears slightly wider than the vertical cut, with a width of ~2.5 nm as opposed to ~2 nm. EDX elemental 
maps of the area after cutting and imaging are also shown for B, C and N. An EDX map of the oxygen content is 
shown in figure S14. There is a distinctly wider area without C counts in the immediate area of the cross, 
corresponding to the dark grey areas above the horizontal cut in the HAADF image. This looks very similar to the 
area of graphene in the vicinity of a cut which was etched away during imaging shown in figure 5 in the main 
text. 
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Figure S8 Patterning lines in a graphene monolayer supported by 6.5 nm thick hBN. All horizontal cuts were made using 
a probe current of 1nA, and by repeatedly scanning the beam over 4000 points over 213 nm with a pixel dwell time of 2ms, 
with a varying total time. (a) shows HAADF STEM  image  showing a series of line cuts with varying total times. From the 
thickest cut upwards, the total cutting times used were 8, 6, 4, 2 and 1 minutes and 30s respectively.(b) shows the location of 
the orthogonal cut, with the same writing parameters as the horizontal cuts but with a length of 222nm, and a total cutting time 
of 2 minutes, along with the elemental counts for B, C and N from the EDS signal collected during cutting. The x-axis 
corresponds to that shown in the upper image. (c) shows a HAADF STEM image of the same area after the orthogonal cut. (d) 
to (f) show EDX elemental maps of the area for B, C, and N respectively, whilst (g) shows the HAADF image captured during 
the EDX mapping process. (h) to (j) show high magnification HRTEM images of  the produced pattern. (i) shows the lower 
two cuts and the orthogonal cut. (j) shows just the lower two cuts. 

Figure S8 shows an example of the patterning of lines in a graphene monolayer supported by a 6.5 nm thick hBN 
flake. The patterning parameters used were a probe current of 2nA scanned over 4000 points with a pixel dwell 
time of 2ms for a variety of total cutting times. The horizontal cuts have lengths of 213nm, giving a line dose of 
280 mC/m per minute of cutting time. From bottom to top, the lines were written with total cutting times of 8, 6, 
4, 2, 1 and half a minute. Only total cutting times of 4 minutes and above seem to have opened a cut in the sample, 
and only the 8 minute cut is completely continuous. In this case, only one line is wide enough (above ~3nm) such 
that the elemental EDX profiles captured during the orthogonal cut drop to zero counts across the previously cut 
lines. 
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Figure S9 Patterning crosses in a graphene monolayer supported by 6.5 nm thick hBN. All cuts were made using a 2nA 
probe current, with the beam scanned along 4000pts with a dwell time of 2ms. The horizontal cut has a length of 124nm and 
was written using a total write time of 2 minutes. The vertical cut has a length of 55nm, and took 1 minute. The angled cut has 
a length of 75nm, is angled at 25° to the horizontal, and also took 1 minute. (a) shows a HAADF STEM image of the area after 
patterning. (b) and (c) show elemental counts for B, C and N from the EDS signal collected during cutting for the perpendicular 
and angled cuts respectively. The x-axis corresponds to that shown in the lower HAADF STEM images (d) and (e). (e) to (g) 
show EDX elemental maps of the area for B, C, and N respectively, whilst (h) shows the HAADF image captured during the 
EDX mapping process. 

Figure S9 shows an example of the patterning of lines in a graphene monolayer supported by a 6.5 nm thick hBN 
flake. The patterning parameters used were a probe current of 2nA scanned over 4000 points with a pixel dwell 
time of 2ms. The horizontal cut has a length of 124nm, giving a line dose of 1.94 C/m. The perpendicular and 
angled cuts have lengths of 55 and 75nm and line doses of 2.18 and 1.6 C/m respectively. The perpendicular cut 
is continuous, whilst the angled cut failed to penetrate the sample in the area around the initial cut. EDX elemental 
maps of the perpendicular cross after cutting and imaging are also shown for B, C and N. The dark grey areas 
around the centre of the cross after imaging and mapping correspond to the area with reduced C counts, but B and 
N look unaffected. 

