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Nanomaterials have attracted great interest due to the unique physical properties and great 

potential in the applications of nanoscale devices. Two dimensional atomic crystals, which are 

atomic thickness, especially graphene, have triggered the gold rush recently due to the fascinating 

high mobility at room temperature for future electronics. The crystal structure of nanomaterials 

will have great influence on their physical properties. Thus, this thesis is focused on developing 

the methods to control the crystal structure of nanomaterials, namely quantum dots as 

semiconductor, boron nitride (BN) as insulator, graphene as semimetal, with low cost for their 

applications in photonics, structural support and electronics.  

 

In this thesis, firstly, Mn doped ZnSe quantum dots have been synthesized using colloidal 

synthesis. The shape control of Mn doped ZnSe quantum dots has been achieved from branched to 

spherical by switching the injection temperature from kinetics to thermodynamics region. Injection 

rates have been found to have effect on controlling the crystal phase from zinc blende to wurtzite. 

The structural-property relationship has been investigated. It is found that the spherical wurtzite 

Mn doped ZnSe quantum dots have the highest quantum yield comparing with other shape or 

crystal phase of the dots.  

 

Then, the Mn doped ZnSe quantum dots were deposited onto the BN sheets, which were micron-

sized and fabricated by chemical exfoliation, for high resolution imaging. It is the first 

demonstration of utilizing ultrathin carbon free 2D atomic crystal as support for high resolution 

imaging. Phase contrast images reveal moiré interference patterns between nanocrystals and BN 

substrate that are used to determine the relative orientation of the nanocrystals with respect to the 

BN sheets and interference lattice planes using a newly developed equation method. Double 

diffraction is observed and has been analyzed using a vector method.  

 

As only a few microns sized 2D atomic crystal, like BN, can be fabricated by the chemical 

exfoliation. Chemical vapour deposition (CVD) is as used as an alternative to fabricate large area 

graphene. The mechanism and growth dynamics of graphene domains have been investigated 

using Cu catalyzed atmospheric pressure CVD. Rectangular few layer graphene domains were 

synthesized for the first time. It only grows on the Cu grains with (111) orientation due to the 

interplay between atomic structure of Cu lattice and graphene domains. Hexagonal graphene 

domains can form on nearly all non-(111) Cu surfaces. The few layer hexagonal single crystal 

graphene domains were aligned in their crystallographic orientation over millimetre scale.  

 

In order to improve the alignment and reduce the layer of graphene domains, a novel method is 

invented to perform the CVD reaction above the melting point of copper (1090 ºC) and using 

molybdenum or tungsten to prevent the balling of the copper from dewetting. By controlling the 

amount of hydrogen during the growth, individual single crystal domains of monolayer over 200 

µm are produced determined by electron diffraction mapping. Raman mapping shows the 

monolayer nature of graphene grown by this method. This graphene exhibits a linear dispersion 

relationship and no sign of doping. The large scale alignment of monolayer hexagonal graphene 

domains with epitaxial relationship on Cu is the key to get wafer-sized single crystal monolayer 

graphene films. This paves the way for industry scale production of 2D single crystal graphene. 
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Chapter 1: 

Introduction  

1.1. Overview  

 

The current electronic industry is based on the determinism of classical theory implementation in 

CMOS (complementary-metal-oxide-semiconductor) technology. As each individual component 

reaches the nanoscale, they enter a regime where quantum effects are apparent. Driven by these 

new physics and potential applications, it is important to learn to fabricate structures and materials 

with nanoscale dimensions, to enable the further development of nanotechnology. It is an exciting 

and challenging area of research crossing the border of a wide ranges of disciplines, like physics, 

materials science, chemistry, biology and engineering.
1
  

 

In order to develop nanotechnology, it is necessary to study nanomaterials. Nanomaterials, by 

definition, are materials with at least one dimension sized less than 100 nm.
2
  Based on their 

dimensions, nanomaterials can be divided into zero-dimensional (0D), quantum dots, one-
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dimensional (1D), nanowires, and two-dimensional (2D), like graphene and boron nitride (BN), 

systems. Among them, 2D atomic crystals are relatively new to the nanomaterials family.
3
 The 

discovery of 2D atomic crystals, which are layered materials with atomic scale thickness, is often 

given credit to Professor Andre Geim and Professor Konstantin Novoselov for isolating monolayer 

graphene using micromechanical cleavage method (also called “Scotch tape” method).
3-4

 Their 

ground breaking experiments, winning them Nobel Prize in physics in 2010,
5
 showed the 

fascinating high mobility and Dirac fermion nature of charge carriers in graphene. This opened a 

golden rush of research for graphene or other two dimensional atomic crystals. The next section 

will give a review on the nanomaterials studied in this thesis which are graphene, boron nitride 2D 

atomic crystals and 0D quantum dots.  

 

1.2. Research Background 

 

1.2.1. Two Dimensional Atomic Crystals: Graphene 

 

Graphene, an example of a two dimensional atomic crystal, is a one atom thick planar sheets of sp
2
 

bonded carbon atoms that are densely packed in a honeycomb crystal lattice, which other carbon 

nanomaterials can be derived from, shown in figure 1.1.
6
 Although the crucial publication of 

graphene in 2004 catalyzed the rapid development of the field,
4
 it is not the first time in the history 
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that graphene was described. Hanns-Peter-Boehm investigated a single layer carbon foil by TEM.
7 

The thickness of it was measured by the relative absorbance. The preparation of this sample is 

done by oxidizing graphite, which increased the interlayer spacing and allowed the solvent 

molecules to intercalate into the layers. This leads to the exfoliation of graphene oxide films into 

possible single layers. Then the graphene oxide could be reduced to graphene. This is similar in 

principle to recently developed chemical exfoliation routes to produce graphene. However, it is not 

clear by the TEM contrast how thin this graphite material was and also the unusual properties of 

graphene were not revealed. But the term graphene appears in IUPAC definition.
8
 

 

Figure 1.1. Graphene has the hexagonal honeycomb crystal lattice which can wrap into nanotube or 

fullerenes or stack into graphite. [
6
] (Reprinted with permission from ref 6. Copyright 2007 Nature 

Publishing Group)  
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Some old literature claimed that free standing 2D crystals should not exist.
9
 Thermal fluctuations 

in crystal lattice would lead to atomic displacements comparable to the inter-atomic distance at 

any finite temperature, resulting in substantial crystal defects and thermodynamic instability.
10

 The 

theory was expanded
11

 and reinforced by the direct observation of film decomposition into 

islands.
12-13

 This single layer crystal was considered to exist only epitaxially, only to be lattice 

matched on top of a larger structures.
12-13 

2D crystals were merely building blocks, only known 

within context of their 3D counterparts. This is the reason that it has long been speculated whether 

graphite layers could split into individual atomic layers and if they would subsequently 

thermodynamically stable.
14

 

 

This debate was on-going until “atomically thin carbon films” 
4
 were discovered at University of 

Manchester in 2004, followed by other 2D atomic crystals (like BN, MoS2, NbSe2, 

Bi2Sr2CaCu2Ox).
3
 Importantly, these 2D atomic crystals are isolated from their surroundings and 

can be considered as free standing when they are transferred to the holy TEM grids. They can all 

be fabricated by the mechanical exfoliation method from their 3D counterparts. For example, 

graphene flakes were peeled off from highly oriented pyrolytic graphite (HOPG) by using scotch 

tape. Then these graphene flakes can be transferred to a silicon wafer by simply pressing this 

scotch tape onto the silicon wafer. This single layer of graphene can be observed under the optical 
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microscope.
4
 It was found to be up to 10 microns in lateral size and stable under ambient 

condition.
4
 More importantly, graphene is found to exhibit a strong ambipolar electric field effect 

induced by applying a gate voltage to get electron or hole concentrations up to 10
13 

cm
-2

 and 

exceptional high intrinsic mobility of 10,000 cm
2
V

-1
S

-1
 at room temperature.

4
 This exceptional 

high mobility at room temperature is due to the virtually massless Dirac fermion nature of the 

carriers in graphene.
15

 This fascinating behaviour of graphene allowed experimentally observation 

of quantum phenomenon, such as quantum hall effects.
15-16

 From then on, this novel 2D atomic 

crystal with unusual new physics has attracted scientists from many disciplines: materials science, 

physics, chemistry, biology；and has triggered the rapid growth of the field.  

 

Although 2D atomic crystals have been discovered experimentally since 2004, the contradiction 

between experiments and predicted theory required a revaluation. In 2007, arguing with the 

statement from Mermin’s paper
11

 that 2D crystals are quenched and exist in a metastable state, 

Geim et. al. argued that the small size (<<1mm) and strong interatomic bonds with respect to their 

3D counterparts ensure the thermal fluctuation cannot lead to the generation of crystal defects.
6
 

Meyer et. al. gave a possible experimental explanation of this issue by investigation of the 

structure of free standing graphene in HRTEM. The gentle undulation in third dimension of 

graphene, shown in figure 1.2, may be enable the 2D atomic crystal to become intrinsically 

stable.
17

 Although this undulation results in a strain in elastic energy, anomalously large thermal 
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vibrations in the 2D crystals was suppressed, minimising the total free energy above certain 

temperatures.
6,18

 To date, there is still no resolution of the theory regarding this contradiction.  

 

Figure 1.2. A visualisation of the crumpling of graphene observed on a freely suspended graphene sheet. [
17

] 

(Reprinted with permission from ref 17. Copyright 2007 Nature Publishing Group) 

 

No matter what the reason is for graphene turning from a “theoretic material” into a reality, this 

novel nanomaterial indeed exhibits excellent unique properties, which makes it important and 

interesting. Graphene is the thinnest material known but is also the strongest. Prior to the 

discovery of graphene, it had been predicted that graphene has an intrinsic strength greater than 

any with an atomic force microscope.
19

 The breaking strength was measured to be 42 N•m
-1

, about 

200 times that of steel, and the Young’s modulus is about 1.0 TPa, comparable to nanotubes.
19 

Monolayer graphene has an unusually high opacity, which is defined as πa to be precise, where a 

is the fine structure constant; about 2.3% of white light absorbed.
20-21 

This is because of the 

unusual low energy electronic structure where the electron and hole conical bands meeting each 
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other at Dirac point, which is shown in figure 1.3.
22

 The thermal conductivity of graphene is 

excellent, measured to be between (4.84±0.44) x10
3
 to (5.30±0.48)x10

3
 W•m

-1
•K

-1
 around four 

times larger than that of graphite, diamond, and nanotube.
23

 

 

Figure 1.3. Energy momentum dispersion for graphene, showing six Dirac points.  [
22

]. (Reprinted with 

permission from ref 22. Copy right: 2009 American physical society.)  

 

Besides these excellent mechanical, optical and thermal conductivity properties, the extraordinary 

electronic properties are where the majority of interest lies. The unique band structure of graphene 

is one of the reasons for these exciting electronic properties. Monolayer graphene has a linear 

relationship around the Dirac point, shown in figure 1.4, and this linear relationship becomes 

parabolic in bilayer graphene with slightly semimetal band overlap.
24

 The band overlap increases 

with the number of layers approaching to ten layers, when the band structure becomes graphite 

structure.
6,24

 This means that  few layer graphene is the term given when the number of layers is 

less than ten. Due to this unique band structure, graphene is a semimetal or zero-gap 

semiconductor, where the valance and conductive bands meet at the Dirac point and both electrons 
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and holes contribute to the electrical conduction. As the carriers  encounter these Dirac points 

periodically through the crystal lattice, new quasi-particles are formed, named Dirac fermions, 

which is similar to a charged neutrino with no rest mass, shown in figure 1.5.
25

 These massless 

particles seldom interact with matter and behave like relativistic particles, with speeds approaching 

that of light. This leads to the extremely high carrier mobility of graphene even at room 

temperature.
4
 The initial mobility was measured to be between 3,000 to 10,000 cm

2 
v

-1 
s

-1
 at 5 x 

10
12

 cm
-2

 carrier concentration for both electrons and holes and was nearly independent of 

temperature. With comparison, pure silicon’s electron mobility is about 1400 cm
2 
v

-1 
s

-1
, 

26 
which is 

the major material in current electronic industry. What is even more fascinating is that this 

mobility remains high even at large carrier density.
6
 As a result of this, the ballistic transport is 

seen to occur on a submicrometre scale.
4
  

 

Figure 1.4. Band structure of monolayer graphene. The inset shows the linear dispersion relation about the k 

point, often referred as Dirac point. [
24

] (Reprinted with permission from ref 24. Copy right: 2006 American 

physical society. ) 
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Figure 1.5. Massless Dirac fermion represented on graphene zero band gap structure. [

25
] ((Reprinted with 

permission from ref 25. Copy right: 2009 American Association for the Advancement of Science. ) 

 

 

Besides the effect on high electron mobility, the Dirac fermion presents several other novel effects 

indentified by the Manchester and Columbia groups.
15-16

 Firstly, graphene’s conductivity never 

drops below a minimum value of a quantum unit of conductance (4e
2
/h). Secondly, an anomalous 

Quantum Hall Effect (QHE) is presented in graphene. The QHE is a quantized hall effect. In the 

Hall Effect, when a current is applied through a conductor in a perpendicular magnetic field, a 

Lorentz force is applied on the charge carriers resulting in potential difference across the 

conductor. In the QHE, the hall conductivity   becomes quantized at low temperatures with 

following equation.
27-28

   

h

e2

 
                                                                                                                     (1.1)

 

Where  is the hall conductivity,  is the filling factor, e is the elementary charge and h is 

Plank’s constant. The QHE in graphene was observed experimentally with anomalies, which is 

shown in figure 1.6.
15

 It occurs at half integer filling factors  rather than integer and is observed 
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at room temperature comparing to the sub 30 K required by others.
28

 This effect allows a quantum 

phenomenon to be observed at the macroscopic scale at room temperature.  

 

Figure 1.6. Anomalous QHE for massless Dirac fermions in monolayer graphene and longitude resistivity. 

The inset shows the integer behaviour QHE for bilayer graphene, as opposed to the anomalous integer plus a 

half behaviour QHE for monolayer graphene. [
15

] (Reprinted with permission from ref 15. Copyright 2005 

Nature Publishing Group)  

 

The extraordinary properties of graphene listed above boosts the application potentials for 

graphene. Graphene may be the solution for a room temperature ballistic transistor for the 

semiconductor industry due to its high carrier mobility and bipolar electrical field effect at room 

temperature. The electrons and holes can be continuously tuned with extraordinary switching 

speed by the gate electrical field. This provides outstanding processing power in the field effect 

transistors (FET). Large scale graphene transistor arrays have been fabricated with uniform 
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electrical properties.
29

 This uniform graphene FET arrays have the potential to overcome the bottle 

neck in Moore’s law from Si semiconductor industry as the performance of the graphene FET 

arrays can be linearly increased with number of the graphene devices. Another limitation in current 

Si microprocessor advancement is heat dissipation. Graphene has the potential to counter this with 

its excellent thermal conductivity.
23

 The only problem for FETs is the low on-off ratio of intrinsic 

graphene devices due to its zero band gap structure. However, this can be solved by opening the 

band gap of graphene. Currently, two approaches have been made to introduce a band gap in 

graphene. A band can be split up to 0.26 eV when graphene is grown epitaxially on a SiC substrate 

due to the interaction between graphene and substrate.
30 

An alternative way to open the band gap 

in graphene is to generate a quasi one dimensional graphene nanoribbons (GNR). This GNR could 

be fabricated by electron beam lithography (EBL) patterning coupled with oxygen plasma etching. 

A GNR FET with a width of 15 nm was fabricated with a band gap of 0.2 ev.
31

 GNR could also be 

fabricated from ‘unzipped’ carbon nanotubes, which is shown in figure 1.7, using plasma etching
32

 

or chemical oxidation
33

. Direct electron beam lithography using EBL or scanning tunnelling 

microscopy (STM) is a possible method to fabricate GNR device by cutting graphene into ribbons.  
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Figure 1.7. Unzip carbon nanotube to fabricate graphene nanoribbons. [

33
] (Reprinted with permission from 

ref 33. Copyright 2009 Nature Publishing Group)  

 

Graphene, with high electrical conductivity, high carrier mobility, and relatively high optical 

transparency in the visible range of the spectrum, has great potential for the usage for transparent 

conductive films (TCF). As indium is a rare and expensive metal compared with the most common 

element carbon, graphene has great promising to replace Indium Tin Oxide (ITO), which is now 

the key material for TCF in industry. It will greatly reduce the cost in TCF industry if graphene is 

used instead. This idea has been realized on the industrial scale and it is worth in production.
34-35

 

The best result for graphene as a TCF is 125 Ω□
-1

 sheet resistance with 97.4% optical 

transmittance.
35

 These graphene TCFs have been used as touch screen
35

, electrodes for dye-

sensitized solar cells,
36

 liquid crystal devices,
37

 and organic light-emitting diodes.
38

 The intrinsic 

sheet resistance of graphene is argued about 30 Ω□
-1

.
39 

Thus, it still has potential for improving the 

quality of graphene for TCF devices.  
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Graphene is also an excellent candidate as a sensor due to its large surface area and low Johnson 

noise
6,15-16

 (electronic noise generated by thermal agitation of charge carriers inside an electrical 

conductor at equilibrium). When a molecule adsorbs to the surface of graphene, charge transfer 

between the molecule and graphene can occur. Graphene acting as a donor or acceptor will change 

the Fermi level, carrier density and electrical resistance as the chemical response to the absorbed 

molecules. This graphene sensor device has been realized to detect variety of gases,
40-43

 and 

biomolecules.
44-45

  

 

In energy research, graphene can act as the electrode material due to its high surface area and 

excellent 2D channel for electrons or holes. A graphene based electrode has been used in 

rechargeable lithium ion batteries
46

 and electrochemical double layer capacitors.
47

 The reversible 

capacity can be enhanced by a graphene-nanoparticles composite, for example, graphene-Si 

nanoparticles,
48

 graphene-SnO2 nanoparticles,
 49-50

 graphene-Sn nanocomposites.
51

 Graphene has 

also been used in hydrogen storage,
52

 fuel cells,
53-57

 and solar cells.
58-59

   

 

Other new application for graphene is the usage as the supporting membrane for atomic resolution 

transmission electron microscopy (TEM).
60-63

Also, graphene has potential as spintronics device 

due to its long spin relaxation time.
64

 A novel pseudospin field effect transistor (BiSFET) could be 

designed as the next generation FET using graphene.
65
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Lots of application potential of graphene has been demonstrated. Now, the question comes as how 

to scale it up to make high quality large area graphene films in industry for commercial 

applications. In order to answer this question, it is necessary to review the recent synthetic 

methods to make graphene. The methods of producing graphene can be divided into six categories 

by physical principles. The first category is attributed to liquid phase exfoliation from colloidal 

suspensions. The principle of this method is to choose the right organic solvent whose cohesive 

energy matches the surface energy of graphene.
66

 These organic molecules, which are normally 

polar solvents like DMF or NMP,
66

  intercalate within a graphite precursor and then high intensity 

ultrasound sonication is applied. This ultrasound provides energy to the organic molecules to help 

overcome the van der Waals force between layers and will increase the layer to layer distance in 

the graphite precursor. This will eventually exfoliate graphite into monolayer graphene derivatives, 

which can be turned into graphene chemically. The similar method can be applied to different  

precursors such as graphite,
66

 graphite oxide,
67-69

 reduced graphite oxide,
70-78

 or graphite 

intercalation compound.
79-82

 The advantage of liquid phase exfoliation from colloidal suspension is 

scalability. Also, this method is versatile as it is suitable to chemical functionalization.
83

 However, 

it also has obvious drawbacks, as it is easy to introduce heteroatomic contamination and 

topological defects.
84
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The second method is mechanical exfoliation which is the most widely used and easily available 

way to fabricate high quality graphene. It is possible to find graphene species among the debris of 

pencils. This method is first introduced by Ruoff and co-authors
85-86

 in 1999 and improved to be a 

standard scientific method named “Scotch tape method” by Andrei Geim and co-authors.
4
 The 

basic principle of this method is just to peel repeatedly in order to separate graphene layers from 

graphite. To locate graphene flakes from the graphite debris is quite time consuming. It is really a 

top down approach. The advantage of this method is producing high quality graphene which is 

excellent for fundamental physics study. This technique has produced the best quality of graphene 

fabricated to date, considering the carrier mobility due to the exceptionally low level of defects 

that is possible to achieve. That is why this method is widely used to study graphene properties. 

However, this method is not scalable to large area graphene in industry and it is only a lab scale 

method.  

 

The third method is to unzip carbon nanotube to make graphene nanoribbons. Multiwall carbon 

nanotubes can be cut open chemically in solution in the presence of sulfuric acid and potassium 

permanganate.
33

 Plasma etching of nanotubes partly embedded in polymer films can lead to 

production of graphene nanoribbons.
32

 This method is scalable and can produce graphene 

nanoribbons with high yield. However, it requires the starting material of carbon nanotube with a 

controlled shell number and diameter to achieve narrow width distribution and monolayer 
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graphene ribbon. Thus, to fabricate a controlled carbon nanotube as starting material will cost a 

fortune and this method is not promising to be used in industry.  

 

The fourth method is a bottom up approach of polymerization of small molecular aromatic 

hydrocarbons into larger polycyclic aromatic hydrocarbons and eventually into small area 

graphene.
87

 It has the advantage to design and control the atomic structure to produce atomically 

pristine, rather than macroscopically pristine graphene.
88

 However, due to the diminished 

solubility of large, polycyclic aromatic hydrocarbons, graphene produced with this method is 

significantly smaller size than that of graphene prepared by other methods.
84

 Thus, it is not 

promising in industry to produce large area graphene.  

 

The fifth method is epitaxial growth of graphene by thermal decomposition of silicon carbide. The 

growth of graphene could be on either silicon terminated (0001) plane or carbon terminated (0001) 

plane by desorption of silicon from either 6H-SiC or 4H-SiC polymorph using high vacuum 

annealing with high temperature.
89-93

 Recently, this growth could be done at atmospheric 

pressure.
94

 The rate of silicon desorption can be manipulated by temperature to control the 

thickness of graphene films. SiC acts as an insulating substrate and wafer-sized graphene was 

grown on top of it with carrier mobility about 200,000 cm
2 
V

-1
S

-1
.
94

 This method has the advantage 

to produce high quality graphene. However, the drawback for this method is obviously, namely 
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size and cost. The graphene prepared by this method is polycrystalline with domain diameter from 

30 nm to 200 nm. But no millimetre graphene flakes have been produced by this method. The 

process in the method involves several expensive steps. It is not promising to scale it up in 

industry.  

 

The sixth method involves chemical vapour deposition (CVD) of hydrocarbons onto transition 

metals to grow graphene. It is a widely used method in the microelectronic industry to deposit thin 

films, such as silicon and high k dielectric, synthetic diamond,
95

 and carbon nanotube.
96

 The 

general principle of this method involves volatile carbon precursors either breaking under the high 

temperature (thermal decomposition) or decomposing over the catalytic substrate (catalytic 

decomposition) to initial the reaction on the substrate upon which the product is deposited. 

Graphene has been produced with this method on various catalytic transition metals, such as 

copper,
97

 nickel,
34,98-99

 ruthenium,
100-102

 iridium,
103-104

  cobalt,
105

 platinum.
106

 Copper and nickel are 

the most promising candidates, considering the cost and quality of graphene. This CVD 

synthesized graphene could be transferred to various substrates for applications.
99

 This CVD 

approach can be carried out at atmospheric pressure
34, 107-110

 or under low vacuum.
35, 97,111

 This 

method has obvious advantages to produce high quality graphene scalable in industry with 

relatively low cost. After transferring graphene to the desired substrate, it could be compatible 

with state of the art electron beam lithography in the current microelectronics industry. Although 
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most of the graphene film produced by this method is polycrystalline, the mobility of devices 

fabricated with this graphene film could be 800 to 16000 cm
2
V

-1
s

-1
, comparing to 2500 to over 

40000 cm
2
V

-1
s

-1
 for exfoliated graphene.

112
 The polycrystalline nature of graphene

113
 fabricated by 

this method needs to be investigated in detail regarding the growth mechanism, which will discuss 

more in chapter 2, in order to improve the quality of graphene by this promising method.  

 

As discussed above, different methods have different advantages and disadvantages. To choose the 

right method depends heavily on the intended use. Now, if coming back to the question being 

raised above, how could high quality large area graphene film be fabricated in industry with 

relatively low cost for commercial applications? Mechanical exfoliation method is only lab scale. 

Unzip carbon nanotube method will cost a fortune as requirement of controlled shell and diameter 

carbon nanotube as starting materials. Polymerization method could not produce large area 

graphene. Epitaxial growth on SiC method is too expensive to use in industry. What about liquid 

phase exfoliation method and chemical deposition method? Although liquid phase exfoliation 

method has drawbacks as introducing contaminations and defects and the polycrystalline nature of 

CVD graphene, these two methods hold the promise of producing graphene in large quantity for 

real commercial applications. Can we improve these two methods to make large area single 

crystalline graphene? Trying to answer this open question is one of the aims of this thesis.  
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1.2.2. Two Dimensional Atomic Crystals: Boron Nitride 

 

In the last section, graphene, as one of the two dimensional (2D) atomic crystals, has been 

reviewed. Boron nitride (BN) is a synthetic material with both hexagonal and cubic structure.
114-116 

Hexagonal BN (h-BN) is another example of 2D atomic crystals, consisting of sp
2
 bond between 

boron and nitrogen atoms in a honeycomb 2D structure. These layers are stacked to be AA 

stacking few layer boron nitride sheets via Van der Waals force, which is shown in figure 1.8, 

unlike the AB stacking in few layer graphene. Overall, BN 2D atomic crystals are isoelectronic to 

the carbon based graphene. However, the slightly ionic bonds in h-BN make this material unique 

in the 2D atomic crystal family. It is an intrinsic insulator with a direct band gap about 5.9 eV,
114-

115,117
 unlike graphene which is a semimetal with high levels of conductivity. This unique structure 

makes atomically thin h-BN an ideal model to study atomic configurations, including defects, 

edges, and vacancies of 2D ionic crystals.
118

 The structure of free standing h-BN atomic sheets has 

been studied using high resolution transmission electron microscopy regarding its thickness, 

defects, edges, and identification of individual atoms.
118-121  
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Figure 1.8.  AA stacking few layer boron nitride sheet. 

 

Boron nitride 2D atomic crystal is an insulator, which acts as an excellent complementary material 

to graphene, offering some unique properties to enrich the applications of the whole 2D atomic 

crystal family. Its outstanding thermal and chemical stability has been used in parts of high 

temperature equipment.
122

 Its mechanical strength is inferior only to diamond and graphene.
123

 But 

h-BN is also an excellent lubricant, even in vacuum. Thus, it could be particular useful to replace 

graphite as lubricant due to the electrical conductivity and chemical stability problem of 

graphite.
124

 Its lubricity does not require water or gas molecules intercalate between layers, which 

is the advantage over graphite. Thus, it could be used in space applications.
124

 The non-

cytotoxicity
125

 and its lubricity are widely used in the cosmetic products, such as foundations, eye 

shadows, lipsticks and so on.
122

 The thermal conductivity of h-BN nanoribbons was estimated to 

approach 1700-2000 Wm
-1

k
-1

.
126-128

 More importantly, the thermal transport in boron nitride 

nanoribbons is anisotropic, which means the thermal conductivity along the zigzag-edge is about 

20% larger than that of armchair edge at room temperature.
129

 The deep ultraviolet band gap 
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emission in the range of 215-250 nm offers great potential in ultraviolet laser devices used in 

applications, such as optical storage, photocatalysis, sterilization, ophthalmic surgery and 

nanosurgery.
114

 Due to its outstanding dielectric and thermal properties, BN has been used in 

electronics as a substrate for semiconductors, microwave-transparent windows and as a structural 

material for seals.
129

 Thus, h-BN 2D atomic crystal, which is perfectly flat and insulating, offers a 

unique candidate to serve as the excellent dielectric substrate for graphene electronics.
130-132

 It has 

been found h-BN 2D substrate dramatically improved the I-V characteristic of graphene 

transistors.
133

  

 

Although h-BN could have potential application in photonics, most of the applications of BN 2D 

films are structural supporting materials due to its excellent high thermal and chemical stability. 

Also, considering h-BN is an ideal model to study the atomic configuration of 2D crystals without 

carbon and its non-cytotoxicity nature, a natural question is raised. Can we use BN 2D atomic 

crystal as a carbon-free TEM ultrathin supporting film to study atomic configuration of other 

nanomaterials and then in future for biological materials, most of which are carbon based?  

 

As a supporting material for structure analysis of other nanomaterials, it should have minimum 

contrast signal and a well understood structure. As for h-BN, it is better to fabricate single 

crystalline 2D film because its structure information is periodic and can be eliminated during the 
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signal processing procedure. Then, the following question is arising. How can single crystalline 

BN 2D sheets be obtained? In order to answer this question, a brief review of the synthetic BN 2D 

atomic crystal should be taken. Similar to graphene, a BN 2D crystal was first isolated by 

mechanical exfoliation, with size of to several microns.
119

 This method was further improved by a 

so called ex situ isolation of suspended single layer h-BN sheet using a combination of mechanical 

exfoliation and reactive ion etching.
118

 At the same time, an in situ method to fabricate single layer 

BN sheet was developed using electron beam sputtering directly inside TEM,
121 

or a combination 

of mechanical exfoliation and electron beam sputtering.
120

 These methods produce BN films with 

non-uniform thickness even within one sheet, with part of the region being monolayer. Also, these 

methods are not scalable to produce BN in large quantity. Uniform large area h-BN films have 

been synthesized using thermal catalytic chemical vapour deposition on Cu
130 

or Ni
134

. The Ni 

catalyzed BN film is much thicker, more than 10 layers,
134

 than the Cu catalyzed ones, about 2-5 

layers.
130

 However, the Cu catalyzed one is polycrystalline
130

 while the Ni catalyzed one is single 

crystalline.
134

 Thus, it is hard to produce both thin but single crystal BN 2D films using CVD. In 

comparison, liquid phase exfoliation seems to be able to produce uniform single crystal thin BN 

sheets in large quantity.
135-136

 It seems to be a good method to fabricate BN sheets as a supporting 

material for structural analysis with TEM.   
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After this brief review, coming back to the open question raised above, can we use liquid phase 

exfoliation to fabricate uniform single crystalline BN sheets as a carbon-free TEM ultrathin 

supporting film to study atomic configuration of other nanomaterials? One of the aims of this 

thesis is trying to answer this open question.       

 

1.2.3. Semiconductor Quantum Dots 

In the previous section, an open question has been proposed to use uniform single crystalline BN 

sheets as a carbon-free TEM ultrathin supporting film to study atomic configuration of other 

nanomaterials. Semiconductor quantum dots (QDs),  a highly crystalline zero dimensional (0D) 

nanomaterial, has been chosen to demonstrate this open question.  It is a different nanomaterial 

from 2D atomic crystals but with some links. Unlike graphene as a semimetal with no band gap, 

and BN as an insulator with wide band gap, QDs are semiconducting. As quantum dots exhibit 

discrete and tunable energy levels in optical and electronic characterisation, it is also called an 

artificial atom.
137

 In principle, 0D artificial atoms are the basic building blocks to be assembled 

into other dimensional nanostructures, such as artificial molecules.
137

 Quantum dots have been 

fabricated from 2D nanomaterials, like graphene,
64

  or 1D nanomaterials, like carbon nanotubes.
138

. 

Because of these differences and links between 0D quantum dots and 2D atomic crystals, QD has 

been chosen to study in this thesis.  
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Most of the applications of quantum dots have been related to their significant optical properties. 

Because of the high extinction coefficient quantum dots can absorb more light than organic 

dyes.
139

 Because of its extraordinary quantum yield, it emits more brightly than organic dyes. Also, 

the stability of quantum dots is outstanding compared with organic dyes in various conditions. 

Hence, QDs have much less photo bleaching than organic dyes.
140

 More importantly, QDs have 

the wave function of excitons, which are electron hole pairs, confined in all three spatial 

dimensions. This gives the discrete energy quantization levels similar to atoms due to quantum 

confinement effect. This quantum confinement effect is related to the size and shape of the 

quantum dots. Thus, it gives us the opportunity to tune the band structure, optical and electronic 

properties by changing the size, shape and composition of the quantum dots. This offers the 

application of quantum dots in photonic devices like solar cells,
141-142

 or biology imaging,
140

 or 

even spintronics.
143-144

  

 

In order to broaden the application of quantum dots, it is vital to control exciton properties. Doping 

is an important strategy to enrich dynamics of excitons as it adds other energy levels to quantum 

dots. However, it is still an experimental challenge for doping quantum dots.
145

 A few strategies 

have been tried for doping quantum dots. One of them is remote doping, which donates electrons 

to the quantum dots by external molecules or electrodes. By using the binding ligands on the 

nanoparticles surface to donate carriers, or using the electrochemical carrier injections, n-type 
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doping semiconductor quantum dots have been produced.
146-149

 Another doping strategy is called 

substitution doping, which means the dopants substitute atoms in the quantum dots lattice and 

incorporated into the quantum dots. Colour centre impurities, like Cu atoms, and magnetic 

impurities, like Mn atoms, have been doped into the quantum dots.
145, 150-152

 The location of 

dopants in the substitution strategy could be controlled by different methods, so called nucleation 

doping or growth doping.
150-153

 Both n-type and p-type doped InP quantum dots have been 

synthesized using this substitution strategy to produce the first p-n junction devices using quantum 

dots.
154

  

 

Among these doped quantum dots systems, Mn doped ZnSe quantum dot is a promising candidate 

to have broad applications. Why it is interesting to study Mn doped ZnSe quantum dots? As an 

excellent example of cadmium free quantum dot, it is non toxic and will not cause the leakage of 

toxic cadmium to the environment. Also, because of its non-cytotoxicity, it could be broadly used 

in biological labelling. Besides retaining the advantages of undoped quantum dots, such as narrow 

and symmetric emission with tunable band gap, broad and strong absorption, reasonable stability, 

and solution processibility, doping quantum dots overcomes self quenching problems of undoped 

quantum dots by their substantial ensemble Stoke’s shift (energy difference between absorption 

spectrum and emission spectrum).
155-156

 This large Stokes shift in doped quantum dots is due to 

their relatively small emission energy gap, in comparison to the absorption band gap of the host 
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nanocrystals, in their atomic-like emission states. These atomic-like states lie in the inner core of 

the dopant centres and do not couple to the shell lattice phonon strongly. Consequently, the 

emission of doped dots can be thermally stable.
157

 Also, because of the Mn dopants in ZnSe 

quantum dots, it provides extra spin and magnetic properties, which makes it more promising for 

spintronics.
158

  

 

As discussed above, Mn doped ZnSe quantum dot is interesting to study. Then the question 

coming is how to synthesis Mn doped ZnSe quantum dot. In order to answer this question, it needs 

to give an overview on the synthetic method of nanoparticles in the literature. The synthetic 

methods of nanoparticles can be divided into five categories. The first category is a so called 

micelle method. If the surfactant concentration exceeds the critical micelle concentration in water, 

micelles are created as the aggregation of surfactant molecules. In normal micelles, the 

hydrophobic hydrocarbon chains of the surfactants are oriented toward the interior of the micelle, 

with the hydrophilic groups of the surfactants towards the surrounding aqueous medium.
159

 As the 

concentration of surfactants increases, micelles can deform into different shapes. The structures of 

micelles are determined by the geometric factors of the surfactant at the interface, such as the head 

group area, alkyl chain volume, the maximum length of the alkyl chain.
160

 This method has been 

used to synthesize metal or metal oxide nanoparticles.  
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The second method is hydrothermal method. At elevated temperature, water plays an essential role 

in the precursor material transformation as the solubility of almost all inorganic substances in 

water is different at elevated temperature and results in the crystallization of dissolved material 

from fluid. During the reaction, parameters such as water pressure, temperature, reaction time, and 

precursors can be tuned to maintain high simultaneous nucleation rate and but poor size 

distribution.
160

  

 

The third method is called pyrolysis, a chemical process, in which precursors decompose into one 

solid compound and unwanted waste evaporates away under suitable thermal treatment. However, 

the pyrolytic synthesis of compounds normally generates powders with a wide size distribution in 

the micrometer regime. 
160

  

 

The fourth method is vapour deposition, including chemical vapour deposition (CVD) and 

physical vapour deposition (PVD). The principle of CVD to synthesize semiconductor 

nanocrystals is similar to CVD synthesizing 2D atomic crystals. The vaporized precursors are 

introduced into CVD furnace and absorbed molecules will either thermally or catalytic decompose 

and react with other gases to form nanocrystals. Three stages could be considered during the CVD 

process. First, it is the mass transport of reactants to the growth surface via a boundary layer by 

diffusion. Second stage is chemical reactions on the growth surface. Thirdly, it is the removal of 
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gas-phase reaction by-products from the growth surface. The principle of PVD is based on the 

condensation from the vapour phase. This PVD process also involves three stages. The first stage 

is to generate a vapour phase of the materials by evaporation or sublimation using the physical 

methods, such as electron beam, thermal energy, sputtering, plasma, or pulsed laser. The second 

stage is the transportation of the material from the source to the substrate. The third stage is the 

formation of the particles or film by nucleation and growth.
160

 This method has been widely used 

to produce high quality semiconductor nanocrystals.  

 

The fifth method is colloidal synthesis. The principle of colloidal synthesis relies on the interplay 

within a three component system, containing precursors, organic ligands and solvents. When a 

sufficiently high temperature is applied to the reaction medium, the precursors are decomposed 

into monomers. Once the monomer concentration reaches a critical point, the monomers in the 

solvent become supersaturated.  The nucleation and growth of nanocrystals then starts up. The 

monomer concentration is an important factor to affect the nanocrystal growth. The nanocrystal 

growth can occur in two different regimes, focusing and defocusing. After the initial nucleation 

from the supersaturated solution, the nanocrystals grow by adding additional precursors. If the 

consumption rate of the reactants by the growth of nanocrystals is less than the rate of the 

precursor adding to the solution, the monomer concentration remains above the critical 

concentration for nucleation. Then the solution remains at supersaturation level. The critical size of 
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nanocrystals (the size where nanocrystals neither grow nor shrink) is relatively small and nearly all 

nanocrystals continue to grow from this supersaturation solution. In this regime, small 

nanocrystals grow faster than the larger ones, since the larger nanocrystals need more atoms to 

grow. This leads to the “focusing” of the size distribution of nearly monodisperse nanocrystals. 

The uniform size distribution of nanocrystals could be achieved by controlling the monomer 

concentration such that the average nanocrystal size is slightly above the critical size. Thus, most 

of the nanocrystals will grow close to the average size and leads to the sharp size distribution 

function. When the consumption rate of the reactants depleted during growth is larger than the 

injection of additional precursors, the monomer concentration is below the critical level. The 

solution becomes unsaturated and the nucleation stops. The critical size becomes larger than the 

average size and the distribution become defocus. The nanocrystals continue to grow until the 

equilibrium concentration of the precipitated species reached. In this regime, Ostwald ripening 

occurs, which means the larger nanocrystals feel hungry and continue to grow, while the smaller 

nanocrystals are dissolved to feed into the larger nanocrystals growth.
160

 The temperature plays 

another important role in nanocrystal nucleation and growth. It needs to be high enough for atomic 

rearrangement and annealing, while it should be low enough for not decomposing the prospective 

nanocrystals. Ligands also play an important role in shape control of the nanocrystals. They would 

adhere to different energy facets, which would either activate or passivate the facets. This would 

lead to the different growth rate in different energy facets.
161
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The colloidal synthetic method is most widely used to fabricate semiconductor quantum dots. 

Comparing with other synthetic approaches, colloidal synthesis method has some advantages, such 

as simple accessibility, large quantity produced, flexible tunability on elements, over other 

synthetic schemes. It is a promising method to fabricate semiconductor quantum dots in large scale 

for commercial applications. After this brief review, coming back to the open question raised 

above, how Mn doped ZnSe quantum dots can be synthesized with crystal structure controlled? 

What is the relationship between crystal structure and optical properties of semiconductor quantum 

dots? Trying to answer these questions is one of the aims of this thesis.  

 

1.3. Aim and Outline of This Thesis 

 

The crystal structure of nanomaterials will greatly affect their properties. For example, the crystal 

structure will affect the electronic mobility in graphene since the polycrystalline graphene film will 

contain abundant grain boundaries as the barriers for electronic transport. The potential of using 

BN as a carbon-free ultrathin TEM supporting film to study atomic configuration of other 

nanomaterials will be affected by the crystal structure of BN film, since the polycrystalline film 

will create complicate background signals which is hard to remove during the data processing 

stage. The crystal structure will also affect the optical properties of semiconductor quantum dots 
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since the crystal phase will change the band structure of the quantum dots and then the energy 

dynamics of the excitons. Thus, it is an important scientific issue to study the crystal structure of 

nanomaterials. In this thesis, three types of nanomaterials are chosen to approach this scientific 

issue, namely, graphene as a semimetal for electronics, h-BN sheet as an insulator for structural 

support, and QD as semiconductor for photonics. It is easy to realize that controlled synthesis of 

single crystalline nanomaterials with low cost will be enormously valuable and highly appreciated 

to the broad scientific and industry community. The aim of this thesis is to find the methods to 

control the crystal structure of these three nanomaterials with low cost for their applications in 

electronics, structural support and photonics. The emphasis will be towards large area single 

crystalline 2D atomic crystals.  

 

In order to achieve the aim of this thesis, the task is broken down into several open questions, 

which have been proposed in previous sections. The specific open questions which this thesis will 

answer are listed below.  

(1) How can we synthesize Mn doped ZnSe quantum dots with controlled crystal structure? 

What is the relationship between crystal structure and optical properties of Mn doped 

ZnSe quantum dots?  

(2) Is it possible to fabricate uniform single crystalline BN sheets as a carbon-free TEM 

ultrathin supporting film to study atomic configuration of other nanomaterials, for 
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example Mn doped ZnSe quantum dots? Is it liquid phase exfoliation method good enough 

to fabricate large area single crystalline 2D atomic crystals?   

(3) What is the growth mechanism of graphene using chemical vapour deposition (CVD)? 

Why polycrystalline graphene is normally produced using CVD?  

(4) Based on the understanding of the mechanism of CVD, can we invent a novel method to 

fabricate single crystalline 2D atomic crystals with low cost using CVD?  

 

Following this logical way to answer these open questions to achieve the aim of the thesis, the 

whole thesis consists of seven chapters.  

(i) Chapter 1 gives an introduction to background of the research, proposed open 

questions to find the niche, and outline of the structure of the thesis.  

(ii) Chapter 2 introduces the working principles and instrumental setups of the 

characterization techniques used in this thesis, including high resolution transmission 

electron microscopy, selective area electron diffraction, scanning electron microscopy, 

electron backscatter diffraction, Raman spectroscopy, Photoluminescence 

spectroscopy, Photoluminescence excitation spectroscopy, UV-vis-absorption 

spectroscopy, probe station. Also, the principle and mechanism research progress of 

the synthetic methods, which have been used in this thesis, including colloidal 
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synthesis, liquid phase exfoliation, and chemical vapour deposition, have been 

reviewed.  

(iii) Chapter 3 presents the experimental results on the shape, crystal phase, and optical 

properties control of Mn doped ZnSe quantum dots. A simple method is reported to 

achieve shape control of Mn doped ZnSe quantum dots from branched to spherical 

though the control of the zinc precursor and the temperature of injection. High 

resolution transmission electron microscopy (HRTEM) is used to investigate the 

crystal structure of the quantum dots. Photoluminescence (PL) spectroscopy, 

Photoluminescence excitation (PLE) and UV-vis-absorption have been used to 

correlate PL properties and quantum yield of the quantum dots with their structure. 

The crystal phase of Mn doped ZnSe quantum dots can be controlled from zinc blende 

to wurtzite by simply changing the injection rate of the zinc precursor. It is shown that 

the photoluminescence properties are influenced by the structure of quantum dots. 

Spherical wurtzite type Mn doped ZnSe quantum dots have the highest quantum yield 

compared with other shapes or crystal phases of dots grown in similar reactions.  

(iv) Chapter 4 presents the experimental results on utilizing BN sheets as thin supports for 

high resolution imaging of nanocrystals. It is the first demonstration of the use of 

ultrathin BN sheets as supports for imaging nanocrystals using low-voltage (80 kV) 

aberration corrected high-resolution transmission electron microscopy. This provides a 
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carbon-free alternative to the previously utilized 2D crystal supports of graphene and 

graphene oxide. A simple chemical exfoliation method is applied to get few layer 

boron nitride (BN) sheets with micrometer-sized dimensions. This generic approach of 

using BN sheets as supports is shown by depositing Mn doped ZnSe nanocrystals 

directly onto the BN sheets and resolving the atomic structure from both the ZnSe 

nanocrystals and the BN support. Phase contrast images reveal moiré interference 

patterns between the nanocrystals and the BN substrate that are used to determine the 

relative orientation of the nanocrystals with respect to the BN sheets and interference 

lattice planes. Double diffraction is observed and has been analyzed.  

(v) Chapter 5 focus on the study of growth dynamics and mechanism of graphene 

domains on copper by atmospheric pressure chemical vapour deposition (APCVD). 

The nucleation of few layer graphene (FLG) domains, synthesized by copper (Cu) foil 

catalysts in APCVD, has been investigated. Under the conditions explored it is found 

that the temperature has to be at least 960 °C in order to form micron sized hexagonal 

FLG domains. By increasing the quality of Cu foil catalyst and also controlling the 

growth temperature, hexagonal single crystal domains of few layer graphene are 

produced that are highly aligned in their crystallographic orientation over a 5 mm 

distance scale. The analysis of nucleation density of FLG suggests the best condition 

for the activity of active sites. The fast cooling rate is required to fabricate 
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homogenous graphene film. It is shown that aligned rectangular few layer graphene 

(FLG) domains can be produced on Cu surfaces using APCVD. For the growth 

temperatures of 990 °C and 1000 °C the FLG domains are primarily hexagonal in 

shape, but at 980 °C, morphology transition of FLG domains is observed associated 

with different Cu grains. Rectangular FLG domains are synthesized for the first time 

and it is shown using electron backscattered diffraction that they only grow on Cu 

grains with (111) orientation due to the interplay between the atomic structure of the 

Cu lattice and the graphene domains. It is shown that hexagonal FLG domains can 

form on nearly all other non-(111) Cu surfaces. These results indicate that even at 

atmospheric pressure, the interplay between the Cu atomic structure and graphene 

formation can be strong and lead to aligned rectangular domains. Mechanism for the 

formation and alignment of graphene domains in solid state Cu has been discussed.  

(vi) Chapter 6 presents the experimental results on achieving the aim of the thesis, which 

is obtaining the large area single crystal of monolayer graphene by a novel method. A 

simple method is presented for synthesizing large single crystal graphene domains on 

melted copper using atmospheric pressure chemical vapour deposition (CVD). This is 

achieved by performing the reaction above the melting point of copper (1090 
o
C) and 

using a molybdenum or tungsten support to prevent balling of the copper from 

dewetting. By controlling the amount of hydrogen during growth, individual single 



36 
 

crystal domains of monolayer graphene greater than 200 µm are produced within a 

continuous film. Stopping growth before a complete film is formed reveals individual 

hexagonal domains of graphene that are epitaxially aligned in their orientation. 

Angular resolved photoemission spectroscopy is used to show the graphene grown on 

copper exhibits a linear dispersion relationship and no sign of doping. HRTEM and 

electron diffraction reveal a uniform high quality crystalline atomic structure of 

monolayer graphene. Sheet resistance measurements have been performed and 

discussed using Van der Pauwl method.  

(vii) The overall conclusions of the thesis are presented in Chapter 7 and some possible 

future work is also proposed.  
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Chapter 2: 

Background and Theory to Experimental 

Techniques  

 

2.1. Introduction  

 

As proposed in chapter 1, the aim of the thesis is to investigate the methods for controlled 

synthesis of single crystalline nanomaterials for commercial applications, with the emphasis 

towards large area single crystalline 2D atomic crystals. As proposed in the open questions in 

chapter 1, specifically, the relationship between crystal structure and optical properties of Mn 

doped ZnSe quantum dots, the structural support application of BN sheets, and the growth 

mechanism of graphene towards large area single crystal monolayer film for electronics, will be 

investigated. In order to answer these open questions, several techniques have been used in this 

thesis to get the desired information. These techniques can be divided into two categories, namely, 

characterization methods and synthetic methods. In the characterization category, High resolution 
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transmission electron microscopy (HRTEM) has been used to examine the growth dynamics, 

crystal structure, morphology and thickness of nanomaterials using either imaging mode or 

diffraction mode. Scanning electron microscopy (SEM) has been used to investigate the growth 

dynamics, morphology of nanomaterials in larger scale with 3D depth view. Electron backscatter 

diffraction (EBSD) has been used to examine the crystal structure of metal substrates in order to 

understand the growth mechanism of 2D atomic crystals. Raman spectroscopy has been used to 

examine the thickness, defects and structure of 2D atomic crystals. Photoluminescence (PL), 

photoluminescence excitation (PLE) and UV-vis-absorption spectroscopies have been used to 

determine the optical properties of nanomaterials, including quantum yield, absorption, 

transparency, band gap of nanomaterials. Probe station has been used to measure the sheet 

resistance of 2D atomic crystals. In order to understand why these techniques can provide the 

desired information, the physical principle of each technique should be understood. Thus, the 

physical principles and experimental setups of each characterization method will be reviewed and 

discussed in this chapter. In the synthetic method category in this thesis, colloidal synthesis has 

been used to synthesize doped semiconductor quantum dots. Liquid phase exfoliation has been 

utilized to fabricate BN sheets. Chemical vapour deposition (CVD) has been chosen to grow 

graphene films. The theory and mechanism of these three synthetic methods have been discussed 

in this chapter. The purpose of chapter 1 was to propose the open questions and set the aim for the 
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thesis. Here, the discussion in chapter 2 is to build up a methodology foundation before trying to 

answer the open questions in the following results chapters.  

2.2. Characterization Methods 

 

2.2.1. High Resolution Transmission Electron Microscopy  

2.2.1.1. Introduction 

High resolution transmission electron microscopy (HRTEM) provides an excellent tool to examine 

the morphology and crystal structure of nanomaterials. It is a standard technique which is based on 

a beam of electrons transmitted though an ultrathin specimen, interacting with the specimen as it 

passes through it. The interaction between the electrons transmitted though the specimen leads to a 

formation of an image. The image is magnified and focused by an objective lens and projector lens, 

then captured by an imaging device, for example a fluorescence screen, on a layer of photographic 

film, or to be detected by a sensor such as charge coupled device (CCD).  
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Figure 2.1. The structure of JEOL 4000 HRTEM used in this thesis, located in department of materials, 

University of Oxford.  
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The structure of a TEM can be described as five systems, illumination, specimen stage, imaging, 

magnification, and data recording. The picture of a JEOL 4000HR HRTEM is shown in figure 2.1 

with labels to show the structure of the TEM used in this thesis. In this TEM structure, the electron 

gun or filament generates a stream of high energy electrons in the illumination system. These 

electrons are then focused towards the thin specimen by a set of condenser lenses and apertures. 

The function of the condenser apertures is to restrict the beam and remove high angle electrons to 

increase the resolution. After passing though the condenser lens and apertures, the focused 

electrons hit the thin specimen in the specimen stage and parts of it transmitted. Some of the 

electrons transmit perpendicular to the specimen without changing their direction, called direct 

beam. Other transmitted electrons deviate from their original moving direction after passing 

through the specimen, called diffracted beam. The direct and diffracted beams form a diffraction 

pattern in the back focal plane of the objective lens and form an image on the image plane of 

objective lens. The optional objective and selective area aperture can restrict the beam. Both lenses 

belong to imaging system in TEM. High angle diffracted electrons are blocked out by objective 

aperture to enhance the contrast. The objective aperture is placed on the back focal plane of the 

objective lens to enhance the diffraction contrast. The plane of selective area aperture lies on the 

image plane of the objective lens to select an area of the specimen on the image plane. The back 

focal plane of the objective lens lies between the objective lens and selective area aperture. The 

diffraction pattern on the back focal plane of the objective lens and image pattern on the selective 
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area aperture plane is enlarged and passed down the column from intermediate and projector lens, 

followed by being observed on the image screen or being detected by the CCD. The intermediate 

lens and projector lens belong to the magnification system in TEM. The fluorescent screen, 

photographic film or CCD camera belongs to the data recording systems. The schematic principle 

of the imaging and diffraction mode is shown in figure 2.2.
162-163

         

 

Figure 2.2. Schematic principle of the imaging and diffraction mode: (a) diffraction mode (b) imaging mode. 

Image reprinted from reference [
163

]. Courtesy of Dr. David B. Williams and Dr. C. Barry Carter.  
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2.2.1.2. Electron Diffraction Mode 

Electron diffraction mode in HRTEM is an important technique to examine the crystal structure of 

nanomaterials. Selective area electron diffraction (SAED) can be used to determine the spacing of 

the planes in crystals. The interplanar spacing in a crystal is a characteristic property and can be 

used to determine the crystal phase of crystals. The basic principle of electron diffraction is called 

Bragg’s law. Electron beam will be diffracted strongly by a crystalline specimen at a certain 

incident angle (the Bragg angle θB) with respect to the diffracting planes. The Bragg’s law 

mathematically can be described as the following.
164

  

2dsinθB=nλ                                                                                                                          (2.1)  

In this equation, λ is the electron wavelength, d is the crystal lattice spacing, θB is the Bragg angle 

and n is the integer representing the number of wavelengths required for constructive interference 

to occur.  

 

The Ewald sphere can be used to describe and understand diffraction in reciprocal space.
165-166

 The 

reciprocal space is an imaginary space in which planes of atoms are represented by reciprocal 

lattice points. The correlation between reciprocal space and real space is established by the maths 

described between reciprocal vector and real space vector. The reciprocal vector hklg  is the 

inverse in magnitude of the hkld  spacing which is the shortest distance between two planes in {hkl} 

and is geometrically normal to the planes {hkl}.  
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| hklg |=
hkld

1
                                                                                                                        (2.2)  

Ewald sphere is normally presented in 2D projection by a circle with a radius of 


1
, shown in 

figure 2.3.  

 

Figure 2.3. Ewald sphere in 2D projection.  

 

If any point in reciprocal lattice intersects with the Ewald sphere, the set of planes which 

corresponds to the point satisfy Bragg’s law and hence the beam will diffract strongly by these 

planes. Therefore strong reflection spots, which is correspond to these sets of planes, will appear in 

the electron diffraction patterns. As indicated in figure 2.3, point O is the origin of the reciprocal 

lattice. Vectors ko and kd represent the wave vector of the incident and diffracted wave, 
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respectively. The vector k is the difference between the incident wave and diffracted wave due to 

the diffraction. The mathematical equations between these vectors are followed.  

od kkk                                                                                                                            (2.3) 

| ok |=| dk |=


1

                                                                                                                        (2.4)
 

As these vectors should satisfy the Bragg’s law, the angle difference between incident and 

diffracted wave is 2θB. From the simple trigonometry, an expression for θB is described.  

sin θB=
dk

k
2

=
2

k
                                                                                                                  (2.5)  

If combining the equation (2.1), (2.2) and (2.5) together, we can get the following equation.  

k
hkld

n
= hklgn                                                                                                                  (2.6)  

Thus, the distance between electron diffraction reflection spots and origin of the reciprocal space is 

n order magnitude of the reciprocal vector.   