. 
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Figure S10 Patterning angled crosses in a graphene monolayer supported by 6.5 nm thick hBN. All cuts were made using 
a probe current of 2nA, and by repeatedly scanning the beam over 4000 points with a pixel dwell time of 2ms. (a) HAADF 
STEM image of initial line cut with a length of 220nm, using a total cutting time of 3 minutes. (b) shows a HAADF STEM 
image of the location after a series of cuts of length 60-70 nm crossing the initial cut, all with a total cutting time of 1 minute, 
and at angles of 90°, 75°, 58°, 36° and 20° to the initial cut. (c) to (d) shows elemental counts for B, C and N from the EDS 
signal collected during cutting the lines indicated in (b), from top to bottom. (h) to (j) show EDX elemental maps of the area 
for B, C, and N respectively, whilst (k) shows the HAADF image captured during the EDX mapping process. (l) to (o) show 
high magnification HRTEM images of the produced pattern. 

Figure S10 shows an example of the patterning of lines in a graphene monolayer supported by a 6.5 nm thick hBN 
flake. The patterning parameters used were a probe current of 2 nA scanned over 4000 points with a pixel dwell 
time of 2. The horizontal cut was patterned for 3 minutes and is 220 nm long, giving a line dose of 1.64 C/m. The 
shorter lines took 1 minute and are 60-70 nm long, corresponding to doses in the range 1.7-2 C/m. They were cut 
sequentially from left to right without intermediate imaging. After the mapping, the graphene has been removed 
from a wide area around the horizontal line, especially inside the ‘acute’ angles within cuts 
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Figure S11 HAADF STEM images showing line cuts in monolayer graphene supported by 6.5 nm thick hBN. All cuts 
were made using a probe current of 2nA, and by repeatedly scanning the beam over 4000 points over 65nm for a total of 1 
minute, with a varying pixel dwell time. (a) Image of cut patterned using a pixel dwell time of 20µs. (b) Image of same area 
with new cut patterned with a dwell time of 200µs. (c) Same area with new cut with the same parameters as that shown in (b), 
but farther from a previously patterned region. (d) same area with 4 new cuts. The new upper and lower horizontal cuts were 
patterned using dwell times of 2ms and 15ms respectively. Both new vertical cuts were made with dwell times of 15ms. (e) 
shows the location of a new orthogonal cut, along with the elemental counts for B, C and N from the EDS signal collected 
during cutting. The x-axis corresponds to that shown in the upper image. (f) shows the area after the cut shown in (e). 

Figure S11 shows an example of the patterning of lines in a graphene monolayer supported by a 6.5 nm thick hBN 
flake. The patterning parameters used were a probe current of 2nA scanned over 4000 points over a length of 
65nm for a total time of 1 minute, corresponding to a line dose of 1.85 C/m. The pixel dwell time was varied 
between 20 µs and 15ms, corresponding to rastering the beam along the line w times and one respectively. The 
data does not appear to indicate a strong dependence of the shape/width of the line on the patterning conditions 
independent of dose. Rather, the cutting behaviour is dependent on the local cut environment. In contrast to the 
data presented in figure 4 in the main text, the beam was rastered sequentially, rather than with gaps for imaging. 
The initial successful cut shown in panel (a) was made using a dwell time of 20 µs. The next two cuts, shown in 
panels (c) and (d), were patterned with identical parameters, but look very different. Far from the previous cut, 
these parameters work successfully, giving a clean cut with a width under 2nm. However in panel (b), the cut is 
unsuccessful, and the area above the previous cut shows a dark area, which we attribute to the removal of the 
graphene layer, as indicated by figure 5 in the main text. This shows how the level of local contamination and the 
extent of previous imaging and patterning in the immediate area appeared to control the eventual cut shape far 
more than the patterning parameters independent of the line dose. 
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Figure S12 HAADF STEM images of line cuts in monolayer graphene supported by 6.5 nm thick hBN. All horizontal 
cuts were made using a probe current of 2nA, and by repeatedly scanning the beam over 4000 points over 62nm for a total of 
1 minute, with a pixel dwell time of 15ms. (a)-(e) show a progressive series of images captured whilst making a series of 
parallel cuts. The cuts grow over time as they are repeatedly imaged. Also shown are 3 holes grown by leaving the beam in 
one place for 20s. (f) shows the location of a new orthogonal cut, with the same writing parameters as the horizontal cuts but 
with a length of 108nm along with the elemental counts for B, C and N from the EDS signal collected during cutting. The x-
axis corresponds to that shown in the upper image. (g) shows the area after the cut shown in (f). 