 

Electron diffraction has unique characteristic when compared to X ray diffraction. Firstly, due to 

the small wavelength of electrons, comparing to X ray, the radius of Ewald sphere 


1

 
is quite 

large, and therefore the surface of Ewald sphere is nearly planar to reciprocal lattice. Thus, Ewald 

sphere intersects with several reciprocal lattices, which leads to many diffraction spots appearing 

simultaneously even if the Bragg’s law is not exactly satisfied. Secondly, the electron diffraction 

can get higher spatial resolution than X ray diffraction because the direction of moving electrons 

can be more easier to change comparing with X ray. This is due to the strong interaction between 
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electrons and matter, leading to electron multiple scattering phenomenons. Thus, electron 

diffraction can be used as sharper probe for localized information within the nanomaterials. 

However, electron diffraction does contain intensity information but loses the phase information 

from the specimen. High resolution imaging mode provides both phase information and intensity 

information as an excellent tool, which will discuss later.  

 

After discussing the principle of the electron diffraction by Bragg’s law and Ewald sphere, a 

natural question raised is how to index electron diffraction patterns. As single crystal electron 

diffraction patterns are normally obtained by a parallel beam perpendicularly illuminating a crystal 

lattice. The direction of the parallel beam is along the zone axis of specific crystal lattice planes. 

The atomic column is perpendicular to the zone axis. Thus, the single crystal electron diffraction 

pattern is consisted of sharp reflection spots. For selective area electron diffraction (SAED) 

patterns of polycrystalline materials, a number of crystals with different orientation will be 

selected by the selective area aperture and illuminated simultaneously. Thus, the selective area 

electron diffraction patterns are the mixture of different sets of single crystal electron diffraction 

patterns. Due to the different rotation orientation of individual crystals, diffraction rings are 

normally observed in SAED for polycrystalline materials. The zone axis for single crystals can be 

assigned by comparing with the standard electron diffraction patterns if the crystalline structure is 
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known. Lattice parameters in the electron diffraction patterns can be indexed if the camera length 

of the TEM is calibrated with known reference materials.  

 

Figure 2.4. Geometry relationship between camera length L, d spacing, the spacing R between the directed 

beam and a scattering maximum (such as a diffracted beam or the radius of a ring of diffracted intensity). 

Image modified from reference [
163

].  Courtesy of Dr. David B. Williams and Dr. C. Barry Carter. 

 

As indicated in figure 2.4, when the incident beam hits the specimen, parts of the electrons are 

scattered by a 2θB as diffracted beam while some of the electrons transmitted without changing the 

direction as the direct beam. The distance between the direct and diffracted beams as measured by 
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the screen R, is determined by L, the camera length. Supposing the scattering angle is small, the 

geometry relationship is described as follows.  

BB
L

R
 22tan                                                                                                                    (2.7) 

Apply the small scattering angle assumption to Bragg’s law, the following equation can be 

obtained.  

BB
d




2sin2                                                                                                                    (2.8)  

Combing the equation (2.7) and (2.8) together, the relationship between camera length and d 

spacing of crystals can be described as follows. 

LRd                                                                                                                                    (2.9) 

As for the same TEM instrument, the camera length L is fixed due to the geometry of the 

instrument. At the same acceleration voltage, the wavelength of electron λ is the same as well. The 

diffraction pattern is the projection of the reciprocal lattice. Supposing with a known specimen, the 

(h0k0l0) plane with d spacing of d0 has a measured distance R0 on the screen in the diffraction 

pattern. An unknown sample with (h1k1l1) plane with d spacing of d1 has a measured distance R1 

on the screen in its diffraction pattern. If the electron diffraction patterns of both samples are 

measured at the same accelerating voltage, then the following equations can be assigned.  

1100 dRdR                                                                                                                               (2.10) 

Then from this equation 1d can be calculated, which is the d spacing of the unknown sample. 

Nowadays, with CCD to record data, R0 and R1 are recorded as pixels. The image analysis software 
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can be used to calibrate this using a standard diffraction pattern of a known sample by correlating 

the pixel information from known diffraction spots. In the diffraction pattern of an unknown 

sample, the angle between the lines joining spots h1k1l1 and h2k2l2 to the original spot 000 is the 

same as the angle between the (h1k1l1) and (h2k2l2) planes since the perpendicular relationship 

between reciprocal vector and real space vector. By comparing the experimental single crystal 

electron diffraction pattern with standard electron diffraction patterns, if both the d spacing and 

angle relationship can match the standard pattern, the electron diffraction patterns are indexed. 

After indexing the electron diffraction pattern, it needs to compare the d spacing measurement 

result with the X ray diffraction data of this materials to check whether the measured d spacing 

exist in the X ray diffraction database. This double check will make sure the index is correct. 

Another alternative method to confirm the index is to simulate single crystal electron diffraction 

pattern using software, like crystal diffract. If the simulated pattern matches the experimental 

pattern, it confirms the indexing. These are the methods to index single crystal diffraction pattern. 

For the index of the diffraction rings rather than spots, the principle is the same. It is needed to 

carefully measure the radius of each diffraction ring. The ratio between the radii must match the 

ratio of the corresponding d spacing planes.  

 

2.2.1.3. Imaging Mode 
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Diffraction contrast is obtained by using an objective aperture on the back focal plane of the 

objective lens. If placing the objective aperture to select direct beam, a bright field (BF) image is 

formed, as shown in figure 2.5(a).
163

 If the diffracted beam is selected by the objective aperture, a 

dark field (DF) image is created, as shown in figure 2.5(b).
163

  

 

Figure 2.5. Comparison of the use of an objective aperture in TEM to select (a) the direct (b) the scattered 

electron to form (a) BF and (b) DF images respectively. Image reprinted from reference [
163

]. Courtesy of Dr. 

David B. Williams and Dr. C. Barry Carter. 

 

In this thesis, electron diffraction patterns are taken on JEOL 4000HR or Philip CM20 TEM while 

HRTEM images are taken on JEOL 4000HR or Oxford’s JEOL 2200MCO FEG (field emission 

gun) aberration corrected HRTEM fitted with both probe and image correctors. The accelerating 

voltage of HRTEM performing in this thesis is 400 kV for quantum dots and 80 kV for 2D atomic 
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crystals. The formvar carbon coated copper TEM grids are used for high resolution imaging 

quantum dots. This is a continuous amorphous carbon film support to hold small size quantum 

dots. Without holes in the amorphous carbon film, it is easier to form mono-disperse quantum dot 

films from the solution of quantum dots with appropriate concentration of quantum dots. A lacey 

carbon coated TEM grid is a good support for imaging layered materials with the edge suspended 

on the hole against vacuum. Holey silicon nitride support film is used as a support for imaging 

graphene. This TEM grid can be treated with heat without deteriorating as Si3N4 is an insulator 

with high strength within a broad temperature range.  

 

The imaging mode of HRTEM allows direct imaging crystallographic of materials at atomic level. 

It is an invaluable tool to study the crystallinity, crystal phase, and growth dynamics of 

nanomaterials, even in-situ imaging of nanomaterials interaction and movement under the electron 

beam.  

 

Phase contrast is the imaging mechanism of HRTEM. The electron wave interacts with the thin 

specimen and the amplitude of the wave will be changed slightly due to the inelastic scattering 

though the specimen lattice. It is thus supposed that the electron wave only suffers a phase change 

that depends on the projection of the electrical potential along a straight line of the electron wave 

pathway through the thin specimen. The phase difference  between the electron waves 
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transmitted via the specimen and the electron wave passing through vacuum is described as 

following.  

 rp                                                                                                                              (2.11) 

In which,  rp  is the projection potential of the electron beam incident direction.  is an 

interaction constant (
E


  ). λ is the wavelength of the electron in vacuum. E is the energy of 

the electrons. The incident electron wave can be treated as plane wave approximately, which is a 

constant wave with infinite parallel planes of the constant phase and constant peak to peak 

amplitude normal to the phase velocity vector. The transmission function can be expressed as 

followed.  

   ]exp[ rir pe  
                                                                                                           (2.12)   

If combining formula (2.11) and (2.12) together, the following equation can be got. 

  ]exp[  ire                                                                                                                     (2.13) 

This equation is called the phase object approximation (POA). It means that the electron wave 

function after interaction with specimen is dependent on the phase changes. The phase of the 

electron wave function carries the information from the thin specimen and generates contrast in the 

image. Thus, it is called phase contrast imaging. The most obvious difference between phase 

contrast imaging and other forms of TEM imaging (diffraction contrast imaging and mass 

thickness contrast imaging) is the number of beams collected by the objective aperture or an 
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electron detector.167 A phase contrast imaging requires selection of more than one beam, while the 

BF and DF imaging only requires selection of a single beam using the objective aperture.167  

 

The interference between electron wave and specimen generates diffraction contrast in the back 

focal plane. The mathematical relationship between the diffraction function in the back focal plane 

and the electron wave function after interaction with thin specimen can be written as followed.  

  [Fu   re ]                                                                                                                     (2.14) 

Where u is vector in the diffraction plane in the reciprocal space, the spatial frequency for a 

particular direction, and F is the Fourier transform operation. Afterwards, the interference of the 

electron wave from the back focal plane recreates the specimen electron wave function in the 

image plane. Thus, following this electron beam pathway, the formation of image can be described 

as two successive Fourier transform of the electron wave function after transmitted via the 

specimen. Hence, the image wave function in the image plane can be written as followed.  

       }{ rFFuFr e 
                                                                                             (2.15) 

This equation tells us if in a perfect lens system, all the electron waves leaving the specimen would 

be recovered with exact phase relationship retained to form image in the image plane. In this sense, 

in perfect lens system, the image wave function is the exact reproduction of the transmission 

function (electron wave function after interaction with the thin specimen) of the thin specimen. 

However, practically no perfect lenses exist. It is possible that the scattered electron wave falls 
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outside the apertures and this will affect the amplitude of the electron wave in the image plane. 

Also, the lens aberrations will affect the phase of the electron waves. Spherical and chromatic 

aberrations of the lens cannot be eliminated completely.168 Because rays are focused more tightly 

if they enter the lens far from the optical axis than if they are closer to the optical axis, it does not 

produce the perfect focus point. This is called spherical aberrations. Chromatic aberration is a kind 

of distortion in which a lens fails to focus different wavelength rays to a convergence point. This 

happens because lenses have different refractive index for different wavelength of light (the 

dispersion of lens). The refractive index decreases with increasing wavelength. Thus, the electron 

waves of different energy cannot focus to a convergence point in an image plane. Due to this 

imperfect lens with these aberrations, a point in the specimen is imaged as a disc in the image 

plane. Thus, a contrast transfer function (CTF), H (u), is applied to modify the image function in 

the image plane. H (u) is the Fourier transform of the spread function h(r), which describes how a 

point spread into a disc. Hence, the modified image function can be written as followed, in which 

u is the vector in the diffraction plane in the reciprocal space.  

     )}({' uHrFFr e                                                                                                       (2.16) 

Figure 2.6 shows the electron beam pathway though an objective lens.
169
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Figure 2.6. Schematic diagram of the image formation of HRTEM. Image reprinted from reference [
169

]. 

Courtesy of Dr. D. Shi. 

 

Contrast transfer function is affected by three factors, aperture, attenuation of wave, and aberration 

of lenses. Therefore, the H (u) is expressed as the product of these three terms.  

)](exp[)()()( uiuEuAuH 
                                                                                            (2.17)  

Where A(u) is the aperture function, which can be expressed as a step function and represents the 

cut off information of the objective aperture. E(u) is the envelop function which describes the 

attenuation of the wave by the spatial coherence of the source.  χ(u) is the function of aberrations 

in the electron optical system to describe the chromatic effects, which can be written as followed.  

  432
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                                                                                                (2.18) 

In which, Cs is the spherical aberration coefficient, λ is the electron wavelength at the accelerating 

voltage, and ∆f is the defocus value chosen to form the image, u is vector in diffraction plane in the 

reciprocal space. As for a specific specimen, u is the spatial frequency determined by the lattice 
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spacing. Thus, for a specific sample, χ(u) depends on ∆f  only. Therefore, choosing the optimum 

defocus value is important for observing the specific spatial frequency u in high resolution 

imaging mode. The optimum defocus value is given by Scherzer.170  
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                                                                                                               (2.19) 

 

2.2.1.4. Simulation  

The simulation done in this thesis is performed by using a combination of softwares. An atomic 

model is constructed using Accelys DS Viewer and crystal maker software. The coordinates of 

each atom are outputed from an atomic model supercell using Accelys DS Viewer. After some 

formatting of the data, the coordinates are inputed into the specific software for simulation. 

Electron diffraction simulation is done by software called crystal diffract or single crystal 

diffraction. HRTEM simulation is performed by software called JEMS using the principle of the 

multislice method.  

 

In order to understand the principle of multislice simulation method, it is necessary to describe the 

weak phase object approximation (WPOA) first. In the multislice method, the thin specimen is 

divided into many thin slices normal to the incident beam. Each slice obeys the WPOA. The Bloch 

wave approach is used in JEMS software for calculation. The potential in each slice is projected 

onto the first projection plane, which is phase grating to modulate the phase. Amplitudes and 
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phases for all beams generated by interaction with this plane are calculated. All the diffracted 

beams are propagated though free space to the next projection plane. These processes are repeated. 

The process is shown in figure 2.7.
171

 

 
Figure 2.7. The principle of multislice method. Image reprinted from reference [

171
]. Courtesy of Dr. David 

B. Williams and Dr. C. Barry Carter.
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The correlation between specimen structure and image contrast cannot be directly found in 

equation (2.16). Further assumptions should be made to expand equation (2.16) into a simple 

equation for numerical calculations. It is supposed that the phase changes of an electron wave are 

also small. That means cos[-σφp(r)]≈1, sin[-σφp(r)]≈-σφp(r). The equation (2.12) can be explained 

with the Euler formula and written as followed, which is called WPOA.  

     ririrrir ppppe   1)](sin[)](cos[]exp[
                            (2.20) 

The directly transmitted wave unaffected by the specimen is represented as constant 1. The 

scattering function is presented as the second component in the equation and i indicates phase 

changes of π/2. For this π/2 phase shift in a small amplitude scattered wave, the resultant wave has 

only a slight phase modulation but no amplitude modulation. So the image contrast is zero 

(Figure2.8a). To obtain some information from the image concerning the specimen structure, an 

additional phase shift is needed to bring the scatter wave either exactly into (Figure 2.8b) or out of 

the phase (Figure 2.8c) with the primary wave.  
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Figure 2.8. Schematic showing (a) a π/2 phase shift in small amplitude scattered wave, the reluctant wave 

has only a slight phase change; an additional phase shift bring the scattered wave either exactly (b) into or (c) 

out of the phase with the primary wave. 
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Practically, the imperfect lens gives some image contrast. When the WPOA is applied, the 

equation (2.16) can be modified as the following.  

    )]([]1[' uHFrir p  
                                                                                        (2.21)  

In which, 


 sign in equation (2.21) is the convolution operation. The image intensity is found by 

multiplying the image wave function by its complex conjugate.  

I  2
' r                                                                                                                              (2.22) 

Only the imaginary part in exp[iχ(u)] in equation (2.17) contributes to the image intensity in 

WPOA in equation (2.22) as only this term provides the imaginary part in the Fourier transform of 

the contrast transfer function H(u).    

 

WPOA is valid for only thin specimen (0.5-2 nm). In addition, unlike X rays, the interaction of 

electrons is very strong and this strong interaction indicates WPOA theory does not hold for most 

of the cases. Thus, dynamical effect must be taken into account in the HRTEM imaging simulation 

to consider these interactions between electrons. Multislice simulation is the practical method 

using WPOA as the basic and considering dynamical effects.  

 

2.2.2. Scanning Electron Microscopy  

2.2.2.1. Imaging Mode 



61 
 

Scanning electron microscopy (SEM) is one kind of electron microscopy that images the sample 

surface by scanning it with a high energy electron beam in a raster scan pattern.
172

 The interaction 

between the electrons and atoms in the specimen produces signals which contain the information 

about the properties of the sample, such as surface topography, chemical composition and 

crystallography.  

 

The image formation mechanism of SEM relies mainly on three types of contrast.
173

 Atomic 

number contrast is also called Z contrast, which means the emission coefficient is proportional to 

the atomic number of the atoms. Normally, heavy atoms will have higher emission coefficient than 

the lighter atoms. Orientation contrast in SEM has relationship to the crystallography of the 

crystals or the topography of the sample. This will affect how strongly the electrons can interact 

with the crystal due to Bragg’s law and how much signals can reach the detector. Electron 

channelling contrast is dependent on the spot size and energy of the primary electron beam. It 

determines how far the electrons can penetrate into the sample, how much signals can escape from 

the sample, and the depth of view of the sample. Normally, the more deep electron penetrate, more 

difficult the signals can get out of the sample, while it gives better depth of view.  

 

In a typical SEM instrument, a source of accelerated electrons is produced by the electron gun, 

which is the gun fitted with tungsten, LaB6 filament. If the vacuum system is upgraded, the field 
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emission gun can be used as the electron source, which is the cold cathode type using tungsten 

single crystal emitter or the thermally assisted Schottky type using ZnO2 emitter.
172

 Unlike the 

optical and transmission electron microscopy, image magnification is not a function of the power 

of objective lenses. Condenser or objective lenses may exist in the SEM but their function is to 

reduce the diameter of the electron source and place a small and focus the electron beam to a spot 

on the specimen. The schematic illustration of the SEM instrument is shown in figure 2.9.
173

 The 

beam is scanned along a line in the deflection system and the line is displaced for the next scan so 

that a rectangular raster is generated on both the specimen and viewing screen. 

 

Figure 2.9. Schematic drawing of the electron column deflection system and electron detectors in a typical 

SEM. Image reprinted from reference [
173]  Courtesy of Dr. J.Goldstein, Dr. D. E. Newbury, Dr. P. Echlin, 

Dr. D. C. Joy, Dr. Jr., A. D.Romig,  Dr. C. E. Lyman, Dr. C. Fiori, and Dr. E. Lifshin. 

 

When the primary electron beam interacts with the specimen, the electron loses energy by repeated 

random scattering and absorption. The electron beam absorbed by the specimen is within a 
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teardrop shape volume known as the interaction volume. The size of the interaction volume 

depends on the electron landing energy, the atomic number of the specimen and specimen density. 

Several types of signals are generated from the interaction between the electron beams with the 

atoms in the specimen, including secondary electron, backscattered electron, characteristic X ray, 

light from cathode luminescence, specimen current and transmitted electrons. Each signal can be 

detected with specialized detectors to obtain corresponding information or creating images. The 

most common detection mode is secondary electron imaging. When the non-energetic secondary 

electron from the inelastic scattering hit scintillator material, the light produced is converted into 

an amplified electrical signal by the photomultiplier tube, the variation of the signal provides the 

intensity change and creates contrast in the image.
173

  

 

Signals from the interaction between electrons and specimen atoms contain different information. 

Secondary electrons which are ejected from the k electron shell (the first electron shell closest to 

the nucleus) of the specimen atoms by inelastic scattering interactions with electron beam are low 

energy electrons containing the information from the sample surface within a few nanometres deep.  

Thus, it contains information about the surface topography. Characteristic X-ray can be detected 

by energy disperse X ray (EDX) detector for chemical composition analysis or element image 

mapping. Catholuminescence (CL) is the emission of light when atoms excited by high energy 

electrons return to their ground state. This process is similar as UV-induced fluorescence. CL 
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signal can be used to image and map the distribution of the luminescence emitted by the specimen 

with real colour. The beam current absorbed by the specimen can also be used to create images of 

the distribution map of specimen current to analyse the electrical conductivity. Backscattered 

electron from the elastic scattering interaction with specimen atoms can be used to determine the 

crystallography structure of the specimen, which will be discuss in details in the next section.  

 

2.2.2.2. Electron Backscattered Diffraction Mode 

Backscattered electrons consist of high energy electrons originating in the electron beam, which 

are reflected or backscattered out of the specimen interaction volume by elastic scattering 

interactions with specimen atoms.
172

 Although the energy of backscattered electrons remains the 

same due to the elastic scattering, the number of electrons being backscattered by the specimen 

atoms depends on the atomic number of the atoms. Heavy atoms (high atomic number) can 

backscatter more electrons than light elements (low atomic number). Thus, the total energy of the 

backscattered electrons from heavy atoms is greater than from light elements. This generates 

atomic number contrast to distinguish different chemical composition. Backscattered electrons can 

also be used to generate electron backscattered electron diffraction (EBSD) image.  

 

The major difference between secondary electrons and backscattered electrons are the energy 

difference and emission direction range. Unlike low energy secondary electrons generated from 
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the inelastic scattering, backscattered electrons are generated from elastic scattering and thus retain 

high energy. The deflection angle of backscattered electrons is larger than 90 degrees comparing 

with the primary beam due to the Coulombic interaction within the electron cloud or Coulombic 

attraction by the nucleus.
163

 The deflection angle of secondary electrons is normally small and 

random and secondary electrons are ejected from the conduction or valance bands of the atoms.
163

  

 

EBSD, also called backscattered Kikuchi diffraction, is a technique to obtain the crystallographic 

information.
174

 This information can be used for elucidating texture and orientation of any 

crystalline materials.  EBSD can be used to index and indentify crystals, thus has lots of 

applications, such as crystal orientation mapping, defect studies, phase identification, grain 

boundary and morphology studies, regional heterogeneity investigation, materials discrimination, 

microstrain mapping, and chemical identification. EBSD is increasingly common being used as an 

alternative to electron diffraction in TEM and X-ray diffraction (XRD), with the advantage of fast 

data acquisition, simple specimen preparation.  

 

How does electron backscattered diffraction pattern (EBDP) form? It forms when many different 

planes diffract different electrons to form Kikuchi bands which correspond to each of the lattice 

diffracting planes. The boundaries of a Kikuchi band represent the positive and negative Bragg 

angles (typically of the order of 1 degree) for a given set of crystallographic planes.
175

 Normally, 
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in order to increase the contrast in the EBDP, the flat/polished crystalline sample needs to be tilted 

70° from the horizontal towards the diffraction camera.  

 

 

Figure 2.10. The generation of pole figures (normal direction, rotation direction, transverse direction) from a 

3D space.  

 

How can the electron backscattered diffraction pattern be indexed and interpreted?  Once the 

Kikuchi band location is detected in the EBDP, it is possible to relate these locations to the 

underlying lattice orientation. The angles between the Kikuchi bands represent the angles between 

lattice planes. When the position and angles between three Kikuchi bands are known, an 

orientation solution can be determined. The geometry of the lattice plane, which the Kikuchi bands 

correspond to, can be determined by pole figures with normal direction as the north pole zone axis 

and projection to the equator plane as the rotation direction and transverse direction. The geometry 

relationship to define a crystal plane in 3D space is shown in figure 2.10. The normal direction is 

the North Pole in figure 2.10 and the crystal plane is indicated as the point in the sphere surface. 
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The projection of the line, which is the line between the crystal plane point and centre of the 

sphere, into the equator plane has the angles between x and y axis. The angles between the x axis 

and projection line indicates the rotation direction, while the angle between the y axis and 

projection line indicates the transverse direction.  

 

 

Figure 2.11. The SEM and EBSD used in this thesis, located in Department of Materials, University of 

Oxford. : (a) Zessis NiVision 40 FIB-SEM (b) JEOL 6500F SEM with EBSD detector.  

 

The crystallographic diffraction pattern with specific normal direction can be generated with 

EBSD software. By comparing the experimental data to this standard crystallographic diffraction 

patterns, the crystal orientation and lattice plane information can be directly extracted. The grains 

of different crystal planes can be coated with different colour for analysis of crystal grains and 

grain boundaries. The instruments of the JEOL 6500F SEM with an EBSD detector and Zessis 

Nivison 40 FIB-SEM, which are used in this thesis, are shown in figure 2.11.  
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2.2.3. Optical Spectroscopy 

2.2.3.1. Introduction 

Optical spectroscopy is a means of studying properties of physical objects on measuring how an 

object emits and interacts with light. Electrons exist in energy levels in materials. In the optical 

spectroscopy, electrons are driven to another energy level by absorbing photon energy and then 

transition happens for electrons between energy states in materials. In this section, optical 

spectroscopies, including Raman spectroscopy, photoluminescence (PL) spectroscopy, 

photoluminescence excitation (PLE) spectroscopy, UV-vis-Absorption spectroscopy, are discussed 

on physical principles, instruments and applications.  

 

2.2.3.2. Raman Spectroscopy 

Raman spectroscopy is one of the important non-destructive techniques to characterize materials. 

Useful structural information of the material, such as bonding and defects, can be obtained from 

the photon frequency and scattering intensity measured by Raman spectroscopy.  

 

Raman scattering was discovered by C.V. Raman in 1928 but the predication could go back to 

1922.
176

 When a beam of light impinged upon a sample, photons are absorbed or scattered by the 

materials. The most majority of the scattered photons are via elastic scattering, in which the 

scattered photons have exact the same wavelength with the incident photons. This process is 
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known as Rayleigh scattering. In comparison, Raman scattering is the inelastic scattering of light, 

which means the energy of the scattered photons is not equal to that of incident photons. It occurs 

when light impinges upon a molecule and interacts with electron clouds and bonds of the 

molecules. With the light excitation the molecule is raised to the virtual energy states which are 

imaginary intermediate states in quantum mechanics. For the spontaneous Raman effect, the 

excited molecules will relax to the vibrational excited states, which generates Raman scattering 

and Raman shift in the spectrum due to the unequal photon energy via this inelastic scattering 

process. If the molecule is initially on the ground state before excitation, the Raman shift is called 

Stokes shift. If the molecule has already been on the elevated vibrational excited states before light 

excitation, the Raman shift is called anti-Stokes shift.
177

 A schematic energy level diagram 

involving Raman signals is shown in figure 2.12.
178

 A molecule polarisability change or amount of 

deformation of the electron clouds, with respect to the vibrational coordinate, is required to exhibit 

Raman activity. The amount of polarisability change will determine the Raman intensity while the 

Raman shift is equal to the difference of the vibration level that involves.  
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Figure 2.12. Energy level diagram and transitions involved in Raman signal. The line thickness is roughly 

proportional to the signal strength. Image reprinted from reference [
178

] 

 

The basic principle of the Raman spectroscopy is the interaction between the optical photons and 

vibration phonons in the lattice. (A phonon is a quantum mechanical description of several type of 

vibration motion, in which a lattice uniform oscillates at same frequency.) An induced dipole 

moment P is resulted from the interaction between the electric field E of the photon’s 

electromagnetic wave over with time t and the vibration mode of a diatomic molecule vibration at 

a frequency νm. The mathematical description can be written as followed.
179
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If assuming small vibrations, the polarisability α is approximately to be linear with displacement 

q  from the equilibrium position 0q . The first term of equation (2.23) represents Rayleigh scattered 

photons. The two cosine term represents anti-Stokes scattered (frequency summed) and Stoke 

http://en.wikipedia.org/wiki/File:Raman_energy_levels.svg
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scattered term (difference of the frequency). If the partial derivative component 

0





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







q


 is zero, 

the specimen is Raman silent. Raman instrument normally measures the Stokes Raman scattering 

term.  

 

A typical Raman spectrometer consists of three parts, the laser, the collection device, and the 

spectrograph. A coherence beam of monochromatic light is generated by the laser to excite the 

specimen. Low background emission and good wavelength stability are required for the laser 

which is used in the Raman spectrometer. A monochromator is normally attached to the laser for 

this requirement. The function of a collection device is to collect the photons and filter out the 

Rayleigh scattered photons and background noise. Normally notch or edge filters are applied in the 

collective device. Raman scattering photons are sent to spectrograph after the collective device. A 

transmission grating is applied to separate Raman photons by wavelength and these separated 

photons are passed to the CCD detector separately. The intensity of the Raman signals at each 

wavelength is recorded by the CCD detector and the data is plotted as the Raman spectrum.  
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Figure 2.13. JY Horiba Labram Aramis imaging confocal Raman microscope used in this thesis, located in 

the Begbroke science park, Department of Materials, University of Oxford.  

 

In a typical Raman spectrum of graphene, normally three types of characteristic peaks will appear, 

namely D, G, 2D peak. The origin of D peak comes from vibration mode of the hexagonal carbon 

ring, providing the information about defect in graphene. The vibration of the sp
2 
carbon bond is 

the origin of G peak, The 2D peak is the second overtone of the defect induced D mode, providing 

the electronic and geometrical structure through double resonance process.
180

 This 2D peak is a 

characteristic peak to distinguish graphene from graphite.
180

 The FWHM of 2D peak and the 

intensity ratio between 2D and G peak can be used to distinguish monolayer graphene from few 

layer graphene. 
181

   



73 
 

 

Raman spectroscopy is a powerful and non-destructive tool to study the structure of nanomaterials. 

In this thesis, Raman spectroscopy is used as a supplementary tool to characterize the structure of 

2D atomic crystals. The instrument of the JY Horiba Labram Aramis imaging confocal Raman 

microscope, which is used in this thesis, is presented in figure 2.13. The spot size of the instrument 

is about 1 μm. Two lasers are equipped with this instrument with 532 nm or 633 nm wavelength. 

The grating can be switched between 600 grooves/mm and 1800 grooves/mm. It means the 600 

grooves/mm grating will generate smaller solid angle on the chip and makes the light more 

focused than the 1800 grooves/mm grating. Smaller grating will give higher signal to noise ratio 

but lower resolution.  

 

2.2.3.3. Photoluminescence Spectroscopy 

Luminescence is emission of light by a substance not resulting from heat. Thus, it is a form of cold 

body radiation. Photoluminescence (PL) is a type of luminescence as a result of absorption of 

photons. There are two type of PL, namely, fluorescence and phosphorescence. Fluorescence is 

one type of PL, in which the emitted photons are of lower energy than those absorbed. 

Phosphorescence is another type of PL, in which fluorescence is delayed after initial absorption of 

radiation on a scale of seconds to hours.  
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Figure 2.14. Singlet and triplet energy levels. Image reprinted from reference [
182

] 

 

What is the physical principle of these two processes? The electronic states of most molecules can 

be divided into singlet states and triplet states. Singlet states are the state when all the electrons in 

the molecule are spin-paired in one orbital due to the Pauli Exclusion Principle. The total spin 

angular momentum of singlet state is 0.
183

 Triplet state is the state when a set of electron spins is 

unpaired which means the total spin angular momentum is 1.
182-183

 Figure 2.14 shows the 

schematic of ground singlet state (S0), excited singlet state (S1), excited triplet state (T1).
182

 In the 

process of fluorescence, when photons are absorbed, a molecule is excited from a vibration level in 

the electronic ground state to one of the many vibrational levels in the electronic excited states. 

This excited state is normally the first excited singlet state. A molecule, which is in the high level 

of the excited state, will quickly fall into the lowest vibration level of this state (first excited 

singlet state) by losing energy to other molecules by collision. The molecule will also transfer the 

excess energy to other possible modes of vibration and rotation. Fluorescence occurs when the 

molecule returns to the electronic ground state (S0) from the excited singlet state (S1) by emission 

of photon. If the wavelength of the immediately emitted photon is equivalent to the wavelength of 
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a particular absorbed photon, it is called resonance radiation. If not equivalent, it is called non-

resonance radiation. The fluorescence process can be described as the following two steps, 

indicated in equation (2.24) and (2.25).  

Excitation: S0 + hvex→S1                                                                                                                                                                 (2.24) 

Fluorescence (emission): S1→S0 + hvem+ heat                                                                     (2.25) 

 

Figure 2.15. Possible molecule physical decay pathways following absorption of a photon. Image reprinted 

from reference [
184

] 

 

If a molecule, excited by the absorption of photons, does not fluoresce, it must lose its energy in 

various competing decay pathways. This process is called non-radiative transfer of energy. The 

possible decay pathways of a molecule excited by a photon are shown in figure 2.15. One of the 

non-radiative decay is the intra-molecular redistribution of energy between possible electronic and 

vibrational states. This process is indicated in figure 2.15 via pathway 1, 6, and 4. The excited 

molecule decays to the electronic ground state via this non-radiative pathway. The excess energy is 
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converted to vibrational energy via internal conversion process, and thus the molecule is placed in 

the extremely high level vibrational state of the electronic ground state. This excess vibrational 

energy is lost by collision with other molecule via vibrational relaxation process, in which heat 

will be generated. Another non-radiative decay pathway is the combination of the intra and inter-

molecule energy redistribution. After the molecule is excited to the excited singlet state, the spin of 

the excited electrons can be reserved via intersystem crossing, which is the transition between the 

excited singlet states (S1) to triplet state (T1). The triplet state is of the lower electronic energy than 

the excited singlet state. Thus, the transition from triplet state (T1) to singlet state (S1) is forbidden. 

The possibility of this S1 to T1 transition is increasing if the vibrational levels of these two states 

overlap. For instance, the lowest singlet vibrational level can overlap with one of the higher 

vibrational levels of the triplet state. The molecule in the high level of the triplet state can lose its 

energy by the collision with solvent molecules, and then decay to the lowest level of the triplet 

state. As the transition from the triplet state back to the singlet ground state is classically forbidden 

but can still occur in quantum mechanics with kinetically unfavoured. The energy is trapped in the 

triplet state. But the decay pathway can then followed by subsequently relax via phosphorescence 

or by a secondary non-radiative relaxation step. For the secondary non-radiative step, the molecule 

undergoes a second intersystem crossing from the lowest triplet state to a high vibrational level of 

the electronic ground state. Finally, the molecule returns to the lowest vibrational level of the 

electronic ground state by vibrational relaxation. For the phosphorescence decay, the molecule in 
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the excited triplet state may not always use the intersystem crossing to return to the ground state. It 

could lose energy by emission of a photon. This T1 to S0 transition is much less probable than the 

S1 to T1 transition. The process of phosphorescence can be described with the following equation 

(2.26).  

S0+hv→S1→T1→S0+hv’                                                                                                       (2.26) 

Internal convention, vibrational relaxation, and other radiationless transfer of energy compete so 

successfully with phosphorescence that phosphorescence is usually seen only at low temperature 

or in highly viscous media.   

 

In principle, there are some similarities between Raman scattering and photoluminescence process. 

In both cases, a photon with frequency different from incident photon is produced and the 

molecule is excited to the higher energy level and then to the lower energy level. The major 

difference between these two is that Raman scattering can take place for any frequency of the 

incident light. In contrast to fluorescence, which is associated with specific optical excited state, 

Raman scattering is not a resonance effect, in which the transition from vibrational states to virtual 

state and then back can be any pathway and not associated with specific vibrational states. 

Practically, this means a fluorescence peak is anchored with specific excitation frequency, while a 

Raman peak is independent of excitation frequency. This can be used to distinguish Raman 

scattering peak from PL peak. Only thing it needs to do is to vary the excitation energy to see 
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whether this peak shift or not. If the peak shifts, it is a PL peak, otherwise, it is a Raman scattering 

peak in the spectrum.  

 

Photoluminescence spectroscopy is an important non-destructive technique to measure the 

spontaneous emission of light from a material under the optical excitation. The excitation energy 

and intensity can be chosen to probe different excitation types and also different parts of the 

sample. The PL spectrum reveals transition energies and the PL intensity gives a measure of the 

relative rates of radiative and non-radiative recombination. Variation of the PL intensity gives a 

measure of the relative rates of radiative and non-radiative recombination. Under the pulsed 

excitation, PL intensity transients yield lifetimes of excited states. This method is called time-

resolved photoluminescence. This is useful to measure the carrier lifetime in semiconductors.  

 

What are the applications of PL spectroscopy? It can be used for band gap determination, impurity 

levels, defect detection, and probing recombination mechanism. The most common radiative 

transition in semiconductors is between states in the conduction band and valance band. PL can be 

used to determine the band gap transition. Radiative transitions in semiconductors can also involve 

localized defect levels. For the detection of defect and impurity levels using PL spectroscopy, the 

PL energy associated with these levels can be used to identify specific defects, and PL intensity 

can be used to determine their concentration. PL can also be used to study the recombination 
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mechanism. The excitons recombination can involve both radiative and non-radiative process. The 

PL intensity and its dependence on the level of photo-excitation and temperature are directly 

related to the dominant recombination process. Analysis of PL helps to understand the underlying 

physics of the recombination mechanism.  

  

 

Figure 2.16. A PL set up used in this thesis, located in 12/13 parks road, department of materials, University 

of Oxford.  

 

A typical PL setup consists of three parts, the excitation source, the lens system, and the detection 

system. One of the PL set-ups used in this thesis is presented in figure 2.16. The excitation source 

could be continuous wave (cw) laser or tunable optical parametric oscillator laser or the 
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Xe/halogen lamp depending on the required excitation power and whether laser pulse is needed. 

The monochromator is equipped with the excitation source to select narrow band of the radiation 

wavelength. After generating from the excitation source and selected by monochromator, the 

photons get more focused by wavelength and then pass the filter for the further selection of 

particular range of wavelength and blocking the remainder. Various types of filters can be used in 

the system, like absorptive filter, dichroic filter, long pass filer, short pass filter, bandpass filter, 

notch filter, monochromatic filter, polarization filter, infrared filter, ultraviolet filter, neutral 

density filter. Then the selective wavelength photons then pass to the sample to excite it. The 

sample could be put in the cryostat to investigate the temperature effect. The emitted photons 

should be collected along with the perpendicular direction to the excitation beam to avoid re-

absorption of the excitation beam. If using a cuvette for the liquid sample, the geometry of the 

excitation beam and collection of the emission is presented in figure 2.17. 

 

Figure 2.17. Schematic diagram of the Geometry used to account for the re-absorption of both the excitation 

and emission light by the sample in the photoluminescence spectroscopy.  
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The emission photons will be collected via a designed lenses system and send to the spectrometer 

equipped with a detector. The detector is a solid state image device capable of performing three 

essential functions like transducing photons to electrons, integrating and storing, and reading out 

information via image or spectrum. The coupling between the designed lenses system and detector 

is important to get PL signals with the best detection efficiency, which is essential for detecting PL 

signals from the low quantum yield nanomaterials, like carbon nanotubes. The most essential 

factor to affect the coupling between lenses system and detector is the concept called f number. 

For a collimated beam entering into a lens, the f number, f
#
, which is also called “aperture ratio”, 

“focal ratio”, “f-ratio”, or “relative aperture”, relates to the beam waist size and focal length, given 

by the equation (2.27). 

A

f


#

f                                                                                                                                   (2.27) 

Where f is the focal length of the lenses and A is the beam waist size of the collimated beam 

before entering the lens. For the detector in my setup, the f
#
=4, which is the technical parameter 

provided by the Princeton instrument ltd. To give the optimal coupling between the detector and 

the microscope system (including lenses, filters, in the optical pathway along the emission 

direction in figure 2.16), it requires satisfying equation (2.28).  

#

microscope

#

detector ff                                                                                                        (2.28) 

Thus, the optimal spectroscopic performance of the InGaAs photodiode array detector requires to 

attach to a microscope system with an f
#
=4. The emission beam should be focused on the front slit 
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on the detector. Considering the larger diameter lens will collect more photons, 2 inch lens is 

normally used in the system rather than 1 inch lens. This means A=2 inches, which is 50.4 mm. 

Then the focal length of the lens just before the detector should be f=A•f
#
=200 mm. Following 

these rules and considering the geometry of the set up, the design of the lens system could be done.  

 

2.2.3.4. Photoluminescence Excitation Spectroscopy 

In the previous section, PL spectroscopy has been discussed. As the sister technique of PL, what is 

the difference between photoluminescence (PL) spectroscopy and Photoluminescence excitation 

(PLE) spectroscopy? PL spectroscopy is performed at a fixed excitation energy to monitor the 

luminescence at a wavelength range, while PLE is carried out at a fixed detection energy (emission 

energy) to monitor the variation of the PL peak intensity at this fixed emission energy. PL provides 

the information about exciton recombination dynamics, while PLE gives the information about the 

excited states of optical centres and absorption properties. PLE spectrum is the plot of the changes 

of PL intensity versus absorbed wavelength. Thus, PLE spectroscopy requires a tunable excitation 

source, which is normally a lamp and monochromator system. The sample is excited with photons 

with different wavelengths. These various photons are absorbed by specific optical centres in the 

sample but decay via a fixed emission decay pathway. The emission wavelength of the PLE 

spectroscopy, which is used in this thesis shown in figure 2.18, can be fixed at certain wavelength 
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within the range between 200 nm to 900 nm. The excitation range in this spectrometer is within 

the range of 200-800 nm.  

 

 

Figure 2.18. JASCO FP-6200 PL/PLE spectrometer used in this thesis, located in 12/13 parks road, 

department of materials, University of Oxford.  

 

What is the relationship between PLE and UV-vis-absorption spectrum? Although PLE spectrum 

has similar profile as absorption spectrum, there is some difference between these two. PLE probes 

optical excited state in the sample while UV-vis-absorption spectrum monitors electronic 

transitions from ground state to excited state in the molecular orbitals of the sample.  
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Figure 2.19. A PLE measurement of chirality (6, 5) single wall carbon nanotube wrapped with one layer 

rrP3HT polymer.  

 

The PL spectrometer with linear photodiode array detector can be used to do the PLE mapping, 

which is the coloured plot of excitation wavelength versus emission wavelength. This provides 

rich information about the optical properties of the material. Figure 2.19 shows a PLE 

measurement of chirality (6,5) single wall carbon nanotube wrapped with one layer rrP3HT 

polymer. The red region is the emission from the nanocomposites material with excitation 

wavelength E11=610 nm and emitted at E22=1025 nm wavelength with some emission tails from 

excess polymer.  

 



85 
 

2.2.3.5. UV-vis-Absorption Spectroscopy 

Absorption spectroscopy is one of the important optical spectroscopic techniques that measure the 

absorption of radiation, as a function of frequency or wavelength due to the light-matter interaction. 

The absorption in the ultraviolet or visible region directly affects the colour of the molecules due 

to the electronic transitions. This technique is complementary to PL spectroscopy, in which 

fluorescence deals with electronic transitions from the optical excited state to the ground state 

while absorption involves electronic transitions from the ground state to the excited state in the 

molecule orbital.  

Excitation of electrons in chemical bonds (π or σ) or other non-bonding valence electrons (n 

electrons) is one of the results of the absorption of UV-vis-radiation of a suitable wavelength. 

Absorption will thus be dependent on the availability of π and σ bonds or n electrons that can 

absorb incident radiation. Three types electrons involves in the transitions of UV-vis-absorption. 

Sigma bond (σ) is one type of covalent bonds, which are head-on overlapping between atomic 

orbitals. Sigma bond is a saturated single bond, in which the bonding electrons are called σ 

electrons, for example all the bonding electrons in methane are σ electrons. Another type of 

covalent bond is π bond, where two lobes of one atomic orbital overlap with two lobes of the other 

involved atomic orbital. The two orbitals share a nodal plane which passes through both of the 

involved nuclei. The electrons involved in the formation of this unsaturated π bond, for example 

double or triple bond, are called π electrons. Electrons in the valence shell that are not used up in 
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the chemical bonds are referred as nonbonding electrons (n electrons), which are unpaired 

electrons. The possible electronic transitions involve σ, π, n electrons are shown in figure 2.20.
185

  

 

Figure 2.20. Electronic transitions of σ, π, n electrons. Image reprinted from reference [
185

] 

 

During these transitions, σ→σ
*
 transition requires very high energy which occurs in vacuum UV 

region (125-185 nm). This high energy could break the σ bond and destroy the molecule. Thus, 

this transition is not useful. The n→σ
*
 transition occurs at about 185 nm and of low energy, 

however, most solvents strongly absorb in this region, which precludes the use of this transition 

for the studies in aqueous and other solvents with nonbonding electrons. Therefore, it is 

impractical to use UV-vis-absorption spectroscopy to determine the analytes based on this n→σ
*
 

transition. The n→π
*
 transition requires very little energy and seem to be potentially useful. 

Unfortunately, the absorptivity of this transition is very small which precludes its use for sensitive 

quantitative analysis. The π→ π
*
 transition turns out to be very useful since it requires reasonable 

energy and has good absorptivity. As discussed above, most of the features in UV-vis-absorption 
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spectrum is based on the n→π
*
 transition or π→π

*
 transition, which normally happens for organic 

compound.  

 

The absorption of UV or visible radiation corresponds to the excitation of outer electrons. Besides 

the transition involving π, σ, and n electrons, another two transition types result from UV-vis-

absorption, namely, transition involving charge-transfer electrons, and transitions involving d and f 

electrons. In a charge-transfer complex, in which one of its components donates electrons to 

another component as electron acceptor, the absorption of the UV radiation involves in this 

electron transfer from the donor to an orbital associated with the acceptor. In the compound 

containing transitional metal elements, the transitions among d and f orbitals can be driven by the 

absorption of UV radiation.  

 

Molar absorptivity ε is the intrinsic property of materials, which describe how strongly a chemical 

species absorb light at a given wavelength. This ε is a constant in a given solvent at a particular 

temperature and pressure. It depends on the electronic distribution of the material in the given 

medium.
186

 Electrostatic interaction taking place in the solvent will affect the electronic 

distribution of the materials, and thus influence the molar absorptivity.
186

 When an electromagnetic 

wave travels through a medium, in which it gets absorbed, it undergoes exponential decay as 

described by Beer-Lambert law in equation (2.29). 
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cLIIA  )/(log 010                                                                                                     (2.29) 

Where A is the measured absorbance, I0 is the intensity of the incident light at a given wavelength, 

I is the transmitted intensity, ε is the molar absorptivity, c is the concentration of the absorbing 

species, L is the path length though the sample.  

 

The UV-vis-absorption spectrum will show a number of absorption bands corresponding to 

structural groups within the molecule. It can be used to determine the band structure, indentify 

chemicals, and measure the quantity of the compound. This is due to the specificity and 

quantitative nature of the absorption spectrum. The first transition peak along down the 

wavelength in UV-vis-absorption spectrum normally associate with band edge transition, which 

can be used to determine the band gap of the material. Unknown chemicals can be identified by 

comparing a measured spectrum with a library of reference spectra or by modelling the spectrum 

from first principle to understand the structure of the molecule. The spectrum can be used 

quantitatively to determine the amount of materials by applying Beer-Lambert law.  
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Figure 2.21. JASCO V-570 UV/VIS/NIR spectrometer used in this thesis, located in 12/13 parks road, 

department of materials, University of Oxford.  

 

There are two types of UV-vis-absorption spectrometer. One kind of instrument is to measure the 

absolute absorbance and plot the absorbance/wavelength spectrum. The spectrometer used in this 

thesis is JASCO V-570 UV/VIS/NIR spectrometer, which is this type and shown in figure 2.21. It 

is a double beam system with single monochromator. The light is produced by Deuterium lamp 

(190~350 nm) and halogen lamp (330 ~900 nm) and then passing through the single 

monochromator to select the narrow band wavelength of the radiation. Dual gratings are then used 

to split the beam into two beams to pass through the reference solvent and samples cuvette 

respectively. Both absolute absorbance values are recorded by the detector. The subtraction of the 
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reference solvent absorbance from the sample’s absorbance as the absolute absorbance of the 

specimen is recorded and plotted as the absorbance/wavelength spectrum by the single processor. 

The schematic of this type instrument is shown in figure 2.22(a). Another type of spectrometer is a 

double beam system with double monochromator. This kind of instrument is to produce the 

derivative spectrum on time. This online instrumental recording of the derivative spectra involves 

the use of a dual wavelength instrument with one light source but two monochromator operated at 

same speed but with a lag of few nm from each other. A chopper will sequentially pass the beams 

from both monochromator and then pass the sample cuvette. Thus, the difference absorbance ∆A, 

which is from the sample using two wavelength light λ1 and λ2, divided by the constant nm lag 

value ∆λ, is recorded versus the average wavelength. The derivative UV-vis-absorption spectrum 

is then plotted as ∆A/∆λ versus λ. The schematic of this type of instrument is presented in figure 

2.22(b). The derivative spectroscopy contains sharper peaks in which better location of peaks and 

wavelengths maximum could be achieved from the zero crossing of the first derivative. Improved 

spectral resolution is obtained especially with the second derivative. Spectral features which 

appear as barely noticeable shoulders in the absolute absorbance spectrum become more 

prominent. Thus, derivative spectroscopy is excellent for better quantitative analysis and 

identification of absorbing multi component species in a sample.  
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Figure 2.22. The schematic of UV-vis-absorption spectrometer instrument (a) absolute absorption 

spectrometer (b) derivative absorption spectrometer.  

 

2.2.4. Electrical Characterization  

2.2.4.1. Probe Station 

Probe station is a flexible tool to measure the electrical properties of semiconductor devices with 

sharp tips connecting to the contacts in the devices. XYZ transitional stage is utilized to move the 

positions of probe needles precisely onto the device electrode surface. By sweeping the voltage 

cross the electrode, current passing through the device is displayed on the oscilloscope as a 
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function of voltage to produce the IV curve for devices. The gate dependence of the device can 

also be measured using the probe station by connecting the source, drain and gate of the device 

with three tips. The various gate voltages should be applied at constant source drain voltage at the 

same time. The current between source and drain is recorded as a function of gate voltage to 

present the gate dependence of the device. The probe station could be equipped with magnets to 

measure the magneto-transport properties. The probe station with laser attachment can be used to 

measure the electro-optical properties. The temperature of the probe station during the 

measurements is controlled by cryogenic stage, which is equipped with a sensor and heater to 

provide fast thermal response and rapid warm up for samples. Active cooling shielding intercepts 

blackbody radiation before it reaches the sample, ensuring small thermal gradient during the 

measurements.  

 

The four probe method is also called Kevin measurement, after William Thomson, Lord Kelvin. It 

is an electrical impedance measuring technique that uses separate pairs of current carrying and 

voltage sensing electrode to make more accurate measurement than the traditional two probe 

method. The key advantage of Kelvin measurement is to eliminate impedance contributions of 

wiring and contact resistance. The difference of two probe resistance measurement and four probe 

resistance measurement is shown in figure 2.23.
187

  The current generates a voltage drop across the 
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wires themselves. To avoid this inaccuracy in the voltage measurement, in the four probe method, 

voltage is measured immediately adjacent to the target impedance.  

 

Figure 2.23. The schematic of (a) two probe resistance measurement (b) four probe resistance measurement. 

Image reprinted from reference [
187

]. Courtesy of Dr. R. Doering, , and Dr. Y. Nishi,  

 

Figure 2.24. Some possible contact placements. Image reprinted from reference [
188

].  

 

The probe station with four probes is normally used to measure the sheet resistance using van der 

Pauw method. This method is based on the assumption of negligibly small ohmic contacts located 

on the periphery of the sample. But in reality, contacts have finite dimensions and may not be 

http://en.wikipedia.org/wiki/File:VanderPauwContactPlacement.jpg
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exactly on the periphery of the sample. Contacts in the corner introduce less error than placed in 

the centre of the sample sides. The possible contact placements are shown in figure 2.24.
188

  

 

 

Figure 2.25. An arbitrary flat conducting sample with four contacts. Image reprinted from reference [
187

]. 

Courtesy of Dr. R. Doering and Dr. Y. Nishi. 

 

For the arbitrarily shaped sample, the resistivity  is given by the equation (2.30).
189

 

)(2
I

VsF                                                                                                                          (2.30) 

Where s is the probe spacing and F is a correction factor that depends on the sample geometry. The 

correction factor F corrects for probe location near sample edges, sample thickness, sample 

diameter, probe placement, and sample temperature.  

For the flat conducting material sample of arbitrary shape, with contacts 1,2,3,4, along the 

periphery as shown in figure 2.26, the resistance R12,34 is defined as equation (2.31). 

12

34
34,12

I

V
R                                                                                                                              (2.31) 
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Where the I12 is the current flow through contact 1 and contact 2 and V34=V3-V4 is the voltage 

difference between the contacts 3 and 4. R23,41 is defined similarly. Then the van der Pauw formula 

can described as equation (2.32).
190

  

1)exp()exp( 41,2334,12  R
d

R
d








                                                                               (2.32) 

Where d is the thickness of the sample,  is the resistivity. The solution can be written as equation 

(2.33).
190
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Where F is the correction factor which can be described as the function of the ratio Rr=R12,34/R23,41. 

The relationship between F and Rr satisfies the equation (2.34).
16
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For the symmetrical samples such as the circle or square shape Rr=1, and F=1. Then the sheet 

resistance Rs can be derived from equation (2.33) and written as equation (2.34) when the sample 

is symmetrical.  


d

Rs
  

22ln

41,2334,12 RR 
                                                                                             (2.35) 

 In order to rule out the thermoelectric potential due to the temperature difference between the two 

electrodes, the reversed polarity measurement is done by repeating the resistance measurement 

after switching polarities of both the current source and voltage meter.  

4
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                                                                        (2.36)           
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Equation (2.38) is normally used in the practical sheet resistance measurement for symmetrical 

samples. The probe station, which is used in this thesis, is shown in figure 2.26.  

 

 

Figure 2.26. A custom-built probe station used in this thesis, located in 12/13 parks road, department of 

materials, University of Oxford.  

 

2.3. Theory and Mechanism of Synthetic Methods 

 

2.3.1. Colloidal Synthesis of Quantum Dots 

2.3.1.1. Introduction 



97 
 

As discussed in the section 1.2.3 of chapter 1, the principle of colloidal synthesis relies on the 

interplay within a three component system, containing precursors, organic ligands and solvents. 

The growth dynamics, namely, nucleation and growth stages of colloidal synthesis, as well as the 

doping strategy of quantum dots, have been discussed in section 1.2.3., chapter 1. In order to lay a 

foundation to answer open question 1, proposed in section 1.3 of chapter 1, a question about how 

to control the shape and crystal structure of quantum dots should be answered first. Thus, in this 

section, the discussion will focus on the mechanism of the shape and crystal structure control of 

colloidal quantum dots.  

 

2.3.1.2. The Mechanisms of Shape and Crystal Structure Control 

 

Two methods have been applied to control the shape of colloidal quantum dots. One method is to 

get shape control via the interplays between ligands. The other one is to control the shape by the 

temperature which can switch the growth region between the thermodynamics and the kinetics 

driven. These two mechanisms will be discussed in details.  