Figure S12 shows an example of the patterning of lines in a graphene monolayer supported by a thin (6.5 nm 
thick) hexagonal boron nitride flake. The patterning parameters used were a probe current of 2nA scanned over 
4000 points over a length of 62nm for a total time of 1 minute, corresponding to a line dose of 1.94 C/m. The 
dwell time was fixed at 15ms, meaning the lines were cut by scanning the beam along only once. In this series of 
cuts, the sample was imaged prior to each cut, so the wider sample area received a very high electron dose, and 
much of the graphene was removed by the end of the sequence. However, panel (a) demonstrates the use of the 
technique to create a clearly defined ‘nanoribbon’ with less than 10nm width. We believe that this technique is 
capable of patterning clearly defined nanoribbons down to less than 5nm width, as previously demonstrated in 
monolayer graphene7. 
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Figure S13 Line cut in monolayer graphene supported by 6.5 nm thick hBN. Patterned using a probe current of 2nA, and 
by repeatedly scanning the beam over 4000 points over 200nm for a total of 3 minutes, with a pixel dwell time of 2ms. (a) 
shows a HAADF STEM image. (b) shows a HRTEM image of the central area of the cut. 

Figure S13 shows a 200nm long continuous cut with a line dose of 1.8 nm and a width of approximately 2nm, 
although it narrows slightly where it crosses an area of higher local contamination, shown by the lighter area in 
panel (a). This is an example of a ‘pristine’ cut with close to our empirically ideal cutting conditions, and without 
subsequent nearby patterning and imaging. 
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Figure S14 Oxygen content in EDS maps. (a), (b) and (c) show the elemental oxygen counts from the mapped patterned 
regions in figures 7, 8 and 9 in the main text. (d), (e) and (f) show percentage of elemental oxygen counts from the mapped 
regions in (a), (b), and (c) respectively. The inset images show the same map rebinned by 2 (for a,b,d,e) or 4 (for c,f) to aid 
visibility.  

Figure S14 shows a selection of oxygen elemental maps of the cut features shown in figures S7 and S10 in the 
supplementary information and figure 6 in the main text. The oxygen counts are strongly localised around the cut 
features, and around the edges of the cut features where the cuts are larger than the image pixel size, such as the 
lower areas in panels (b) and (c). When the relative proportion of oxygen counts is mapped, the relationship is 
even clearer. This localisation was also seen when mapping using EELS, shown in figure 6 in the main text. 

SUPPLEMENTARY VIDEOS 

Supplementary video 1 shows a line feature in monolayer graphene on hBN under continuous imaging. It 
corresponds to the area of the sample shown in figure 2 in the main text. After the video was taken and the feature 
was widened, the area was studied again in figure 5 in the main text. The vertical feature in figure 5 corresponds 
with part of the left frame of the video.  