 

The surface energy of the growing crystal faces is influenced by the surfactant coating. By 

adjusting the types and ratios of organic ligands, the surface energy of different crystallographic 

faces can be changed. This will affect the growth velocity of various crystal planes and thus 
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control the crystal shape.
191-194

 In the colloidal synthesis, three types of organic molecules can be 

chosen for different functions, namely, passivating agent, activating agent, and non-coordinate 

agent. Passivating agent has the function to alleviate the surface energy of the crystallographic 

plane, which it binds to, so that the growth velocity of this crystal plane will be slow down. In 

comparison, the growth velocity of the crystal facet will be speeded up, on which the activating 

agent attaches to, because the surface energy of the facet will be elevated. Non-coordinate agent is 

just acting as a solvent to dissolve monomers, precursors, or quantum dots without binding to the 

quantum dots surface. This non-coordinate agent can act as a stabilizer or adjust the concentration 

of passivating or activating agent. Different organic molecules are chosen from these three 

categories to adjust the surface energy of the facet on quantum dots. However, the accurate amount 

of the surface energy variation should be controlled via choosing appropriate ligands by theoretical 

calculation first. The number of binding sites on the crystal facet depends on the number of 

dangling bonds on this crystal plane. However, not all the dangle bonds can act as effective sites 

for the binding of ligands. Stereochemistry should be considered, such as the steric hindrance 

effect. For example, if an organic molecule with large configuration groups attaches to one of the 

binding sites, this large conformation will hinder other ligands bind to the nearby sites. This will 

affect the growth velocity on this crystal plane due to the decreasing diffusing rate of atoms from 

the solvent to the plane for the growth. Normally, the longer chain length of the ligand, the slower 

growth velocity of the plane, which the ligand binds to, due to the steric hinder of the loner 
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chain.
195

 Due to these stereochemical issues, not all the dangling bonds can be satisfied on the 

crystal planes by the binding of ligands. Thus, the shape control of quantum dots could be done by 

controlling the concentration of only one type of ligands, either passivating or activating agent, or 

by controlling the ratios of these two types of ligands. Normally, fatty acid is passivating agent, 

such as steric acid, phosphonic acid, oleic acid and so on, while fatty amine is activating agent, 

such as octadecylamine, oleylamine and so on.  

 

Taking as an example, the shape of the CdSe quantum dots has been controlled to form pencil-, 

arrow-, and tree- like structures by simply changing the concentration of phosphonic acid.
192

 On 

the (001) plane of CdSe quantum dots, there can either be Cd atoms with three dangling bonds or 

Se atoms with one dangling bond.
192,195

 Phosphonic acid can bind strongly to the Cd dangling 

bonds to passivate it as the cationic character, while acid would passivate Se atoms weakly as the 

anionic character. Not all the Cd dangling bonds could be passivated by phosphonic acid due to the 

stereochemical issues.
195

 When very low concentration of phosphonic acid is used, there is not 

enough acid to completely cover any of the crystal facets, hence, the growth of all of the faces 

takes place at roughly the same rate, resulting in spherical dots with wurtize structure.
192

 At 

medium concentrations of phosphonic acid, the other crystal sides can be passivated by 

phosphonic acid, but the (001) facet has unsatisfied dangling bonds due to the stereochemistry. 

Thus, the (001) crystal plane has the fastest growing velocity among all crystallographic planes 
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due to the existence of unsatisfied dangling bonds which are more reactive, leading to this 

anisotropic growth of CdSe nanorod.
192,195

 At very high molar concentration of phosphonic acid, 

the differential growth rate between (001) facet and other crystal planes is even larger due to 

higher area coverage of passivating agent on other crystal planes.
192,195

 In this situation, before the 

deposition of a complete monolayer of atoms, the growth of another monolayer begins. Too many 

partial monolayers grow on top of one another and then other lower energy crystal faces expose. In 

order to minimize the surface energy, the crystal then grows on these lower energy crystal faces. 

The different shapes, such as pencil-, arrow-, and tree-like structures, are formed because the 

exposure and growth of the low energy faces does not take place at the same time to eliminate the 

high energy on (001) facet and reduce the overall energy of the crystal.
192,195

 The concentration of 

the phosphonic acid was adjusted by controlling the ratio between phosphonic acid and 

trioctylphosphine oxide (TOPO), which is acting as an stabilizer.
192

  

 

Also, the shape of quantum dots can be controlled by varying the ratio between passivating agent 

and activating agent. For example, the shape of Mn doped ZnSe quantum dots has been controlled 

from branched to spherical by controlling the ratio of stearic acid as passivating ligand and 

octadecylamine acid as activating ligand. The concentration of this two ligands were varied in 

order to manipulate the surface passivating and activity coefficients of the monomers.
196

 This 
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discriminating surface energy between different facets leads to the different growth velocity in 

various crystal planes, resulting in different shapes and crystal phase.  

 

Besides the shape control via the interplay between ligands and crystal facets, the other mechanism 

for shape control is by manipulating and switching the growth mode between thermodynamics 

region to kinetics region. Two key factors that influence whether a reaction undergoes kinetic or 

thermodynamic growth are the temperature and concentration of monomers.
195

 If the concentration 

of the monomer is within the focusing regime, which has been described in section 1.2.3, chapter 1, 

then the temperature is the key factor for this mechanism.  

 

In order to understand why the temperature is the key to manipulate the growth between 

thermodynamics driven and kinetics driven, it is necessary to realize that the growth of 

nanocrystals is based on the diffusion and rearrangement of atoms, which are decomposed from 

the precursors. Thermal barrier is the decisive factor for these three steps during nanocrystal 

growth, namely, decomposition, diffusion and rearrangement. The cohesive energy per atom has 

strong correlation with the decomposition temperature of the solids.
161

 However, the temperature 

for the reaction should be high enough for the diffusion and rearrangement of the atoms for the 

nanocrystal growth. Obviously, increasing the temperature will increasing the diffusion rate of the 

atoms. This will favours the nucleation and growth of nanocrystals since the atoms will be more 
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energetic to mobilize and assemble into crystals. A typical chemical reaction could be described as 

equation (2.39). 

 qF+pEmD+nC 21
,
 
kk

                                                                                                     (2.39)  

Where k1 is the reaction rate coefficient for the forward reaction and k2 is the reaction rate 

coefficient for the reverse reaction. The reaction rate r1 for the forward reaction can be written as 

equation (2.40) and for the inverse reaction rate r2 can be expressed as equation (2.41). 

   mn
DCkr 11                                                                                                                         (2.40) 

   qp
FEkr 22                                                                                                                          (2.41) 

In which [C] is the molar concentration of reactant C, similar for reactant D, and product E and F. 

The reaction rate coefficient k can be expressed as Arrhenius equation in equation (2.42).  

RTE
a

Aek
/

                                                                                                                            (2.42)  

Where A is the constant pre-factor, R=8.83144J/mol∙k is the universal gas constant, T is the 

temperature. Ea is the activation energy, which is defined as the energy that must be overcome in 

order for chemical reaction to occur. The value for A and Ea depends on the reaction. When r1=r2, 

chemical equilibrium is reached and the concentrations of the reactants and products no longer 

change. When r1>r2, the forward reaction happens.  

 

The kinetics is concerned about the rate of a chemical reaction, while thermodynamics determines 

to which extend the reaction occurs. The driving force for the chemical reaction in 
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thermodynamics description is the change of Gibbs free energy (∆G) of the reaction. When ∆G=0, 

the thermodynamic equilibrium reaches. When ∆G<0, the forward reaction happens spontaneous. 

However, even thermodynamically the forward reaction can happen, if the reaction rate is too slow, 

in practical, the reaction will not happen. Normally, if a reactant can produce two different 

products, the thermodynamically stable one will be produced as it is more stable than the 

kinetically controlled product. At this condition the reaction is located in the thermodynamics 

controlled regime. However, if the rate of the reaction is high enough, the reaction will be 

controlled by the kinetics and the product which grows faster (kinetically controlled product) will 

be produced. At this condition, the reaction is located in the kinetics controlled regime. Thus, the 

key to switch from the thermodynamics controlled regime to kinetics controlled regime is to 

increase the reaction rate. According to Arrhenius equation (2.42) and reaction rate equation (2.40), 

if the temperature is increased, the reaction rate coefficient k will increase, leading to the increase 

of the reaction rate r. In reverse, decreasing the temperature will switch from kinetics controlled 

regime to thermodynamics controlled regime. Thus, by manipulating the temperature, the reaction 

can be switched between thermodynamics growth mode and kinetics growth mode. From equation 

(2.40), the increasing of the monomer concentration will also increase the reaction rate. Thus, 

manipulating the concentration of the monomer is another way to switch the growth mode between 

thermodynamics and kinetics controlled regime.  
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In principle, by using this method, the growth can be controlled to yield more complex structures 

such as inorganic dendrimers.
195

 For example, in the thermodynamic controlled regime, CdSe 

quantum dots would promote the formation of zinc blende nanocrystals with spherical or 

tetrahedral structure,
192

 which is thermodynamically stable product. On the other hand, in the 

kinetic controlled regime, the formation of wurtzite phase CdSe nanocrystal would be preferred 

with rod or arms structure.
192

 Thus, if the reaction first is set in the thermodynamic controlled 

regime, zinc blende spherical nuclei would form. Then the reaction is switched to kinetic 

controlled regime, wurtzite arms will form out of the (111) faces of the original zinc blende 

nucleus.
192,195

 Hence, the CdSe tetrapod is formed.
192,195 

Assuming the reaction is switched back to 

the thermodynamic controlled regime, the zinc blende tetrahedral will form on the ends of the 

wurtzite arms.
195

 In principle, this cycle would be repeated to produce even more complex 

dendrimers.    

 

2.3.2. Liquid Phase Exfoliation of Boron Nitride  

2.3.2.1. Introduction 

As discussed in section 1.2.2, chapter 1, liquid phase exfoliation is a promising method to produce 

uniform single crystalline thin BN sheets in large quantity. It is a cheap and straightforward 

method for producing 2D atomic crystals.
66, 197

 Practically, in order to exfoliate h-BN into thin 

sheet, the right organic solvent, whose cohesive energy matches the surface energy of the h-BN 
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bulk crystal, breaks into the crystal when high intensity ultrasound sonication energy is applied. 

This sound energy is provided to the organic molecules to overcome the Van der Waals force 

between layers and will increase the layer to layer distance in BN precursor. This will eventually 

exfoliate h-BN into thin BN sheets. Thus, the key to fabricate thin BN sheets by liquid phase 

exfoliation is to find the appropriate organic solvent.  Before answering the open question 2, 

proposed in section 1.3, chapter 1, the question about what solvent will lead to the liquid phase 

exfoliation of BN should be answered first. Thus, the theory of liquid phase exfoliation is 

discussed here in order to find the appropriate solvent for liquid phase exfoliation of BN.  

 

2.3.2.2. The Theory of Liquid Phase Exfoliation  

In theory, this liquid phase exfoliation method can be explained thermodynamically. This 

exfoliation can only occur if the net energetic cost is minimized.
66

 An approximation of this energy 

cost is expressed as the enthalpy of mixing per unit volume, namely as ∆Hmix/Vmix.
66

 For the 

effective exfoliation, several factors of the solvent molecule will play an important role, including 

the size, surface energy, bonding energy, steric hindrance of the molecule. As an approximation, 

only the surface energy of the solvent molecule will be taken into account. In thermodynamics, the 

enthalpy of mixture could be written as equation (2.43).  

mixmixmix STGH                                                                              (2.43)                                                                       

where ∆Hmix , ∆Gmix , T, ∆Smix are enthalpy, Gibbs free energy, absolute temperature, entropy of 
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mixing respectively. As the exfoliation is not a spontaneous forward reaction, ∆Gmix≥0 is for the 

exfoliation. The minimum of ∆Hmix would achieve if ∆Gmix=0. Thus the liquid exfoliation could 

occur when ∆Hmix satisfy equation (2.44).  

mixmix STH                                                                                                                       (2.44) 

The enthalpy of mixing could be given by the equation (2.45).
66
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where 
BN

E1 is the energy required to separate all BN sheets to infinity, 
Sol

E1 is the energy 

required to remove all the solvent molecules to infinity, 
BN

E2 is the energy retrieved by bringing 

the BN sheets back from infinity to form N flakes of thickness,
Sol

E2 is the energy released by 

bringing the solvent molecules back from infinity to form a liquid but leaving voids to 

accommodate the reconstituted flakes, 
SolBN

E


2 is the interfacial energy between BN and solvent 

molecule associated with placing in the voids.  

The enthalpy of mixing per unit volume could be derived from equation (2.45) by making a few 

approximations and written as equation (2.46).
66
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where Vmix is the volume,  
i

suri E is the square root of the surface energy of phase i. Tflake is 

the thickness of a BN flake and  is the BN volume fraction. This equation (2.46) shows the 

enthalpy of mixing, which is the index of the viability of exfoliation, depends on the balance of the 

BN and solvent surface energies. For exfoliation of h-BN, the surface energy is defined as the 
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energy per unit area required to overcome the van der Wass forces when peeling two sheets apart. 

The surface energy of BN, 
BN

surE  is found to be 44~66 mJ/m
2
.
197, 198 

For the solvent, which needs 

to be chosen, the surface energy 
Sol

surE   is related to the surface tension γ, which can is expressed 

in equation (2.47).  

Sol

Sur

Sol

Sur TSE                                                                                                                       (2.47) 

Where T is the absolute temperature and 
Sol

SurS  is the solvent surface entropy, which is a generic 

liquid property that tends to have values in the range 0.07-0.14 mJ/m
2
k.

66
 The surface tension γ 

can be determined experimentally by the capillary rise method. This method is based on a 

phenomenon called capillary action, the nature for the liquids to rise in the narrow tube. 

Experimentally, the surface tension γ can be measured with the equation (2.48).
199
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                                                                                                                                 (2.48) 

where  is the liquid density, g is the acceleration due to the gravity, a  is the radius of the tube, 

h is the height of the liquid column,   is the contact angle. Thus, practically, the surface tension 

can be calculated by measuring the distance of capillary rise and the contact angle between the 

meniscus and capillary wall.  

 

By combining the equation (2.47) and (2.48) together, the surface energy of the solvent 
Sol

surE can 

be measured. From equation (2.47), the surface energy of the appropriate solvent for exfoliation of 

BN is expected to matches the surface energy of the BN, which is around 44~66 mJ/m
2
.
197,198 

 Thus, 
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by using this method, the appropriate solvent for exfoliating BN can be found, in which 1-Methyl-

2-pyrrolidinone (NMP) is a good candidate.  

 

2.3.3. Chemical Vapour Deposition of Graphene 

2.3.3.1. Introduction 

As discussed in section 1.2.1, chapter 1, chemical vapour deposition (CVD) is a promising method 

to produce high quality graphene scalable in industry with relatively low cost. However, the 

polycrystalline nature of graphene produced by this method has affected mobility of the graphene 

film compared to the mechanical exfoliated graphene. In order to fabricate the large area single 

crystalline graphene by CVD for commercial applications, a novel method should be found. The 

discussion here is to review the mechanism study on Cu or Nickel catalyzed CVD graphene in the 

literature to lay out a foundation before answering the open question 3 and 4, which are proposed 

in section 1.3 in chapter 1.  

 

2.3.3.2. The Mechanism of CVD Graphene 

The principle of CVD has been discussed in section 1.2.3., chapter 1, when the discussion of the 

synthesizing quantum dots using CVD has been made. It is similar principle for CVD graphene. 

The vaporized precursors are introduced into CVD furnace and absorbed molecules will either 

thermally or catalytically decompose and then react with other gases to form graphene. Three 
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stages could be considered during the CVD process. First, it is the mass transport of reactants to 

the growth surface via a boundary layer by diffusion. Second stage is chemical reactions on the 

growth surface. Thirdly, it is the removal of gas-phase reaction by-products from the growth 

surface. Although the synthesis of graphene by CVD has been done on various transition metals as 

the catalyst, such as copper,
97

 nickel,
34, 98-99

 on the (0001) face of ruthenium,
100-101, 200

 and on the 

(111) face of iridium,
103

 copper or nickel are the most promising candidates for large scale 

fabrication in industry for commercial application considering the cost. The discussion of the 

mechanism in this section shall be more focused on copper or nickel, especially on copper. Similar 

as the discussion on the mechanism of the synthesizing quantum dots and BN, the discussion on 

the mechanism of CVD graphene shall be focused on the thermodynamics, kinetics and the 

interplay between graphene and the substrate.  

 

The procedure of CVD graphene on Cu or Ni is similar, in which normally methane is used as the 

carbon source mixed with hydrogen and argon. After annealing and reduction to treat the 

transitional metal, the vaporized precursor is decomposed at the target temperature over the 

catalyst, leading to the carbon deposition onto the catalytic surface. After the chemical reaction on 

the catalytic surface, the subsequent cooling is applied and then the graphene appears on the metal 

surface.  
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Figure 2.27. Growth mechanism of LPCVD graphene on Cu and Ni. The location of carbon isotopes after 

sequential gas flows of isotopes of methane on a grown graphene film informs which growth route was 

taken. (a) Ni catalyzed CVD: Isotopes mixed together suggest a surface segregation followed by 

precipitation pathway. (b) Cu catalyzed CVD: whilst distinct zones of isotopes would suggest surface 

adsorption. [
113

] (Reprinted with permission from ref 113. Copyright 2009 American Chemical Society) 

 

From a thermodynamics point of view, a question is raised that how the reaction happens and to 

what extend the reaction occurs. In order to answer this question, investigation has been made by 

using mixed isotopes of carbon (
12

C and 
13

C) in the precursor methane gas to elucidate the 

different growth mechanism of Cu or Ni catalyzed graphene.
113

 Figure 2.27 summarize the growth 

mechanism model from a thermodynamics point of view.
113

 Equilibrium segregation refers to the 

thermodynamic equilibrium process by which lattice disorder or impurities diffuse out of the 

lattice and towards grain boundaries in order to minimize the overall free energy of the system.
201-

202
 The extend of equilibrium segregation effect decreases with increasing temperature as it is the 
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lowest energy state in the system. In contrast, the magnitude of non equilibrium segregation 

increases with increasing temperature and the alloy can be homogenized because its lowest energy 

state corresponds to a solute distribution. Either equilibrium or non-equilibrium segregation 

involves with non-phase separation. In comparison, precipitation involves in phase separation. 

Both precipitation and non-equilibrium segregation in CVD are due to the cooling effect on the 

surface composition. As described in figure 2.27, the Ni catalysed graphene growth (figure 2.27(a)) 

follows a surface segregation-precipitation route, while Cu catalyzed graphene(figure 2.27(b)) 

follows a surface absorption route, in which sequent carbon atoms attach to the previous carbon 

atoms on the Cu surface to form the honeycomb graphene network. These different routes on Cu 

and Ni are due to the solubility of carbon in Cu significantly lower than in Ni, perhaps caused by 

their electronic structure at Fermi level.
203

 Thus, carbon is inhibited from diffusing far into the Cu 

face, and therefore copper effectively acts as the catalyst for decomposition of methane on the 

surface. In the low pressure CVD, Cu is claimed to have self-limiting effect on graphene.
97

 During 

low pressure condition, when the graphene layer covers copper surface, the catalytic surface is 

prevented from interacting with methane, and thus inhibit the deposition of further layers, which is 

called self-limiting effect.
97

 In comparison, more carbon can dissolve in Ni, and thus more carbon 

can precipitate out of the surface, increasing the thickness and decreasing the uniformity of the 

graphene.  
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In order for the graphene to nucleate, from a thermodynamics point of view, a minimum 

temperature, methane flow rate and methane partial pressure needs to be set. By varying these 

parameters, the graphene nucleation density could be controlled.
112

 The hydrogen plays an 

important role in acting as the activator for the nucleation to happen and also as the etching reagent 

that controls the size and morphology of the graphene domains.
204

 Based on the thermodynamics 

growth model shown in figure 2.27, the graphene nucleation on Cu proceeds as follows:
112

 (1) 

Exposure of Cu to methane and hydrogen. (2) Catalytic decomposition of methane on Cu to form 

CxHy. (3) Depending upon the temperature, methane pressure, methane flow, and hydrogen partial 

pressure, the Cu surface is either undersaturated, saturated, or supersaturated with CxHy species. (4) 

Formation of nuclei as a result of local supersaturation of CxHy species. (5) Nuclei grow to form 

graphene islands (in the case of undersaturated surface, graphene nuclei do not form). (6) Full Cu 

surface coverage by graphene under certain temperature, methane flow rate and methane partial 

pressure.  

 

Based on the thermodynamics model discussed above, the kinetic model similar as the 

polymerization is shown figure 2.28.
205

 From a kinetics point of view to consider the reaction rate, 

the growth of graphene can be divided into four stages. In the initialization stage, methane is 

absorbed onto the Cu surface at elevated temperature, and hydrogen atoms are dissociated from the 

methane molecules to generate reactive carbon radicals on uniform crystal surface or irregularities, 
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such as stem edges or defects. Hydrogen radicals released by the hydrocarbon species will 

recombine and form hydrogen at any stages of the reaction. Carbon radicals on the Cu surface will 

diffuse to combine together to form polycyclic hydrocarbon rings. The edge atoms of the ring 

serve as growth seeds for other carbon radicals to join together, resulting graphene film. The 

possible reaction termination point is on the irregularities of the surface, such as grain boundaries 

and surface textures. The ratio between the reaction rate coefficient for chain propagation kp and 

termination kt can be used to express the size of the graphene domains.  

 

 

Figure 2.28. Proposed reaction pathways, analogous to free radical polymerization, for graphene growth on 

uneven Cu metal surface during CVD. (a) dissociation of hydrocarbon on heated Cu surface; (b) nucleation 

and growth of graphene; (c) reaction termination when two active centre react with each other; (d) final 

graphene with turbostatic structures and amorphorous carbon because of surface roughness. [
205

] (Reprinted 

with permission from ref 205. Copyright 2011 American Chemical Society) 
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Figure 2.29. (a) Processes involved during graphene synthesis using low carbon solubility catalysts Cu in a 

CVD process (b) mass transport and surface reaction fluxes under steady state conditions. [
206

] (Reprinted 

with permission from ref 206. Copyright 2010 American Chemical Society)  

 

Another kinetics model, shown in figure 2.29, based on the three stages of CVD process, namely 

as mass transport, surface reaction and gas release, is proposed.
206

 This model shows the steady 

state kinetics of the reaction. The processes, shown in figure 2.29, can be described as the 

following six stages.
206

 The carbon species first (1) diffuse through the boundary layer and reach 

the surface and then (2) absorbed on the surface (3) decompose to form active carbon species (4) 

diffuse on the surface of the catalyst or into the catalyst close to the surface and form the graphene 

lattice (5) inactive species (such as hydrogen) get desorbed from the surface to form molecular 

hydrogen and (6) diffuse away from the surface through the boundary layer and finally swept away 

by the bulk gas flow.
206

 The flux for the mass transport and surface reaction period can be 

described in equation (2.49) and (2.50).  

Fmass transport=kg(Cg-Cs)                                                                                                                 (2.49) 
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Fsurface reaction=ksCs                                                                                                                         (2.50) 

where Fmass transport is the mass transportation flux of the active species through the boundary layer, 

Fsurface reaction is the flux of the consumed active species at surface reaction (assuming first order 

kinetics). Cg is the concentration of gas in the bulk. Cs is the concentration of the active species at 

the surface. Kg is the mass transport coefficient and Ks is the surface reaction coefficient (assuming 

first-order rate kinetics). The slower process of these two flux is the rate limiting step during the 

CVD graphene synthesis. As the steady state, Fmass transport= Fsurface reaction=Ftotal, which means no 

accumulation of active carbon species, the total flux can be written as equation (2.51) by 

combining equation (2.49) and (2.50) together.  

Ftotal =
)( gs

ggs

kk

ckk


                                                                                                                     (2.51) 

When kg>>ks, it is surface reaction controlled kinetics regime. When ks>>kg, it is mass transport 

controlled kinetic regime. When  ks~kg, it is the mixed kinetic regime. During the atmospheric 

pressure (AP) CVD, the mass transport though the boundary layer is the rate limiting step 

(ks>>kg), while under the low pressure (LP) CVD the surface reaction is the rate limiting step 

(kg>>ks).
206

 This can be used to explain why the thickness of APCVD graphene is thicker than the 

LPCVD graphene and APCVD graphene lost its self-limiting properties.
206

 As the mass 

transportation rate through the boundary layer is dependent on the pressure. The lower pressure 

leads to the increase in the diffusion rate through the boundary layer, and the surface reaction 

controlled limited graphene will be self limiting controlled monolayer. This is not the case at 
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atmospheric pressure when the mass transport of active carbon species is far beyond the surface 

reaction consumed. Thus, the thickness of APCVD graphene will increase unless to decrease the 

carbon species supply, which will decrease the flux of the mass transportation via the boundary 

layer.  

 

Besides the discussion on the thermodynamics and kinetics of the CVD graphene, the interplay 

between the Cu and graphene needs to be explored as well. However, there is no comprehensive 

picture on this issue. Some study has shown that the morphology, orientation and defect on the Cu 

grains have influence on the graphene growth. Possible registry relationship exists between Cu and 

graphene lattice. A very flat surface morphology of Cu were shown to be the crucial factor leading 

to enhanced homogeneity and electronic properties of the resulting graphene material.
205

 The 

number of nucleation seeds and graphene domain sizes have correlations with the impurity 

particles on the Cu surface, which is the origin of the multilayer graphene region.
207

 The low 

pressure CVD graphene in each of the four lobes has a different crystallographic alignment with 

respect to the underlying Cu substrate.
208

 These polycrystalline four lobe graphene islands arise 

from the heterogeneous nucleation events at surface imperfections, which is controlled by the 

angular dependent growth velocity.
208

 The graphene domains with different orientation registry to 

the Cu lattice, stitch together to form larger sheets, in which numerous domain boundaries scatter 

electrons and decrease carrier mobilities through CVD graphene sheets.
209 
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2.4. Summary 

 

In order to answer the open questions proposed in section 1.3 of chapter 1, chapter 2 has laid out a 

foundation of methodology before answering these questions in the results chapters. Referring 

backing to open question 1, in order to synthesis Mn doped ZnSe with controlled shape and crystal 

structure, the mechanism of shape and crystal structure control in the colloidal synthesis has been 

discussed in this chapter. In order to examine the relationship between the crystal structure and 

optical properties, the physical principles of HRTEM and the optical spectroscopies, including PL, 

PLE, UV-vis-Absorption spectroscopy, have been reviewed, as HRTEM and SAED can provide 

the information about crystal structure and optical spectroscopies can provide information about 

the optical properties of the nanomaterials. Regarding the open question 2, in order to fabricate BN 

2D atomic crystal, the mechanism of liquid phase exfoliation has been discussed. In order to study 

the atomic configuration of quantum dots on ultrathin BN sheets, the physical principles of 

HRTEM imaging and simulation have been discussed. In order to answer the open question 3 and 

4, regarding the graphene growth mechanism investigation, the recent research progress on the 

mechanism of CVD graphene has been reviewed with the point of views from thermodynamics, 

kinetics and the interplay between the graphene and Cu. For the mechanism study to invent a novel 

method of fabricating large area single crystal 2D atomic crystals using CVD, a few 
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characterization methods have been reviewed and discussed, such as SEM for morphology and 

growth dynamics examination, EBSD for investigating interplay between graphene and Cu, 

Raman spectroscopy for examining the structural, thickness and defects, probe station for sheet 

resistance measurement. In summary, in order to answer the open questions, the necessary 

methodology, including characterization methods and synthetic methods, has been discussed in 

this chapter and laid out a solid foundation to solve these open questions in the following chapters.  
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Chapter 3: 

Shape and Property Control of Mn doped 

ZnSe Quantum Dots: from Branched to 

Spherical 

 

3.1. Motivation  

 

Open questions have been proposed in chapter 1 and a foundation of methodology has been laid 

out in chapter 2. In this chapter, open question 1 will be answered. The questions are how Mn 

doped ZnSe quantum dots can be synthesized with controlled crystal structure and what is the 

relationship between crystal structure and optical properties of Mn doped ZnSe quantum dots.  

 

The properties of quantum dots, also called semiconductor nanocrystals, can be tuned by the 

effects of quantum confinement imposed upon excitions.
210-211

 Doping atoms in quantum dots give 

other discrete energy levels in the intrinsic dots, which enrich the energy dynamics of excitons. 
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This enhances optical, electronic, and magnetic properties of semiconductor nanocrystals,
212-213

 

which leads to broader applications, such as light emitting devices,
214-216

 bioimaging,
217-219

 solar 

cells,
220

 and spintronics.
143-144

 Although the cadmium chalcogenides, especially CdSe, and the 

related core/shell nanocrystals, are still the most widely used candidate in the applications of 

semiconductor nanocrystals, there are some attempts at using cadmium free quantum dots, such as 

Mn doped zinc chalcogenide quantum dots. Zn-based doped quantum dots have the advantages of 

lower toxicity, larger stocks shift and enhanced thermal and environmental stability.
196, 221-229

 To 

synthesis Mn doped wurtzite nanocrystals is more difficult comparing than their zinc blende 

counterpart, due to the self purification mechanism and favourable impurity absorption on (001) 

facets of zinc blende structure.
212,225,230

 Controlling the optical property of Mn doped ZnSe 

nanocrystals via the controlled synthesis of crystal phase and shape is still challenging. 

Understanding the correlation between atomic structure and optical properties of doped 

semiconductor nanocrystals is an important scientific issue for future designing and tailoring of 

their properties for applications.    

 Norris et al. studied photoluminescence and electron paramagnetic resonance properties of 

Mn doped ZnSe quantum dots to confirm that the Mn impurities were embedded inside the 

nanocrystals.
158

 Suyver et al. found the increasing of Mn
2+

 concentration in ZnSe nanocrystals 

would lead to the red shift of Mn
2+

 related emission and decreasing the lifetime of Mn
2+

 

luminescence.
231

  Erwin et al. claim the mechanism that controls doping is the initial adsorption of 
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impurities on the nanocrystal surface during the growth.
212

 They claim this doping efficiency is 

determined by surface morphology, nanocrystal shape, and surfactants in the growth solution.
212

 

Peng et al. present a method to decouple the doping process from the nucleation and growth, 

which will allow to dope nearly all nanocrystals simultaneously.
221

 They also showed the tuneable 

PL of Mn doped ZnSe quantum dots from 565 nm to 610 nm by nucleation doping strategy.
222

 

These dots can be made to be water soluble by coating and act as biomedical labels.
223

 The shape 

of the dots can be controlled by varying the concentration ratio of ligands.
196

 They also mention 

that the four elementary processes in doping nanocrystals are surface adsorption, lattice 

incorporation, lattice diffusion, and lattice ejection.
227

 Cao et al. show the chemical kinetics of the 

doping process of the core/shell nanocrystals, which is dopant adsorption, replacement and shell 

growth.
226

 Nag et al. show the reason why nanocrystals, especially wurtzite host, resist appreciable 

level of doping is because the local strain caused by the lattice mismatch between dopant and 

host.
225

 The quantum efficiency decreases exponentially with the increase of the average number 

of Mn
2+

 ions per nanocrystals.
225

 Zeng et al. also shows the synthesis of spherical zinc blende Mn 

doped ZnSe quantum dots without pyrophoric reagents.
232

 Panda et al. showed the generation of 

Mn and Cu co-doped ZnSe quantum dots.
233

 Cao et al. found the photocatalytic activity and 

degradation rate of ZnSe microspheres is much higher and faster than the ZnSe commercial 

powder.
234

 Dey et al. studied the electroluminescence property of ZnSe quantum dots and 

demonstrate a potential application of ZnSe quantum dots as colour tuning LED.
235
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 Here, a simple method is demonstrated to control the crystal phase of Mn doped ZnSe 

quantum dots from zinc blende to wurtzite by changing the injection rates of zinc precursor. Also, 

the shape of Mn doped ZnSe from branched to spherical can be easily tuned by reducing the 

temperature during growth. It is found that Mn doped ZnSe quantum dots have a higher quantum 

yield when grown spherically with wurtzite crystal structure. In the synthesis used here, ligands 

that are in liquid form is used at room temperature instead of ones that are solid at room 

temperature.
223

 At room temperature some ligands that are solid do not completely dissolve during 

the purification step and these results in them being centrifuged out along with the quantum dots. 

Thus, by using all liquid ligands instead the purification of the quantum dots is improved to obtain 

HRTEM images of them. Furthermore, by switching the Zn precursor from Zn Stearate, which is 

solid at room temperature, to the complex formed by mixing Oleic acid with ZnCl2, a Zn precursor 

that is in liquid state at room temperature, the reaction temperature can be reduced due to the lower 

decomposition temperature. To get shape control of quantum dots, it needs to control the kinetics 

between crystal facets. Most of the previous work gets shape control of nanocrystals by varying 

the concentration ratio between ligands.
196,161,236

 The ligands will selectively adhere to different 

facet of nanocrystals. The high energy facet will grow more quickly than the low energy facet in a 

kinetic regime.
161

 However, the approach used here to get shape control is to switch between 

kinetic to thermodynamic growth mode by temperature. This is consistent with the previous work 

of shape control of intrinsic CdTe semiconductor nanocrystals by temperature.
237

 This study will 
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provide general principles to tune the optical properties via controlled synthesis on the crystal 

phase and shape of Mn doped ZnSe quantum dots for photonic device, bioimaging and spintronics 

applications.     

 

3.2. Experimental Details 

 

3.2.1. Materials 

Zinc chloride (ZnCl2, 99.999%), Zinc Stearate (ZnSt2, 12.5-14% ZnO), Oleylamine (technical 

grade, 70%). 1-Octadecene (ODE), Tributyl phosphine (TBP, 97%), Stearic acid (SA, 95%), 

Manganese chloride (MnCl2, ~10 mesh, 99.999%), Rhodamine 101, were purchased from Sigma-

Aldrich Ltd. Selenium powder (~200 mesh, 99.999%), tetramethylammonium hydroxide (TMAH), 

Methanol anhydrous (99.9%), were purchased from Alpha Aesar Ltd. Oleic acid and toluene were 

purchased from Fisher Scientific Ltd. All chemicals were used without further purification.  

 

3.2.2. Synthesis of Manganese Stearate (MnSt2) 

Manganese stearate (MnSt2) was first synthesized as a manganese precursor. In a typical synthesis, 

SA (20 mmol) was dissolved in 30 g of anhydrous methanol and heated to 50-60 °C until it 

became a clear solution and was allowed to cool down to room temperature to get SA solution. 
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The solution of TMAH was prepared by taking 20 mmol in 10 g anhydrous methanol and mixed 

with SA solution. The mixture was stirred for 15 minutes in a three neck flask with argon flow to 

ensure the reaction had gone completely. To this solution, MnCl2 solution of 10 mmol in 10 g 

anhydrous methanol was added dropwise with vigorous stirring continuing with argon gas flow 

and a white precipitate of MnSt2 slowly flocculated. The precipitates were filtered with vacuum 

filtration and washed repeatedly with methanol. Then the white precipitant was dried using under 

vacuum in a rotary evaporator at 70 °C for 3 hours. Then the white powder of MnSt2 was properly 

stored in Argon atmosphere.  

 

Figure 3.1. The schlenk line set up to synthesis Mn doped ZnSe quantum dots, located in 12/13 parks road, 

department of materials, University of Oxford.  
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3.2.3. Preparation of Stock Solutions 

Tributylphorsphine (TBP) is used to dissolve selenium and form Tributylphorsphine selenium 

(TBPSe). TPBSe solution was prepared with a schlenk line, shown in figure 3.1, with argon gas 

flow by dissolving 1.9 g Se into 8 g Tributylphorsphine (TBP). Then TBPSe is diluted with 

oleylamine, to form a selenium precursor solution. The solution was stored in a bottle with rubber 

in the argon atmosphere.  

 Oleic acid acts as surface passivating agent to react with zinc stearate and non-coordinate 

solvent 1-octadecane (ODE) to form zinc precursor solution. Two types of zinc precursor solution 

were prepared according to the type of zinc salt used. For the case of ZnSt2, ZnSt2 (1.5 g, 0.002 

mol), and 0.5 g Oleic acid were dissolved into 8 g ODE. For the case of ZnCl2, ZnCl2 (0.323g, 

0.002 mol), 0.5 g Oleic acid, and 0.5 g Oleylamine were dissolved in 8.5 g ODE.  

 

3.2.4 Synthesis of Branched Mn Doped ZnSe Quantum Dots 

 

 

 

Figure. 3.2. Schematic illustration of synthetic procedure to get branched Mn doped ZnSe quantum dots.  
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The schematic illustration of synthetic procedure is shown in figure 3.2. The schematic setup of 

solution phase chemistry to synthesis Mn doped ZnSe quantum dots is shown in figure 3.3. 

Mixture of white Manganese stearate powder and ODE was heated up to get manganese stearate 

dissolved in non-coordinate solvent ODE at high temperature as the main reaction. In a typical 

reaction, 0.1 g of MnSt2 and 25 g ODE were loaded in 100 ml three neck flask and degassed under 

argon bubbling for 15 minutes at 110 °C. Then the flow rate of argon gas was decreased to just 

keep an argon atmosphere with minimal over-pressure and the temperature of clear brownish 

manganese precursor solution was increased to 280 °C. At the same time, 1 ml TBPSe stock 

solution and 1 g oleylamine were mixed under argon gas flow and heat up to 70 °C acting as the 

selenium precursor. Once the temperature of the main reaction reached 280 °C, in which small 

nanoclusters of MnSe formed, the selenium precursor was quickly injected into the main reaction. 

The temperature of the main reaction dropped to 260 °C and was held there for 1 hour. At the 

same time, the stock solution of ZnSt2 was heated up to 120 °C under the argon gas flow and 

became a clear solution to be used as the zinc precursor. After one hour annealing, the temperature 

of main reaction was then set to the temperature for the injection of zinc precursor, which were 

290 °C or 260 °C described in the text. Once the target temperature for injection of the zinc 

precursor was reached, 3 ml of the zinc precursor was injected either in one fast application or 

slowly drop by drop into the MnSe yellowish solution. The temperature of the main reaction was 

decreased by 10 °C and kept constant. The same injection strategy was performed in another three 
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phases (3 ml each) with 15 minutes intervals for the reaction going completely and all the zinc 

precursor was injected into the main reaction. 15 minutes after the last injection of zinc precursor, 

the heating was turn off and the reaction mixture was allowed to cool down to room temperature 

with argon gas flow. Finally, the Mn doped ZnSe branched quantum dots were purified by first 

dissolving in toluene and precipitation out with acetone, centrifuging, and then re-dispersing in 

toluene. Branched Mn doped ZnSe quantum dots formed using these methods were reproducible. 

The nanocrystals were stable in toluene solution and showed no sign of aggregation over one 

month. 

 

Figure 3.3. The schematic set up of solution phase chemistry to synthesize Mn doped ZnSe quantum dots.  
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3.2.5. Synthesis of Spherical Mn Doped ZnSe Quantum Dots 

The MnSt2 was dissolved in ODE at high temperature as the main reaction. In a typical reaction, 

0.1 g MnSt2 and 25 g ODE were loaded in 100 ml three neck flask and degassed under argon 

bubbling for 15 minutes at 110 °C. Then the flow rate of argon gas was decreased to just keep an 

argon atmosphere with minimal over-pressure and the temperature of clear brownish manganese 

precursor solution was increased to 280 °C. At the same time, 1 ml TBPSe stock solution and 1 g 

oleylamine were mixed in a separate flask under argon gas flow and heated up to 70 °C to form the 

selenium precursor. Once the temperature of the main reaction reached 280 °C, in which small 

nanoclusters of MnSe formed, the selenium precursor was quickly injected into the main reaction 

vessel. The temperature of the main reaction dropped to 260 °C and was held there for 1 hour. At 

the same time, the stock solution of ZnCl2 was heated up to 120 °C under the argon gas flow until 

a clear solution was formed. After one hour annealing, the temperature of main reaction was then 

set to the temperature for the injection of zinc precursor, which was 220 °C described in the text. 

Once it reached the target temperature for injection of the zinc precursor, 3 ml of the zinc 

precursor was injected either in one swift application or slowly drop by drop. The temperature of 

the main reaction was decreased by 10 °C and kept constant. The same injection strategy was 

performed in another three phases (3 ml each) with 15 minutes intervals for the reaction going 

completely and all the zinc precursor was injected into the main reaction. 15 minutes after the last 
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injection of zinc precursor, the heating was turn off and the reaction mixture was allowed to cool 

down to room temperature with argon gas flow. Finally, nanocrystals were purified by first 

dissolving in toluene and precipitation out with acetone, centrifuging, and then re-dispersing in 

toluene. Spherical Mn doped ZnSe formed using these methods were reproducible. The 

nanocrystals were stable in toluene solution and showed no sign of aggregation over one month. 

 

3.2.6. Transmission Electron Microscopy (TEM) and Selected Area Electron 

Diffraction (SAED) & Simulation 

 

TEM was performed using a JEOL 4000EX HRTEM operating acceleration voltage at 400 kV 

with LaB6 filament. Samples were prepared by dipping a Formvar-coated copper TEM grid into a 

solution of toluene containing purified nanocrystals. The TEM grid was dried in the air. Studies of 

the time-dependent growth dynamics were performed by removing aliquots at different stages of 

the reaction, then purifying and preparing TEM grids by dip coating and drying in the air. SAED 

was performed using a Philip CM20 TEM. TEM images processing was performed using Image J 

software and atomic models were constructed using Accelys DS Viewer Pro. Single crystal 

electron diffraction simulations were performed with crystal diffract software.  

 

3.2.7. Optical Measurements 

UV-Vis-Absorption spectra were recorded on a JASCO V-570 UV/VIS/NIR spectrophotometer. 

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were taken using 
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JASCO FP-6200 spectrofluorometer.  The PL quantum yield measurements were performed using 

a comparative method of Williams et al. 
238

 

 

3.3. Branched Quantum Dots 

 

3.3.1. The Structure of Branched Quantum Dots 

Transmission electron microscopy was performed to understand the structure of quantum dots. 

Figures 3.4(a)-(d) show the TEM images with different magnifications of branched 15 nm Mn 

doped ZnSe quantum dots with an injection of zinc precursor and subsequence growth temperature 

at 290 °C. Figure 3.4(a) shows that Mn doped ZnSe quantum dots tend to form a honeycomb-like 

network due to the self-assembly mechanism. Figure 3.4(b) shows a higher magnification TEM 

image which indicates the dots are pods-like structure. A single pod-like Mn doped ZnSe quantum 

dot is shown in figure 3.4(c). These branched Mn doped ZnSe quantum dots have a relatively 

uniform size of 15 nm. The number of nanocrystals with tetropod shape [figure 3.4(a)-(c)] is about 

ninety percent, with some bipods shown in figure 3.4(d). The bipod Mn doped ZnSe quantum dot 

has a core of about 3.7 nm with arms about 7 nm shown in figure 3.4(d). The proposed atomic 

model, similar as branched CdTe model,
237

 is shown in figure 3.4(e), which is zinc blende (111) 

plane of ZnSe core jointly with wurtzite (0001) plane of ZnSe arms, while Mn atoms embedded in 

the core only. A time-dependent growth study of the reaction has been investigated to show the 
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branched Mn doped ZnSe quantum dots immediately form from MnSe nanoclusters after the first 

injection of zinc precursor which will be discussed later. Based on this study, the mechanism of 

shape control of Mn doped ZnSe quantum dot is proposed in figure 3.4(f).  

 

Figure. 3.4 Different magnification of transmission electron microscopy (TEM) images of branched Mn 

doped ZnSe nanocrystals synthesized at injection and growth temperature at 290 °C using ZnSt2 as Zinc 

precusor. (a) Low magnification TEM image shows self-assembled quantum dots on formvar carbon coated 

TEM grids. (b) Higher magnification of panel a shows high yield of branched Mn doped ZnSe quantum 

dots. (c) A TEM image shows tetrapods Mn doped ZnSe. (d) A HRTEM image shows bipod Mn doped 

ZnSe with lattice planes resolved. (e) An atomic model of branched Mn doped ZnSe quantum dots with the 

zinc blende (001) plane of the core jointly with wurtzite (0001 ) plane of arms. (f) Schematic illustration of 

the mechanism of the shape control of Mn doped ZnSe quantum dots. 
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3.3.2. A TEM Study for Morphology Dynamics of Branched Quantum Dots 

 

Figure 3.5. TEM images of morphology dynamics of branched Mn doped ZnSe quantum dots during and 

after reaction by swiftly quenching the reaction at different stages: (a) MnSe small nanoclusters annealed 

after one hour. (b) Immediately after the 1st injection of Zinc precursor at 290 °C. (c) Immediately after the 

2nd injection of zinc precursor. (d) Immediately after the 3rd injection of zinc precursor. (e) Immediately 

after the 4th injection of zinc precursor. (f) 15 minutes after the 4
th

 injection of zinc precursor and then 

cooling down the reaction to 180 °C. (g) Cooling down to room temperature after the reaction. (h) One day 

after the reaction. (i) One months after the reaction. 
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In order to understand the growth mechanism and morphology dynamics of branched Mn doped 

ZnSe quantum dots during the reaction, a series in situ TEM study was performed by quenching 

the reaction at different reaction stages and taking the sample out for TEM study. Figure 3.5(a) 

shows the stage of MnSe small nanoclusters annealed after one hour, just before the first injection 

of zinc precursor. It is believed that MnSe nanoclusters formed,
222

 although it is very hard to pick 

up this MnSe nanoclusters due to its relatively small size and invisible in the condition of TEM 

performance. Figure 3.5(b) shows the branched structure forms immediately after the first 

injection of zinc precursor. Morphology doesn’t change very much after the first injection of zinc 

precursor. The morphology is quite stable without aggregation over one month. 

 

3.3.3. The Shape Control Mechanism  

 

In order to change the shape of Mn doped ZnSe quantum dots from branched to spherical, based 

on the proposed shape control mechanism, shown in figure 3.4(f), the temperature should be 

pushed down to the thermodynamics region if all the other parameters are kept the same. The 

anisotropic kinetics growth will lead to branched quantum dots, while isotropic thermodynamics 

growth will result in spherical dots. To get isotropic growth is to minimize the energy difference 

between the wurtzite and the zinc-blende structures, which determine the temperature range in 

which the two structures are not preferential during both nucleation and growth.
237

 This means the 
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lower growth temperature within thermodynamics regime will favour the isotropic growth. If solid 

state ZnSt2 is used, the required decomposition temperature is high which does not favour the 

isotropic growth and always leads to branched Mn doped ZnSe quantum dots. Thus, ZnCl2 is used 

instead, which can decompose in relatively low temperature. This will help to reduce the 

temperature to get isotropic growth. All the other parameters were kept the same to study the 

temperature effects on the shape control of Mn doped ZnSe quantum dots. The reactions were 

performed with the injection of zinc precursor at certain temperature by both dropwise and fast 

injection. The fast injection of zinc precursor will lead to the sharp increase of the zinc 

concentration to the supersaturation point for the nucleation with higher internal reaction pressure, 

while the dropwise injection takes longer time to reach the supersaturation point for nucleation and 

with lower internal reaction pressure. This also changes the kinetics of the reaction. It may also 

affect the structure of the dots. When the reaction was performed at 260 °C for both dropwise and 

fast injection, they both produce branched Mn doped ZnSe quantum dots, similar as which is 

shown in figure 3.4. This indicates that 260 °C is still within kinetics regime, resulting in the 

anisotropic branched structure. Then, the injection temperature was reduced down further to 

220 °C. At this temperature both slow and fast injection rates form non-branched structures, shown 

in figures 3.6 and 3.7 respectively. This means 220 °C is within thermodynamics growth regime, 

because there is no facet with preferential growth rate resulting in isotropic morphology. By 

simply controlling the temperature, the shape of Mn doped ZnSe quantum dots can be varied from 
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branched to spherical, and the key to achieving this is the use of ZnCl2 instead of ZnSt2 as a 

precursor.  

3.4. Control the Crystal Phase of Spherical Quantum Dots 

 

 

Figure 3.6. Formation of nearly spherical zinc blende Mn doped ZnSe quantum dots via the drop by drop 

injection of zinc precursor at 220 °C using ZnCl2 instead of ZnSt2: (a) Low magnification TEM image of 

nanocrystals. (b) Higher magnification TEM image of the nanocrystals. (c) HRTEM image of a single 

nanocrystal. (d) FFT of panel c. (e) Index of panel d, showing the nanocrystal is zinc blende Mn doped ZnSe 

quantum dots with [011] zone axis. (f) A simulated single crystal electron diffraction pattern of a zinc blende 

Mn doped ZnSe quantum dot with [011] zone axis.  

 

 Figures 3.6(a)-(c) show the dropwise injection of zinc precursor results in nearly spherical dots 

with twinning. The nanocrystals are relatively mono-disperse, shown in TEM image in figure 3.6(a) 

and (b) with different magnifications. HRTEM image of a single quantum dot is shown in figure 

3.6(c), with corresponding 2D FFT shown in figure 3.6(d). The index of the 2D FFT pattern is 
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shown in figure 3.6(e) with [011] zone axis, matching the zinc blende crystal structure with F 4 3m 

space group. It is the only possibility indexing structure considering the angle between the 

principal plane normals and d spacing of spots. It rules out the possibility of wurtzite structure by 

comparing to the standard wurtzite structure electron diffraction patterns table. The simulated 

single crystal electron diffraction pattern of a zinc blende ZnSe quantum dot with [011] zone axis 

is shown in figure 3.6(f). The simulated single crystal electron diffraction pattern fits the 

experimental data figure 3.6(d) well, confirming the quantum dot is of zinc blende crystal phase.  

 

Figure 3.7 Formation of spherical wurtzite Mn doped ZnSe quantum dots via the fast injection of zinc 

precursor at 220 °C using ZnCl2 instead of ZnSt2: (a) Low magnification TEM image of nanocrystals. (b) 

Higher magnification TEM image of the nanocrystals. (c) HRTEM image of a single nanocrystal. (d) FFT of 

panel c. (e) Index of panel d, showing the nanocrystal is wurtzite Mn doped ZnSe quantum dots with [0001] 

zone axis. (f) A simulated single crystal electron diffraction pattern of a wurtzite Mn doped ZnSe quantum 

dot with [0001] zone axis.  
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 Figures 3.7(a)-(c) show that the fast injection of zinc precursor at the same temperature 

(220 °C) results in well defined spherical nanocrystals without twinning. The mono-dispersed Mn 

doped ZnSe nanocrystals are shown in figure 3.7(a) and (b) with different magnifications. HRTEM 

image of a single quantum dot is shown in figure 3.7(c) with lattice structure resolved. Figure 

3.7(d) is the 2D FFT of panel c. The FFT pattern is indexed in figure 3.7(e), only matching a 

wurtzite crystal structure with P63mc space group with [0001] zone axis. Figure 3.7(f) shows the 

simulated electron diffraction pattern of a wurtzite ZnSe quantum dot with [0001] zone axis. This 

fits the experimental data figure 3.7(d) well. It can conclude the quantum dot is of wurtzite crystal 

structure.  

 The selective area electron diffraction (SAED) patterns of both slow and fast injection 

samples were also measured, indicating the crystal structure of slow injection quantum dots are 

zinc blende, whilst the crystal structure of the fast injection quantum dots are wurtzite crystal 

phase. Figure 3.8 and table 3.1 show the SAED patterns and analysis of both slow and fast 

injection Mn doped ZnSe quantum dots with injection temperature at 220 ℃, obtaining from a 

field of Mn doped ZnSe nanocrystals. By measuring the radial profiles, the positions of the rings 

are indentified. At least five separation diffraction rings are observed, and they are assigned in 

table 3.1. In Figure 3.8(d) ring 1 is unique to (100) plane of hexagonal (wurtize) structure. This 

confirms fast injection sample is wurtize structure while slow injection sample is zinc blende 

crystal phase. This is consistent with FFT analysis of HRTEM image of a few nanocrystals in 
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Figure 3.8(a) and (b). Both single crystal diffraction analysis and SAED studies show the injection 

rates have dramatic effects on controlling the crystal phase from zinc blende to wurtzite structure. 

Zero intensity for a group of diffracted beam is called systematic absence. For zinc blende 

structure, reflection must have either all even or odd number to be observed. This is consistent 

with our observation.   

 

Figure 3.8. Selective area electron diffraction (SAED) measurements: (a) HETEM image of slow injection 

Mn doped ZnSe quantum dots with injection temperature at 220 °C. (b) HRTEM image of fast injection Mn 

doped ZnSe quantum dots with injection temperature at 220 °C. (c) SAED of slow injection Mn doped ZnSe 

quantum dots. (d) SAED of fast injection Mn doped ZnSe quantum dots.  
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Ring hkil 
(hexagonal) 

hkl 
(cubic) 

d [Å] 

1 100 None 3.519 
2 Not shown 111 3.302 
3 110 220 2.032 
4 200 311 1.759 
5 210 331 1.330 
6 300 Not shown    1.173 
7 Not shown 511 1.109 

Table 3.1: Assignment of SAED rings to Mn doped ZnSe crystal structures; d: lattice spacing 

 

 For the formation of thermodynamically unstable wurtzite ZnSe nanostructure, the growth 

temperature, pressure and surface energy are the three important factors.
239-240

 The transformation 

from zinc blende structure to wurtzite structure have possible to happen if the temperature is above 

the transition temperature Ttr.
240

 This transition temperature is dependence of particle size.
240

 This 

indicates 220 °C is already above the Ttr for nanocrystals with about 7 nm in diameter. The 

dominant surface of {21 10}, which have the lowest surface energy in wurtzite structure, will help 

to minimize the total surface energy of the nanostructure.
239-240

 This is consistent with our case, as 

shown in figure 3.7(d)-(f), which has dominate surface of {21 10}. The possible reason of the 

phase transition by injection rates may be the reaction internal pressure difference between two 

modes. The equilibrium pressure of wurtzite phase is always higher than the equilibrium pressure 

of the zinc blende phase.
239

 In our case, the fast injection rates give higher internal reaction 

pressure than the dropwise injection rates. Thus, the wurtzite phase is produced by the fast 

injection rates method. In summary, the phase transition from zinc blende to wurtzite by injection 
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rates are due to the three reasons, the reaction temperature above Ttr, the lowest surface energy by 

the dominance surface of {21 10}, and the reaction pressure difference between injection rates.  

 

3.5. Quantum Yield Measurements 

 

 

Figure 3.9. Determination of photoluminescence quantum yield: (a) Rhodamine 101 in ethanol, QY=100%. 

(b) Rhodamine B in ethanol, QY=52.76%. (c) Fast injection spherical Mn doped ZnSe quantum dots in 

toluene, QY=4.59%. (d) Branched Mn doped ZnSe quantum dots in toluene, QY=1.32%. 
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The PL quantum yield (QY) measurement of d-dots. The PL QY of the Mn doped ZnSe was 

determined by using Rhodamine 101 dye as reference and Rhodamine B dye for cross calibration. 