Supplementary video 2 shows a cross feature cut in monolayer graphene on hBN under continuous imaging. It 
corresponds to the area of the sample shown in figures S3, S4 and S5 in the supplementary text, although it was 
captured after of all of the other data. The (continuous) vertical cut and (bridged) horizontal cut both widen under 
continued exposure, but the effect is greater for the vertical cut, which was initially narrower. 
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10 Conclusions and outlook 

This thesis presents a range of cleanroom fabrication techniques developed by the author 

related to the fabrication of novel graphene samples. Their use to answer scientific questions 

has been illustrated in the 4 papers presented as part of this thesis. However, using this range 

of techniques, the author also contributed to a number of other published works, which are 

listed in a section immediately following this one. 

The rest of this chapter reviews the material presented in the 4 proceeding chapters. The 

contents of each are summarised with reference to the aims outlined in chapter 2. There 

follows a discussion of the results presented, along with a summary of conclusions which can 

be drawn, and how this relates to other work in the field. Finally, suggestions are made for 

fruitful further research building on the work presented here, and the conclusions drawn. 

1st paper 

We demonstrated that the PeakForce tapping off-resonance imaging AFM mode was able to 

image suspended graphene membranes, avoiding the imaging artefacts seen when using 

conventional non-contact modes due to membrane oscillations. We showed how the maps 

of derived mechanical quantities can be used to infer the tension distribution in the sheet, 

which is important for providing feedback necessary for optimizing the fabrication process, 

as alternative imaging techniques are unsuitable for such thin membranes. Performing 

feedback using the force applied to the sample makes it possible to image even very fragile 

samples at minimal applied forces. We also verified that the pixel force curves captured in 

the extended QNM capture mode were comparable to those captured during conventional 

nanoindentation, and that both agreed with a model of the central deformation previously 

reported in the literature. This also enabled us to make a measurement of the 2D modulus 

of graphene. This approach means that force curve arrays can be quickly captured and 

compared to whole membrane models of membrane deflection, for example finite element 

models for noncircular geometries.  

This technique enables a variety of further studies into the various uses of suspended 

membranes, such as sensors and resonators. The results suggest a range of further possible 
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investigations into membrane behaviour under a wide variety of external conditions are 

possible, for instance applying a voltage between the tip and a silicon back gate. This will be 

of great use in the development of quasi-static electromechanical sensors. 

2nd paper 

We deposited and patterned CVD graphene on racetrack type silicon cavity resonators to 

investigate their optical behaviour, with a view to using the graphene to improve the 

waveguide surface reactivity for highly sensitive bio-molecular and gas sensing applications. 

Analysis of the transmission spectra for equivalent racetrack cavities with and without 

monolayer graphene coating show a strong quenching of the cavity resonance signal with 

increasing light-graphene interaction length, due to the strong in-plane absorption in 

graphene. From a fit to the transmission spectra, along with using a cutback method, we 

obtain a value for the (TE-mode) graphene linear absorption coefficient as 𝛼𝛼𝑔𝑔 = 0.11 ±

0.01 𝑑𝑑𝑑𝑑𝜇𝜇𝜇𝜇−1. Combining this value with an exponential dependence for the strength of the 

evanescent coupling based on the height of the graphene above the waveguide surface, we 

suggest a model of the cavity resonance signal attenuation for different graphene lengths and 

heights above the cavity surface.  

The results presented here provide useful design rules for different graphene integrated 

silicon photonic devices according to the required application. For instance, in refractive 

index sensing applications, relatively low attenuation is required; small shifts in the cavity 

wavelength are desirable rather than quenching the resonance signal. Therefore, a modified 

cavity with a small graphene interaction length and/or large height from the surface are 

desirable. On the other hand, for photo-detector applications, maximum absorption in the 

graphene layer is required and therefore designs should aim for a large interaction length and 

a low height. Practically, the interaction can be controlled by using selective etching of the 

graphene layer to only partially coat the race-track cavities or embed most of the device in 

thick silicon dioxide and only expose part of the track. The height can be easily controlled at 

the range of tens of nm, by coating the waveguides with a (low-loss) dielectric spacer layer 