All the samples are excited at 400 nm wavelength and their emission varies from 420 nm to 750 

nm, with dominate peaks at around 580 nm. In the first step, absorption of the sample spectrum 

was measured with subtraction of spectrum of solvent. The optical density of the samples was 

determined at 400 nm wavelength, which was used later as excitation wavelength for PL 

measurement. Then, emission spectrum were taken with only solvent and varies concentration of 

the samples by drop by drop techniques. The optical density of both dyes at 400 nm is less than 

0.05 for avoiding detector saturation. The optical density of Mn doped ZnSe quantum dots at 400 

nm is less than 0.1 for avoiding self quenching and no-linear effect. The PL spectrums of samples 

were corrected by subtracting emission spectrum of solvent from the emission spectrum of 

samples. The solvent-corrected PL spectrums were presented in figure 3.9(a)-(d). The graph of 

integrated fluorescence intensity verse absorbance at 400 nm excitation wavelength was plot and 

fitted linearly, shown in the figure 3.10(e)-(f). The gradients were determined by analysing the 

slope of the fitted line. The PL QY of both standard dyes and quantum dots samples were 

calculated with the following equation, which is suggested by IUPAC.
241
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Dot=nanocrystals, REF=Reference, η=refractive index of a solvent. The Quantum yield of 

Rhodamine 101 in ethanol is 100% 
242

 and Rhodamine B in methanol at 298k is 52% 
243

. The 

measured value for standard dye fits the literature well, which gives cross calibration.  

 

3.6. Structural-Optical Property Correlations 

 

Figure 3.10(a) shows the UV-vis-Absorption, photoluminescence (PL) and photoluminescence 

excitation (PLE) spectra of the branched Mn doped ZnSe quantum dots. The red line shows the 

photoluminescence, with excitation wavelength of 400 nm, from the Mn dopant centre at emission 

wavelength of 580 nm (2.18 eV) due to the d-d transition, also called 
4
T1→

6
A1 transition.

214
 This 

580 nm PL emission peak is characteristic of the Mn
2+

 ion emission centres. This pure 
4
T1→

6
A1 

transition PL peak implies that Mn
2+

 ion emission centres are located on the common lattice 

position and isolated from each other. Emission from this transition arises from delocalized 

electrons being trapped by the d-orbital of Mn dopants.
223

 As the electron is more delocalized than 

the hole and encounter more repulsive force from the negative charged ligands, the electron is 

confined to the interior of the nanocrystal.
223

 This increases the possibility of the electron being 

trapped by the d-orbital of Mn dopant and gives this d-d transition.
222,244

 The Mn dopant emission 

centres should be as far away as possible from the potential surface trap states of the nanocrystals 
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to increase the possibility of the electrons being trapped into the d-orbital of Mn dopants and 

subsequently give this strong PL dopant emission at 580 nm wavelength from this transition.
222

 

Thus, from the strong PL emission at 580 nm, we confirm that the majority of Mn dopants are on 

the common lattice positions inside ZnSe quantum dots rather than at the surface of ZnSe quantum 

dots. If the Mn dopants are on the surface of ZnSe quantum dots, excitons on the surface will be 

easy to fall into the surface trap states rather than falling into the d-orbital of Mn atoms, resulting 

non-radiative events, because the process of trapping electrons into the defects will be more 

energetically favourable. Thus, if the Mn dopants are at the surface of ZnSe dots, it will not give a 

shape peak at 580 nm in photoluminescence spectrum. No PL peaks are shown are 650 nm, which 

is due to the Mn-Mn emission.
245

 This Mn-Mn emission happens when Mn-Mn centres form with 

a Mn ion next to the Mn emission centre. This situation only occurs when Mn dopant 

concentration was very high in bulk materials.
245

 It means the Mn dopants in branched quantum 

dots are isolated and its concentration is low. The small peak at 440 nm wavelength in the 

photoluminescence spectrum is due to the ZnSe band edge emission. The photoluminescence 

excitation and UV-vis-absorption both have the first transition peaks at 420 nm wavelength which 

is the band edge absorption of intrinsic zinc selenium nanocrystals indicated in figure 3.10(a). The 

PLE shows the optical excited states in the sample, in which the first transition peak of the 

spectrum gives the band edge width.
246

  In figure 3.10(a), the band edge width matches the band 

edge absorption at 420 nm wavelength. This indicates the photon is first absorbed via the band 
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edge transition of ZnSe shell. The Stokes shift is shown by the wavelength difference between the 

band edge absorption peak of intrinsic ZnSe quantum dots at 420 nm in UV-vis-absorption 

spectrum to the Mn emission peak at 580 nm in PL spectrum. Combining these PL, PLE, UV-vis-

absorption measurements, the energy dynamics of photoluminescence process can be understood, 

which is also illustrated in figure 3.10(b). When a photon first is absorbed by ZnSe shell, an 

exciton (an electron-hole pair) is generated in ZnSe energy levels. If the electron hole pair 

recombines directly from conduction band of ZnSe to valence band of ZnSe, it will give the band 

edge emission IZnSe at 440 nm wavelength. Most of the electron-hole pairs on the surface will be 

trapped and eliminated by the surface defects. However, some of the delocalized electrons from 

excitons can penetrate into the ZnSe shell to approach to the Mn dopant atoms and fall into the d-

orbital of Mn dopants. Then these electrons transfer to the Mn dopant energy levels and then decay 

to the ground state, it will give the Mn dopant emission IMn due to the d-d transition.  

 The injection rates not only have dramatic effect on controlling the crystal phase but also 

have great influence on PL properties. The two samples, which were shown in the HRTEM images 

in figure 3.6 and 3.7 respectively, have the same concentration and optical density. Both samples 

have the same absorbance at the 400 nm in the UV-vis-Absorption spectrum, which is shown in 

figure 3.10(c). Photoluminescence spectra are taken with excitation wavelength at 400 nm. Figure 

3.10(d) shows the fast injection rate sample (red line) has about ten times PL intensity than the 

slow injection sample with the same optical density. This means the crystal structure of the ZnSe 
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quantum dots has a dramatic effect on the PL properties. The PL intensity and energy drops during 

the phase transition from wurtzite to zinc blende induced by pressure, in ZnxCd1-xSe, Zn1-xMnxSe 

systems.
247,248

 This is due to the band offsets change with different phase, resulting in the 

difference on quantum confinement energy for electrons and holes, and exciton binding (Rydberg 

energy).
248

 

 In order to correlate the PL properties with the structure of nanocrystals, a quantum yield 

measurement is performed in figure 3.9. The PL intensity from the fast injection branched 

structures shown in figure 3.4 with a quantum yield of 1%, which  is smaller than the PL from fast 

injection spherical wurtzite dots shown in figure 3.7 with the quantum yield of 5%, which is 

shown in figure 3.10(e)-(f) with reference to standard dye Rhodamine 101 and Rhodamine B. Thus, 

the PL property of spherical dots is greater than both branched dots and nearly spherical dots. The 

PL quantum yield varies with different shape of quantum dots. It can be understood by the 

following reason. As the surface to volume ratio of our branched anisotropic quantum dots is 

greater than isotropic spherical quantum dots, it is likely that the number of surface trap states on 

the anisotropic quantum dots is greater than the isotropic spherical quantum dots. When the 

excitons are generated in the anisotropic dots have greater chance, than isotropic spherical dots, of 

being trapped by the surface defects along the pathway on the surface, which gives non-radiation 

or generate heat by Auger recombination. This leads to the exciton pathway varying with different 

shape of quantum dots, which decrease the PL quantum efficiency of anisotropic dots.  
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Figure 3.10 (a) Optics measurements of branched Mn doped ZnSe quantum dots: Photoluminescence (red 

line), UV-vis-Absorption (blue line), and Photoluminescence excitation (black line). (b) Energy dynamics of 

photoluminescent Mn doped ZnSe quantum dots. (c)  The UV-vis-Absorption of both the slow injection 

spherical dots and fast injection spherical dots with the same optical density at the wavelength of 400 nm. 

(d) The comparison of PL properties of the slow injection rate spherical (black line) and fast injection rate 

spherical dots (red line) with the same optical density with excitation wavelength at 400 nm. (e) Integrated 

fluorescence intensity verse absorbance at 400 nm excitation wavelength. (f) Quantum yield calculation for 

fast injection spherical quantum dots and branched quantum dots.  
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3.7. Conclusions 

 

In summary, the synthesis of Mn doped ZnSe quantum dots with controlled crystal structure has 

been demonstrated. The correlation between crystal phase/shape and optical properties of Mn 

doped ZnSe quantum dots has been explored. Optics measurements and structural characterization 

prove that Mn doped ZnSe quantum dots are synthesized with Mn dopants inside ZnSe dots. A 

new in-situ morphology dynamics of branched Mn doped ZnSe quantum dots shows the MnSe 

forms small nanoclusters core. The branched structures immediately form immediately after the 

first injection of Zinc precursor and structure stability is quite well. A simple and easily purified 

way is reported to get shape control of Mn doped ZnSe quantum dots from branched to spherical 

with all liquid phase ligands by simply changing the injection temperature from kinetics region to 

thermodynamics region. Injection rates have been found to have dramatic effects on controlling 

the crystal phase from zinc blende to wurtzite. The crystal phase and shape of the nanocrystals 

have great influence on photoluminescence properties. The spherical wurtzite type Mn doped ZnSe 

quantum dots have the highest quantum yield comparing with other shape or crystal phase of the 

dots. This study is very important for understanding the correlation between structure and optical 

properties of doped quantum dots. This provides general principles to design the shape and crystal 

phase of doped quantum dots with tailored properties for the applications in photonic devices, 

bioimaging and spintronics.  
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Chapter 4: 

Utilizing Boron Nitride Sheets as Thin 

Support for High Resolution Imaging of 

Nanocrystals 

 

4.1. Introduction  

 

In the previous chapter, shape and property control of Mn doped ZnSe quantum dots has been 

discussed and open question 1 has been answered. In this chapter, the discussion will be focused to 

answer open question 2, which will be whether it is possible to fabricate uniform single crystalline 

BN sheets as a carbon-free TEM ultrathin supporting film to study atomic configuration of other 

nanomaterials and whether liquid phase exfoliation method is good enough to fabricate large area 

single crystalline 2D atomic crystals.  

 

Free standing atomic layer 2D sheet-like crystals have unique properties compared to their 

counterpart 3D bulk materials or rolled 1D single wall nanotubes.
3
 Graphene is an example of a 
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2D atomic sheet that is attractive for fundamental materials physics and future nanoelectronic 

devices.
 4,6

 Compared with graphene, boron nitride (BN) is isoelectronic to sp
2
 hexagonal carbon 

lattice, but it is an insulator independent of structure. Boron nitride has potential in 

nanotechnology because of its high thermal and chemical stability, deep ultraviolet photon 

emission, good mechanical strength, non-cytotoxicity and has been used as part of high 

temperature equipment or a solid state lubricant.
117, 125, 249-250

 Though the research in BN is not as 

intense as graphene, the extension of the properties of boron nitride has attracted attention by 

integrating it with other nanomaterials to form unique hybrid materials.
251

  

            Since the 2D free standing atomic layer is ultrathin, it is ideal as a transmission electron 

microscopy (TEM) supporting film. In particular, using low voltage aberration corrected HRTEM 

enables the periodic atomic structure of the 2D crystal to be removed from the images via filtering 

of the 2D fast Fourier transform (FFT) and subsequent image reconstruction. To date, graphene
60-

61, 252-253 
and graphene oxide

254
 have been utilized as an ultrathin TEM support for analysing both 

soft and hard materials. However both these materials are carbon based and seeking an alternative 

carbon-free 2D crystal may provide a framework for carbon-free spectroscopic measurements, 

such as electron energy loss spectroscopy (EELS). Recently, few layer BN sheets have been 

produced by chemical exfoliation using a variety of solvents such as dimethylformide (DMF), 1, 

2-dichlorethane, octadecylamine (ODA), and N-methyl-2-pyrrolidone (NMP).
255-258

 Mechanical 

exfoliation with iron etching
259

 and electron beam irradiation
120, 260 

have also been used.  
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Here, for the first time the utilization of few layer BN sheets as ultrathin TEM substrates 

for low-voltage aberration-corrected HRTEM is demonstrated. Mn doped ZnSe nanocrystals were 

deposited onto BN sheets and formed a uniform monolayer on the surface of the BN sheets. The 

phase contrast images are analyzed and also the resulting moiré interference patterns that arise 

from the electron beam propagating through the two crystalline nanomaterials are interpreted.  

 

4.2. Experimental Methods  

 

4.2.1. Preparing Free Standing BN Sheets and Mn Doped ZnSe Quantum Dots 

Free standing few layer BN sheets are produced by sonicating hexagonal BN powder in the solvent 

N-methyl-2-pyrrolidone (NMP). Specifically, thin BN sheets were prepared by adding 5 ml N-

methyl-2-pyrrolidone (NMP) to 0.1 mg h-BN powder (Sigma Aldrich) and using an ultrasonic 

bath for 3 hours. The solution was left to rest for 30 minutes to allow the large flakes to settle 

down to the bottom of the vial, leaving exfoliated h-BN in the upper solution. The synthesis of 

spherical Mn doped ZnSe quantum dots followed the method which has been discussed in chapter 

3.  

 

4.2.2. TEM Sample Preparation and Measurements 
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A lacey carbon coated TEM grid was decorated by BN sheets in NMP solution by drop coating. 

Residual NMP was washed off the grid by subsequent drop-casting of methanol. The strong 

adhesion between the BN sheets and the lacey carbon prevent the BN sheets from being washed 

off by the methanol. A drop of a toluene solution containing the Mn doped ZnSe nanocrystals was 

deposited onto the TEM grid with the BN sheets and left to dry. For low magnification TEM a 

JEOL 4000EX was used at 80 kV. Low-voltage aberration-corrected high resolution transmission 

electron microscopy was performed using Oxford’s JEOL-2200MCO field emission HRTEM 

fitted with both probe and image aberration correctors and operated at an accelerating voltage of 

80 kV.  

 

4.2.3. Simulation and Analysis 

HRTEM image processing was performed using Image J software. Atomic models and supercells 

were constructed using crystal maker and Accelys DS Viewer Pro. Multislice image simulations 

and Pendellösung plot calculation were performed using JEMS software, with acceleration voltage 

of 80kV, CS=-0.005 nm, defocus spread = 4.3 nm, and defocus 2 nm. Matlab was used to solve the 

equations.   

 

4.3. Shapes of BN 2D Atomic Crystals by Chemical Exfoliation 
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Figure 4.1 (a) TEM image of a facet shaped BN sheet on a lacey carbon grid. (b) Higher magnification 

TEM image of the edge of faceted BN sheet. (c) HRTEM image of the surface of a BN sheet showing 

atomic lattice structure. Inset shows the 2D FFT with red lines indicating zigzag orientations. (d) TEM 

image of disc shaped BN sheets on a lacey carbon grid. (e) Higher magnification TEM image of the edge of 

a disc shaped BN sheet. (f) HRTEM image of the BN sheet with atomic lattice structure.  

 

            Free standing few layer BN sheets are produced by sonicating hexagonal BN (h-BN) 

powder in the solvent N-methyl-2-pyrrolidone (NMP). The solution was left to rest in order to 

allow large flakes to settle down to the bottom of the vial, leaving exfoliated h-BN in the upper 

solution. A lacey carbon coated TEM grid was decorated by BN sheets in NMP solution by drop 

coating. Residual NMP was washed off the grid by subsequent drop-casting of methanol. The 

strong adhesion between the BN sheets and the lacey carbon prevent the BN sheets from being 

washed off by the methanol. Mn doped ZnSe quantum dots were prepared separately according to 
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a method described in details in chapter 3. A drop of the toluene solution containing the Mn doped 

ZnSe was deposited onto the TEM grid decorated with BN sheets and left to dry.  

It is found that two distinctly different types of BN sheets are produced, shown in figure 

4.1(a) and figure 4.1(d). One type of BN sheet has faceted edges comprised of straight lines, whilst 

the other type has smooth round edges with a disc shape. Both types of sheets were hexagonal BN, 

as determined from atomic resolution images and selected area electron diffraction. The origin of 

the two different shapes may lie in the microcrystal they were exfoliated from. Figure 4.1(a) shows 

a typical facet-shaped few layer BN sheet with micron-sized dimensions on a lacey carbon film. 

The contrast of the BN sheets is lower than the lacey carbon film, indicating they are thinner than 

the traditional lacey carbon film. The observed wrinkles may come from the folding effect during 

the exfoliation in the sonication bath or during the deposition. Figure 4.1(b) shows a higher 

magnification TEM image of the edge of the faceted BN sheet. Small pieces of fragments partially 

cover the BN sheets, which come from the sonication process. Figure 4.1(c) shows a HRTEM 

image of the surface of a BN sheet with atomic structure apparent. Triangular nanopatterns are 

observed in the BN sheets due to electron beam irradiation and confirm the sheets are BN and not 

graphene or graphite impurities. In graphene or few layer graphene, electron beam irradiation leads 

to the appearance of circular holes, whereas in BN it leads to triangular nanopatterns.
256, 260, 261-262

 

A 2D FFT is shown in the bottom left inset of figure 4.1(c). The spots indicate the arm-chair 

direction, while red lines indicate zigzag direction.
263

 Figure 4.1(d) shows two overlapping disc 



154 
 

shape BN sheets on a lacey carbon film. Figure 4.1(e) shows the edge of the disc shaped BN sheet 

with small fragments partially covering the surface and the corresponding HRTEM image with 

atomic structure is shown in figure 4.1(f). 

 

 

4.4. Deposition of Quantum Dots onto BN Sheets 

 

Figure 4.2 shows a faceted BN sheet suspended across two regions of the lacey carbon 

grid after depositing Mn doped ZnSe nanocrystals, with dark contrast from the nanocrystals. 

Figure 4.2(a)-(b) show that most of the nanocrystals prefer to stay away from the edge of the BN 

sheets. The edge of the sheets must be intrinsically less energetically favourable than the central 

area of the sheets. This may also be linked to the way in which the solvent dries and the self-

assembly of the nanocrystals. The majority of the nanocrystals coat the BN sheet with a monolayer 

and the concentration increases as it gets closer to the left and right sides, near the lacey grid, 

leading to the formation of bilayers. A step edge is indicated with a red arrow in figure 4.2(b) and 

several nanocrystals are seen to be trapped at this boundary. This is shown in more detail in figures 

4.2(c) and 4.2(d). The nanocrystals are aligned in a row at the step edge of BN sheets with 

different rotation angles with respect to the BN sheets. The diameters of the nanocrystals are 

approximately 5 nm and several are twinned and faceted. 
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Figure 4.2 (a) TEM image of a facet shape BN sheet decorated with Mn doped ZnSe nanocrystals. (b) 

Higher magnification of suspended facet shape BN sheet decorated with nanocrystals. (c) Higher 

magnification of nanocrystals aligned on the edge of BN sheet. (d) HRTEM of nanocrystals aligned on the 

edge of BN sheet.  

 

            Figure 4.3(a) shows a disc shaped BN sheet after deposition of Mn doped ZnSe 

nanocrystals. The nanocrystals again form a uniform monolayer and prefer to stay away from the 

edge of BN sheets, consistent with the behaviour of nanocrystals on facet shaped BN sheets. 

Figure 4.3(b) shows a higher magnification image of the surface of suspended BN sheets decorated 

with nanocrystals. Figure 4.3(c) shows the observation of atomic structure of both BN and Mn 

doped ZnSe nanocrystals. The surface capping ligands surrounding the quantum dots that prevent 
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them from aggregating are also seen as amorphous regions between the quantum dots in figure 4.3 

(c).  

 

 

Figure 4.3 (a) TEM image of a disc shape BN sheet decorated with Mn doped ZnSe nanocrystals. (b) Higher 

magnification of the surface of a suspended BN sheet decorated with nanocrystals. (c) HRTEM image 

showing several nanocrystals with crystalline lattice structure on the surface of disc shaped BN sheets.  

 

 

4.5. Imaging and Analysis of Quantum Dots on BN 2D Atomic Crystals 

 

4.5.1. Imaging and Simulation 



157 
 

 

Figure 4.4 (a) HRTEM image of a Mn doped ZnSe nanocrystal, indicated with a white box in figure 4.3(c). 

(b) FFT of panel a. (c) Index of BN and Mn doped ZnSe nanocrystals, black spots indicate BN, white spots 

indicate Mn doped ZnSe with [111] zone axis. The two crystals are rotated an angle of 30°, meaning the Mn 

doped ZnSe quantum dots are aligned with the zigzag direction of the BN sheet. (d) Projection view of low 

magnification atomic model of Mn doped ZnSe quantum dots on six layers BN sheets, along [111] zone 

axis. (e) High magnification atomic model, showing Mn doped ZnSe quantum dot aligned with zigzag 

direction of BN sheet, along [111] zone axis. (f) Simulated HRTEM image from the atomic model. (g) High 

magnification of simulated HRTEM image from the red box region in panel f. (h) High magnification of 

experimental HRTEM images from the red box region in panel a. 
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          A HRTEM image of a single nanocrystal is shown in figure 4.4(a) from the region indicated 

with a white box in figure 4.3(c). In order to understand this phase contrast image, a 2D FFT of 

figure 4.4(a) is applied and shown in figure 4.4(b). To analyze this pattern, firstly reflection spots 

from each of the two nanomaterials are separated, namely, Mn doped ZnSe nanocrystals and the 

few layer BN sheets. Reflections from the BN sheets are indicated with black spots in figure 4.4 

(c), with the largest d spacing of 0.21 nm. White spots indicate the reflection from the Mn doped 

ZnSe nanocrystals along the [111] zone axis, giving reflections from the {220} and {422} sets of 

planes. The FFT pattern in figure 4.4(c) shows a rotation angle of 30° between white spots and 

black spots. This indicates the {220} set of planes in the ZnSe nanocrystal are aligned with the 

zigzag direction of the BN atomic layer, which is shown in the atomic model in figure 4.4(d) and 

(e). A simulated HRTEM image using this atomic model is shown in figure 4.4(f). The 

corresponding high magnification of the simulated HRTEM image from the red box region in 

figure 4.4(f) is shown in figure 4.4(g). This simulated image in figure 4.4(g) matches the 

experimental image figure 4.4(h) very well, which is a higher magnification from the red box 

region in figure 4.4(a). Both simulated image in figure 4.4(g) and experimental image in figure 4.4 

(h) have hexagonal contrast, indicated by the colour boxes. The bright contrast to bright contrast 

distance in the simulated image is 0.22 nm, which matches the experimental data in figure 4.4(h). 

This distance is measured by taking the line profile of the calibrated images. From this analysis, 

we can confirm that the predominant pattern in the phase contrast image arises from the moiré 
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pattern due to the lattice structure of the nanocrystal and BN sheet. This interference between Mn 

doped ZnSe nanocrystals and BN sheets gives some new reflections in figure 4.4(c), which cannot 

be attributed to a single crystal. These new reflections arise from the electron beam being 

diffracted by both the Mn doped ZnSe nanocrystal and the BN sheets as it propagates through the 

composite in a process known as double diffraction.  

 

The atomic model used for HRTEM image simulation is shown in figure 4.5 to elucidate the 

double diffraction process. Figure 4.5(a) shows the 3D atomic model in supercell with projection 

view, shown in figure 4.5(b) and side view, shown in figure 4.5(d). Figure 4.5(c) shows the 

illustration of double diffraction process. The primary beam g
0
 transmits through both BN and QD. 

The beam g
2
 is diffracted by both QD and BN. The phase difference between g

0
 and g

2
 will 

generate double diffraction spot.  
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Figure 4.5. Atomic model shows the Mn doped ZnSe quantum dot aligns with the zigzag direction of BN, 

indicating the rotation angle of 30° between Mn doped ZnSe and BN; (a) 3D atomic model in super cell with 

coordinates O-ABC; (b) Projected view down CO  direction with [111] zone axis; (c) bottom up view along 

OB  direction, an illustration of double diffraction process, g
0
 is the primary beam transmitted through both 

the nanocrystal and BN sheets, g
1
 is the beam transmitted through the nanocrystal but diffracted by the BN, 

g
2
 is the beam diffracted by the nanocrystal and also by the BN (i.e double diffraction), g

3
 is the beam 

diffracted by the nanocrystal and then transmitted through the BN. (d) side view down OA  direction. 

 

4.5.2. Quantitative Analysis and Vector Analysis 
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Figure 4.6 (a) FFT analysis of the particle, indicated with the white box in figure 4.3(c): the angle α is the 

angle between moiré interference fringes with respect to BN lattice fringes; the spacing of moiré fringes dgm. 

(b) An illustration of geometry relations of angle and d spacing definition in equation (4.1) and (4.2). (c) 

FFT of a different particle, indicated with a red box in figure 4.3(c). (d) FFT analysis of panel c: the angle α 

is the angle between moiré interference fringes with respect to BN lattice fringes; the spacing of moiré 

fringes dgm. (e) Plane index of real reflections from BN and nanocrystal. The white spots indicate Mn doped 

ZnSe nanocrystal reflections with plane index (hkl), black spots indicate BN reflections with plane index 

(hkil). (f) Selected double diffraction spots are labelled with letters and higher order diffraction spots due to 

the diffracted beam from one crystal re-diffracted several times in another crystal. Only half of the patterns 

are labelled due to the symmetry of these reflection spots. (g) An example of vector analysis of double 

diffraction spot, ZnSeBNa )022()1001(  with a rotation angle β between BN and nanocrystal, and the 

rotation angle α of the moiré fringes with respect to bottom crystal BN. (h) An example of vector analysis of 

triple diffraction spot, be BN  )1001(  with a rotation angle β between BN and Mn doped ZnSe 

nanocrystal, and the rotation angle α of the moiré fringes with respect to bottom crystal BN; (i) Pendellösung 

plot of BN sheets {1 100} planes, with the thickness as x axis, amplitude and phase of the transmitted 

electron beam as y axis.  
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In order to analyze the real space images containing double-diffraction features quantitatively, a 

2D FFT analysis is used in combination with the general formula
264

 for the spacing of moiré 

fringes dgm given by equation (4.1).  

  2

21

2

21

21

dddd

dd
dgm


                                                                                                      (4.1) 

The angle β is the rotation angle between the nanocrystal and the BN sheet. d1 is the top crystal d 

spacing along this zone axis. d2 is the bottom crystal d spacing along this zone axis. dgm is the 

spacing of the moiré fringes from the double-diffraction. 

From figure 4.4(c), we obtain the following experimental data. d1=dZnse(220)=0.198 nm, 

d2=d(BN)=0.21 nm, and β=30
o
. By putting these experimental data into equation (4.1), the value is 

obtained as dgm=0.39 nm. Then, we apply the FFT of the particle, indicated in white box in figure 

4.3(c) to measure dgm experimentally. The experimental value of dgm from the measurement in 

figure 4.6(a) is dgm=0.387 nm. The theoretical calculated value matches the experimental value 

well. However, when other particles on the BN sheets are analyzed, it is sometimes difficult to 

measure the angle β, when the reflections from nanocrystals are extremely weak and no distinct 

spots are observed in the 2D FFT.  