(use of HSQ or silicon dioxide is typical) of chosen thickness prior to the CVD graphene 

transfer. 
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3rd paper 

We created the first reported tBLG system with a previously specified twist angle, chosen to 

generate an anti-Stokes optical scattering resonance under illumination from a HeNe laser 

with 𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 632.8 𝑛𝑛𝑛𝑛. This also resulted in a Stokes scattering resonance under 

illumination from a frequency doubled Nd:YAG (Neodymium doped yttrium aluminium 

garnet) laser with 𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 532.0 𝑛𝑛𝑛𝑛. Previous optical studies relied on small samples with 

randomly oriented twist angles, but investigating the Stokes Anti-Stokes (SaS) correlated 

scattering process required a transmission optical setup, with a very large  ( > 10 𝜇𝜇𝜇𝜇 ) tBLG 

suspended sample to negate any background signal. A new exfoliation technique was 

developed that successfully generated suitably large flakes (flakes significantly larger than the 

membranes are required if the membranes are to be mechanically stable).  Characterisation 

techniques to estimate the crystallographic axis were also developed. 

The ratio between the scattered Stokes and anti-Stokes G-band intensity when switching 

between the two lasers varied by 3 orders of magnitude. The laser power dependence of the 

respective intensities indicates cooling of the tBLG sample under the anti-Stokes resonance 

condition due to the ejection of ‘hot’ phonons, and allows the tBLG sample to survive 

illumination under laser powers significantly higher than those which are able to burn away 

equivalent AB stacked BLG membranes. It also showed evidence of the correlated Stokes 

anti-Stokes process at far lower laser powers than that needed to observe it in diamond due 

to the extremely high anti-Stokes emission efficiency. The engineered structure acts as both 

a ‘self-cooling’ system and a source of entangled photons. The twist engineering technique 

can be used to generalise this to work using any incoming laser, from ultraviolet to far-

infrared, in either ‘heating’ (Stokes G-band Resonance) or ‘cooling’ / ‘SaS’ mode (anti-Stokes 

G-band resonance). 

4th paper 

We reported the first example of the nanosculpting of a heterostructure created by stacking 

2D materials, by directly ablating material with a STEM beam from a suspended membrane 

consisting of a mono/bilayer graphene sheet supported by a thin (sub 10 nm) hBN flake. The 

mechanical stability provided by the hBN sheet allowed us to consistently create long 

(hundreds of nm) cuts of widths between 2 and 2.5 nm, although they widened significantly 
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on imaging at 200 keV. We used information from the EELS and EDX spectra captured while 

patterning, and subsequently mapping cut areas, to monitor the cutting process and the 

structure of the patterned membrane. We observed elemental oxygen around the edge of 

cuts using both EELS and EDXS mapping. It was found that for monolayer graphene on 6.5 

nm thick hBN, within the range of experimental parameters we used, that the cutting 

behaviour was mainly dependent on the total linear dose, and independent of other 

patterning parameters. For bilayer graphene the patterning conditions appeared to strongly 

affect the patterning behaviour, with two cuts with the same line dose showing very different 

behaviour when applying this total line dose in 8 scans rather than 2. However, we did not 

explore the cutting parameters for bilayer graphene in enough detail to understand the 

relative effect of the local contamination level. For monolayer graphene on 6.5 nm thick hBN, 

we suggest ideal patterning parameters of a line dose of 1.5 C/m, and a beam current of 2nA. 

This is much higher than the threshold cutting energy, but leads to cuts of uniform width 

over areas with differing levels of contamination. 

Patterning suspended graphene with a STEM beam has been investigated previously, with a 

view to creating structures such as nanoribbon and nanopores with sub 10 nm precision. 

However the fact that individual areas cannot be electrically isolated from each other without 

being mechanically separated, and compromising the integrity of the suspended structure. 

The addition of an insulating support, however, makes a wide array of new device designs 

possible using a 2 step patterning process, and negates many of the restrictions imposed by 

the need for suspended samples for STEM nanosculpting. 
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