 An equivalent approach uses the angle between the spots associated with double-

diffraction and the spots from the BN sheets in the 2D FFT. To elucidate which lattice planes in 
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the two phase crystal composite contribute to the double-diffraction process, with the angle 

defined in figure 4.6(b), equation (4.2) is defined here.   

 sin)sin(

21 dd



                                                                                                                   (4.2)  

The angle α is the rotation angle between the spots associated with the double-diffraction and the 

bottom crystal. An optical Moiré pattern can arise from simply overlapping two periodic 

structures.
265 

However, a 2D FFT analysis would separate each periodic structure into their 

constituent frequencies and relative angular orientation and no new spots would be observed. In 

the case here, double diffraction leads to the production of new periodic patterns in the images that 

give rise to new spots in the 2D FFT analysis.
266 

           

Figure 4.7 Geometry relations between moiré fringes and d spacing of two crystals indicated in figure 

4.6(b).  
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The derivation of equation (4.2) is shown in figure 4.7. Following the geometry relationship in 

figure 4.7, the distance OA can be written in terms of the two d spacing of the two crystals: 

 sin)](sin[

21 dd
OA 




                                                                                           (4.3)

 

Thus, 
 sin)sin(

21 dd


                                                                                                      (4.4)

 

 

         Another example is shown in figure 4.6(c), which is the FFT of the particle, indicated in the 

red box in figure 4.3(c). Figure 4.6(d) is the 2D FFT analysis of figure 4.6(c), with black spots 

indicating reflections from the BN sheets. The experimental data from measurement is dgm=0.87 

nm, d2=0.21 nm and α = 105
o
, which are indicated in figure 4.6(d). This data of dgm, d2, and α can 

be put into both equation (4.1) and (4.2) and solved to give d1. The calculated value of d1 and β for 

figure 4.6(d) is d1=0.193 nm and β=12.3
o
. By referring the calculated value to the XRD data of 

ZnSe nanocrystals, it matches ZnSe(220) d spacing. This means the strong moiré interference pattern 

of the particle, indicated with red box in figure 4.3(c), originates from the double-diffraction of 

{220} planes in Mn doped ZnSe quantum dots and BN atomic layers with the lattice rotation angle 

of 12.31° with respect to each other.             
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Table 4.1. Vector analysis of high order diffraction spots 

Double diffraction spots BN planes (hkil) Mn doped ZnSe planes (hkl) 
a (1100) ( 2 2 0) 
b (1010) (220) 

c (1010) (0 2 2) 
d (0110) (02 2 ) 
f (1100) (220) 

g (1010) ( 2 2 0) 

h (1010) (02 2 ) 

i (0110) (0 2 2) 

k (0110) (220) 

o (1100) (220) 

q (1100) (202) 

s (1100) (02 2 ) 

t (1100) (0 2 2) 

u (0110) (202) 

w (1010) (202) 

x (0110) (0 2 2) 

y (0110) ( 2 2 0) 

z (1010) (0 2 2) 

Higher order diffraction 
spots 

BN planes (hkil) Double diffraction spots 

e (1100) b 

j (1010) a 

l (1100) h 

m (1100) i 

n (0110) z’ 

-p (1100) r 

r (1100) f 

-v (1010) r 

-z’ (1100) w 

General  form for vector analysis, the n order diffraction vector gn={1100}BN –gn-1 
 

Table 4.1 Vector analysis of high order diffraction spots labelled in figure 4.6(f), this indicates the 

interference planes to give these higher order diffraction spots, the general form for n order diffraction 

vector is gn={1100}BN-gn-1.  

 

 In order to understand the origins of all the reflections in figure 4.6(a), a vector analysis is 

performed for all double diffraction spots in the 2D FFT. Planes from BN sheets with space group 



166 
 

P63/mmc along the zone axis [0001] are carefully indexed with (hkil) system, which are shown in 

figure 4.6(e). Also, the plane index of Mn doped ZnSe nanocrystals with a space group F 4 3m 

along the [111] zone axis is shown in figure 4.6(e). The double diffraction spots originating from 

the interference of the two crystals are labelled with different letters in figure 4.6(f). An example 

of the vector analysis of a double diffraction spot is shown in figure 4.6(g). The generation of 

double diffraction spot a can be assigned as ZnSeBNa )022()1001(  . This means the double 

diffraction spot a is generated by the interference between the (1100) plane in BN and the ( 2 2 0) 

plane in Mn doped ZnSe nanocrystals. The primary diffracted beam from the ( 2 2 0) plane in Mn 

doped ZnSe nanocrystals acts as an incident beam for BN and is diffracted for a second time by 

the (1100) plane of BN to give this double diffraction spot a. The rotation angle β =30°, is 

measured as the angle between the vectors (1100) and ( 2 2 0), shown in figure 4.6(g). The angle 

α=81°, the angle between moiré fringes and BN, is measured as the angle between vector a and (1

100), also shown in figure 4.6(g). For the higher order of diffraction, an example is shown in 

figure 4.6(h). The triple diffraction spot e can be assigned as be BN  )1001( . This indicates that 

the double diffracted beam from spot b is diffracted again by the (1100) in BN to give this triple 

diffraction spot e. The rotation angle β=39.50° is measured as the angle between vector (1100) and 

vector b. The angle α=30.30° is measured as the angle between the vector e and vector (1100). The 

d1 is the d spacing of b vector, which is measured as d1=0.39 nm. The d2 is the d spacing of {1

100} planes in BN, which is measured as d2 =0.21 nm. Thus, the calculated value for spot e, 
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dgm=0.32 nm, fits the experimental value dgm=0.32 nm. The vector assignments of all the other 

double diffraction or higher order diffraction spots are shown in table 4.1. For the double 

diffraction spots, they can be assigned as g2= {1 100}BN-{220}ZnSe, which indicates that they 

originate from the {1100} plane family in BN and the {220} plane family in ZnSe. For the triple 

diffraction spots, they can be assigned as g3= {1100}BN-g2, which means the triple diffraction spots 

are coming from the double diffracted beam to be re-diffracted again with {1100} set of planes in 

BN. Thus, the general form for the high order diffraction spots can be assigned as gn= {1100}BN-

gn-1.  

 Higher order diffracted beams exhibits Pendellösung oscillations, which arise from a 

periodic exchange between wave fields inside the crystals. The characteristic distance from the 

resulting beating effects is known as the pendellösung length.
267 

In the perfect crystals with parallel 

faces, the pendellösung effect depends on the thickness.
268

 A Pendellösung plot shows the 

amplitude and phase of the transmitted electron beam as a function of thickness. The Pendellösung 

plot of the {1100} BN planes is calculated and presented in figure 4.6(i). The reflection amplitude 

of a transmitted beam should give contrast exceeding 10% in order for it to be observed on 

recorded images
269

 and this occurs
  
when the thickness is within the range of 5 nm to 15 nm. This 

is consistent with the thickness of BN sheets.  

 

4.5.3. Reconstruction of Images 
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            After careful analysis of both optical and double-diffraction moiré interference patterns, the 

equation method and vector method can be combined to understand the origins of all the 

reflections in the 2D FFT patterns quantitatively. Now it is time to reconstruct images using 

appropriate masks in the 2D FFT. Figure 4.8(a) is the crystal from the white box in figure 4.3(a) 

and its 2D FFT is shown in figure 4.8(b). Figure 4.8(d) presents the reconstructed image using the 

FFT mask in figure 4.8(c) to show only the atomic structure from the nanocrystal and the 

surrounding surface capping ligands. This enables us to image the nanocrystal as if it was 

suspended in free-space with minimal background effect.  

            Figure 4.8(f) shows the optical moiré pattern generated by the two sets of lattices from the 

BN and Mn doped ZnSe nanocrystals, with the 2D FFT mask used in figure 4.8(e). The double-

diffraction spots are excluded using this mask. Figure 4.8(h) shows the moiré pattern produced by 

only considering the spots in the 2D FFT associated with double-diffraction, with the mask 

indicated in figure 4.8(g). Figure 4.8(h) shows subtle new features in moiré interference patterns 

due to double or higher order diffraction processes. This demonstrates that multiple diffraction 

events in composite nanomaterials give structure and contrast in the real space image, which is 

different from the optical moiré patterns arising from two overlapping period structures.   
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Figure 4.8. (a) Single crystal from the white box in figure 4.3(c). (b) 2D FFT of panel a; (c) Mask applied to 

2D FFT to reconstruct nanocrystals with ligands and eliminating BN lattice and double diffraction and high 

order diffraction spots, white spots indicate region included. (d) Reconstructed HRTEM image generated 

from 2D FFT mask in panel c, with Mn doped ZnSe nanocrystal and ligands remained. (e) Mask applied to 

2D FFT to reconstruct optical moiré fringes, which is only the overlap of two set of crystal lattice from BN 

and ZnSe, white spots indicate region including reflections from BN and ZnSe lattices. (f) Reconstructed 

optical moiré patterns, generated from 2D FFT mask in panel e, which indicates the optical overlapping of 

two lattices. (g) Mask applied to 2D FFT to reconstruct moiré patterns from double or higher order 

diffraction process, white spots indicate region included. (h) Reconstructed moiré interference pattern 

generated from 2D FFT mask in panel g.  

 

 

4.6. Conclusions 
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            In summary, a simple method is used to get BN sheets that were ultrathin and both faceted 

and round in their shape. These BN sheets are effective as a novel carbon-free thin TEM support 

for high resolution imaging of nanocrystals. Low voltage aberration-corrected HRTEM is used to 

investigate Mn doped ZnSe nanocrystals on the BN sheets. It was shown that the phase contrast 

images exhibit moiré patterns from both optical effects and double-diffraction effects. A method is 

developed to analyze the orientation of the nanocrystals with respect to the BN lattice. These 

results demonstrate the importance of  using 2D FFT analysis to understand the details of the 

contrast and structure observed in phase contrast images obtained using low-voltage aberration-

corrected HRTEM.  

 

The study in this chapter demonstrates single crystalline BN sheets could be fabricated as a carbon 

free TEM ultrathin supporting film to study atomic configuration of other nanomaterials, for 

example Mn doped ZnSe quantum dots. Liquid phase exfoliation method is good enough is to 

produce uniform single crystalline 2D sheets. However, it only produces µm size film, thus not 

good enough to get large area single crystals 2D atomic crystals for industrial applications. 
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Chapter 5: 

Growth Dynamics of Few Layer Graphene 

Domains on Copper by Atmospheric 

Pressure Chemical Vapour Deposition  

 

5.1. Introduction  

 

In the previous chapter, utilizing boron nitride sheets as thin support for high resolution imaging of 

nanocrystals has been discussed and the open question 2 was answered. Chapter 4 showed that 

chemical exfoliation is not good enough to get large area single crystal 2D atomic crystals for 

industrial applications. Another approach, which is chemical vapour deposition (CVD), is tried as 

an alternative method to achieve this goal. In order to achieve this target, the growth dynamics 

need to be explored first. Thus, in this chapter, the discussion will be focused to answer the open 

question 3, what is the growth mechanism of graphene using CVD and why polycrystalline 

graphene is normally produced using CVD.  
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Graphene is a 2D atomic crystal that exhibits remarkable optical and electronic properties with 

great potential in electronic device
4, 270

 and many other applications.
6, 25 

Metal catalyzed CVD is 

one of the most promising methods to fabricate large area graphene films for commercial 

applications, such as integration with current CMOS technology
4, 270-272

 and transparent conducting 

electrodes
273-275

. Cu is one of the most promising catalysts for industrial scale fabrication of 

graphene film using CVD due to its low cost, large grain size, etchability, and their wide use and 

acceptance by semiconductor industry.
113

 Growth of graphene at atmospheric pressure has the 

benefit of not needing vacuum conditions that are harder to implement on the large scale necessary 

for industrial development. Thus, to understand the growth mechanism of graphene by Cu 

catalyzed APCVD (atmospheric pressure chemical vapour deposition) is important. This is 

different from the graphene growth in Cu catalyzed LPCVD (low pressure chemical vapour 

deposition)
99, 112, 208, 276-279

 by which excellent results have shown in producing monolayer
208, 276-277

 

and bilayer graphene.
278-279

 The mechanism of graphene growth by LP-CVD has been studied by 

isotope labelling
113

 and a two step CVD process.
112

 However, to date, there are only a few studies 

of the growth dynamics of graphene and FLG on Cu foils using AP-CVD. These progresses of the 

synthesis of graphene using atmospheric pressure (AP) CVD
99, 205-206, 280

  has shown the growth is 

not always self-limiting to monolayer graphene and indicates complex growth dynamics are at 

play. Bhaviripudi et al. have investigated how methane concentration influences the number of 

graphene layers using AP-CVD and found that reducing methane concentration led to a reduced 
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number of layers.
206

 They studied the polycrystalline continuous network of merged graphene 

domains formed from long growth times (20-30 minutes).
206

 Yao et al. investigated the effect of 

various ratios of carbon source to hydrogen gas in AP-CVD using a Cu catalyst on the final 

polycrystalline continuous graphene 2D film using optical imaging and Raman spectroscopy.
280

 

They found that reducing the amount of carbon source led to improved film quality.
280

 They also 

studied the use of a variety of carbon precursors and found that liquid precursors, such as hexane, 

were effective in growing graphene on Cu catalysts.
280

 Luo et al. also found that reducing the 

concentration of carbon precursor, in this case methane, led to improved graphene quality for AP-

CVD using Cu catalyst.
205

 They also demonstrated that improving the surface morphology of the 

Cu by removing the copper oxide surface layer and reducing roughness using electropolishing 

methods led to improved graphene film formation.
205 

However, little information was obtained 

about the initial stage of nucleation process of individual domains before them emerging together 

as a continuous film, which is essential for building a deeper picture of the growth dynamics and 

understanding the polycrystalline nature of the 2D film that the domains grow to form.  

 Also, to date, there is very little knowledge regarding how the Cu lattice plays a role for 

the growth dynamics of graphene and few-layer graphene (FLG) on Cu foils using AP-CVD as 

well. Wofford et al. investigated the interplay of Cu foil and graphene under low pressure (LP) by 

in-situ low-energy electron microscopy.
208

 They found that four lobe polycrystalline graphene 

domains grew on a pronounced Cu (100) textured surface with random orientation to the Cu 
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grain.
208

 A growth mode dominated by edge kinetics with an angular dependent growth velocity is 

suggested as the growth mechanism for this type of four lobe polycrystalline graphene,
208

 which is 

also observed by the work of the Ruoff group.
112-113

 Rasool et al. studied the continuity of 

graphene on polycrystalline copper synthesized by LP-CVD.
281 

They suggest the morphology and 

atomic arrangement of the underlying Cu foil do not affect the atomic arrangement of graphene.
281 

The growth of graphene on single crystal Cu (111) in an ultrahigh vacuum chamber has been 

studied by scanning tunnelling microscopy.
209

 They find the random shapes of graphene domains 

nucleate on Cu lattice with either 7º or 0º misorientation angle, which leads to numerous domain 

boundaries when domains emerge into continuous film.
209

 This can dramatically reduce the carrier 

mobility of graphene grown by LP-CVD.
209 

Zhao et al studied the graphene grown on Cu (111) 

and (100) under high vacuum by STM.
282

 They found that graphene had a hexagonal 

superstructure on Cu (111) while a linear superstructure appeared on Cu (100).
282

  

 Here, individual FLG domains are examined before they merge together by limiting the 

growth time. This enables characterization of the nucleation density, domain shape and size, 

number of layers and crystal structure. In particular it is studied that the onset temperature of FLG 

nucleation, the large scale alignment of FLG domains, the hydrogen pre-treatment effect and 

cooling rate effect on the FLG nucleation. It is found the temperature has to be at least 960 °C in 

order to form micron sized hexagonal FLG domains. By increasing the quality of Cu foil catalyst 

and also controlling the growth temperature, hexagonal single crystal domains of few layer 
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graphene are produced that are highly aligned in their crystallographic orientation over a 5 mm 

distance scale. It is necessary to have hydrogen pre-treatment for the nucleation of FLG. The fast 

cooling rate will lead to more homogenous nucleation than the slow cooling rate. To understand 

this nucleation process, including onset temperature, nucleation sites, nucleation density, 

nucleation morphology and orientation of nucleation domains, is crucially important.  

 

Also, it is investigated that the role Cu lattice has on the growth dynamics of FLG domains at 

atmospheric pressures in CVD. It is shown that reducing the growth temperature from 1000 
o
C 

down to 980 
o
C changes the growth dynamics of the system and enables the Cu lattice to start to 

play a role in the crystal growth. For the first time it is shown that the growth of aligned 

rectangular shaped FLG domains that form only on Cu (111) grains at 980 
o
C. Hexagonal FLG 

domains are shown to grow on nearly all non-(111) Cu lattice planes. This reveals that the atomic 

structure of Cu does indeed play a role in the growth dynamics of graphene even at atmospheric 

pressure when the conditions such as temperature are appropriate. The study in this chapter will 

provide general principles to control the quality of large area graphene and be high beneficial for 

industrial production of graphene based applications.  

  

5.2. Experimental Methods  
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5.2.1. Atmospheric Pressure (AP) CVD Growth of Few Layer Graphene 

1 cm
2
 copper foils of 99.999% purity and 0.1 mm thickness (Alfa Aesar) were loaded into a quartz 

tube and rested just outside the hot-zone in a horizontal split-tube furnace. After purging the whole 

system with argon gas, volume ratio 1:3 H2:Ar gas mix at 600 sccm flow was introduced into the 

system and continued throughout the graphene synthesis and cooling. The temperature of the 

furnace was adjusted to the desired value for annealing and growth (i.e. 1000 °C, 990 °C, 980 °C). 

Once the furnace reached the desired temperature, the quartz tube was shifted so that the copper 

foil was moved to the hot-zone in the furnace, where it was annealed and reduced for 0.5 hour 

hydrogen pre-treatment time. Then, volume ratio 1:4 CH4:Ar gas mix was introduced at a flow rate 

of 10 sccm for 3 minutes growth time. It means the volume ration is 1:75:229 CH4:H2:Ar during 

the reaction. The sample was then rapidly cooled to room temperature with an average cooling rate 

of 40 (°C/minute), which is shown in figure 5.1 describing the time dependence of experimental 

parameters, by removing them from the hot zone of the furnace under a hydrogen and argon 

atmosphere.  

 



177 
 

 

Figure 5.1. Time dependence of experimental parameters 

 

5.2.2. Transfer Method of CVD Graphene 

A PMMA supportive scaffold (8% wt. in anisole, 495k molecular weight) was spin cast onto the 

graphene surface on copper foil. A spin speed of 4700 rpm was used for 60 seconds, with the film 

then cured by heating at 180 °C for 90 seconds. Then underlying copper was etched away over 

night by an iron (Ш) chloride solution. The graphene/PMMA film was then rinsed in deionised 

(DI) water several times until the water was colourless. Then the graphene/PMMA film was 
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transferred to hydrochloric acid (30%) for 5 minutes to remove iron chloride residue and then 

transferred to a DI water bath to remove the residue of hydrochloric acid.  

 

Then a perforated Si3N4 TEM grid (2 µm holes) was adhered to a glass slide with a gel film (Gel-

Pak gel-film WF-40-X8-A) and the graphene/PMMA film was transferred onto it. A razor blade 

was used to cut out and lift off the TEM grid to another glass slide and then another drop of 

PMMA/anisole solution was applied to the TEM grid as a second layer of PMMA on graphene. 

This second layer of PMMA should help dissolve the previous layer of PMMA
275

 and let the 

graphene relax onto the TEM grid overnight. The TEM grid on the glass slide was then put into a 

petri dish filled with acetone to remove most of the PMMA in two hours. Then the TEM grid was 

placed in the furnace in air at 350 °C for 4 hours.  

 

5.2.3. Characterization  

Scanning electron microscopy (SEM) was performed with a Zeiss NVison 40 FIB-SEM operating 

at 2 kV. Electron backscatter diffraction (EBSD) measurements were performed with JEOL 6500F 

at 20 kV. Raman spectra were taken using a JY Horiba Labram Aramis imaging confocal Raman 

microscope with a 532 nm frequency doubled Nd:YAG laser. Transmission electron microscopy 

and selective area electron diffraction were performed using a JEOL 4000EX TEM operating at an 

accelerating voltage of 80 kV. 
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5.3. The Nucleation of Few Layer Graphene Domains on Copper Surface 

 

5.3.1. Temperature Threshold for the Nucleation of Graphene Domains 

 

Figure 5.2. The SEM image of the reaction taken at (a) 800 °C, (b) 850 °C and (c) 940 °C, indicating no 

graphene is nucleated in this temperature range. The scale bar from (a)-(c) are 2 µm, 10 µm, 100 µm, 

respectively.  

 

In previous work, Cu foils of 99.8% purity were used.
112-113, 276-277, 283

 Here, higher quality Cu foils 

of 99.999% purity were used with increased thickness from 0.025 mm to 0.1 mm. The temperature 

dependence of the FLG growth was investigated by varying the reaction temperature within the 

range of 800 ºC to 1000 ºC, while keeping constant 30 minute hydrogen pre-treatment time and 3 

minute growth time. For the temperature range of 800 ºC to 940 ºC no black contrast, typically 

associated with graphene or FLG, was observed on the Cu foil using a SEM operating at 2 kV 

using an in-lens detector which is shown in figure 5.2. It shows the SEM images of the samples of 

800 °C, 850 °C, and 940 °C. No black contrast is shown in these images which indicate no FLG 

nucleates within this temperature region. From the temperature range of 950 ºC to 1000 ºC, black 
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contrast appeared on the bright white Cu background in the SEM images, shown in figure 5.3 for 

(a) 950 ºC, (b) 960 ºC, (c) 970 ºC, (d) 980 ºC, (e) 990 ºC, and (f) 1000 ºC. Well defined domains 

appear between 970 ºC to 1000 ºC.  

 

Figure 5.3. SEM images of the nucleation of graphene domains with different reaction temperatures: (a) 950 

ºC (b) 960 ºC (c) 970 ºC (d) 980 ºC (e) 990 ºC (f) 1000 ºC. The scale bars in (a)-(f) are all 2 µm. 
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Figure 5.4. Raman spectra from the samples with corresponding reaction temperatures shown in figure 5.3: 

(a) 950 ºC (b) 960 ºC (c) 970 ºC (d) 980 ºC (e) 990 ºC (f) 1000 ºC.  

 

 In order to verify whether the dark contrast region is graphene or FLG, Raman 

spectroscopy was performed on the samples shown in figure 5.3. The Raman spectra for each 

respective temperature are shown in figure 5.4, with (a) 950 ºC, (b) 960 ºC, (c) 970 ºC, (d) 980 ºC, 

(e) 990 ºC, and (f) 1000 ºC. Figures 5.4(a)-(b) show a large D peak at 1345 cm
-1

 and a G peak at 

1600 cm
-1

, which is about a 20 cm
-1

 shift from the normal graphene G peak. The characteristic 2D 

peak of graphene/FLG at around 2700 cm
-1 

is not observed in figures 5.4(a) and (b). In comparison, 

figures 5.4(c)–(f) show a distinct D peak at ~1345 cm
-1

, G peak at ~1580 cm
-1

 and 2D peak at 

~2700 cm
-1

, which are typical for few-layer graphene samples. The intensity peak ratio ID/IG is 

0.96 in figure 5.4(a), and decreases to 0.81 in figure 5.4(b) and then to 0.40 in figure 5.4(c), while 

the G peak position ωG changes from 1600 cm
-1

 to 1580 cm
-1

. This decreasing of both ID/IG and the 
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shift of ωG to lower wave numbers is attributed to a transition from small nanocrystalline FLG 

domains to larger FLG domains.
284

  

 The reaction time was then further increased from 3 minutes to 20 minutes to evaluate the 

increase in size of the FLG domains with growth time.
283

 Figure 5.5(a) shows a SEM image of a 

sample at 950 ºC reaction temperature for 20 minutes reaction time. Some regions of dark contrast 

are visible. The corresponding Raman spectrum of figure 5.5(a) is presented in figure 5.5(d), and 

shows a D peak at 1345 cm
-1 

and a G peak at 1600 cm
-1 

with no 2D peak observed. This is similar 

to the Raman spectrum taken after only 3 minutes growth, shown in figure 5.5(a), but with ID/IG 

decreasing slightly to 0.79. This indicates that the domains formed at 950 ºC are still 

nanocrystalline graphite. Figure 5.5(b) shows a SEM image of a sample at 960 ºC reaction 

temperature after exposure to methane for 20 minutes. Hexagonal domains are seen in the image 

with a corresponding Raman spectrum shown in figure 5.5(e), indicative of few layer graphene 

with a D peak at ~1345 cm
-1

, a G peak at ~1580 cm
-1

 and 2D peak at ~2700 cm
-1

. A continuous 2D 

FLG film was produced for a reaction temperature of 970 ºC with 20 minutes growth time, shown 

in the SEM image of figure 5.5(c) with corresponding Raman spectrum shown in figure 5.5(f). The 

Raman spectrum indicates it is few layer graphene with D peak at 1345 cm
-1

, a G peak at 1580 cm
-

1
 and 2D peak at 2700 cm

-1
. Comparing the samples grown at 950 ºC, 960 ºC and 970 ºC for 20 

minutes, it could be concluded that micron sized FLG domains only start to form at a reaction 

temperature of 960 ºC, even with long growth times, and that the rate of growth of FLG material 
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increases with reaction temperature. The average nucleation density as a function of temperature 

has a maximum point at 980 ºC, which indicates the maximum activity of the catalyst under the 

conditions explored which is shown in section 5.3.6 for nucleation density analysis. 

 

 

Figure 5.5. SEM images of samples after 20 minutes reaction time: (a) 950 ºC (b) 960 ºC (c) 970 ºC. 

Corresponding Raman spectra: (d) the sample shown in panel a. (e) the sample shown in panel b. (f) the 

sample shown in panel c. The scale bars in (a)-(c) are 10 µm, 2 µm, 2 µm, respectively.  

 

5.3.2. Temperature Dependent Crystal Structure 

In order to examine the thickness of the FLG domains, they were transferred to Si3N4 TEM grids 

using a PMMA film and high resolution transmission electron microscopy (HRTEM) was 

performed to examine the folded edges. It is important to evaluate how the FLG domains grown on 

the high purity 99.999% Cu foils compare to those reported that were grown on 99.8% purity Cu 

foils. Samples were examined with growth temperatures of 990 ºC, and 1000 ºC, and growth times 

of 3 minutes. The number of layers was determined by counting the lines of contrast of back-
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folded edges. Figure 5.6(a)-(c) shows the HRTEM images of the edges of the graphene domains at 

a nucleation temperature of 1000 ºC, which varies from 2-4 layers, while the thickness of graphene 

domains grown at 990 ºC varies between 2-7 layers, as shown in figures 5.6(f)-4(h). These 

thickness values are comparable to those produced on the lower purity 99.8% foils.
283

 A selected 

area electron diffraction (SAED) pattern of FLG domains at growth temperature of 1000 ºC is 

shown in figure 5.6(d) and at 990 ºC shown in figure 5.6(i). The SAED pattern shows the FLG 

domains are single crystal, with only six spots of reflection being observed in the inner hexagon of 

0.21 nm lattice spacing. This indicates the crystal structure does not change when decreasing the 

nucleation temperature from 1000 ºC to 990 ºC or when using the higher purity Cu foils, i.e. they 

do not become turbostratic. The line profile along the green arrow indicated in figure 5.6(d) is 

shown in figure 5.6(e). The intensity ratio of outer peaks from equivalent planes {1 2 10} over 

inner peaks from {1100} is approximately 4.8, which indicates it is not monolayer but AB stacked 

Bernal few layer graphene as the ratio of the outer peak to inner peak is larger than 1,
17, 278

 most 

likely bilayer graphene for this particular domain chosen. The line profile along the blue arrow 

indicated in figure 5.6(i) is shown in figure 5.6(j). The intensity ratio of outer peaks from 

equivalent planes {1 2 10} over inner peaks from {1100} is approximately 1.2, which indicate it is 

not monolayer or bilayer graphene, but AB Bernal stacked few layer graphene. Figure 5.6(k) 

shows a TEM image with the hexagonal shape of a FLG domain well resolved. The SAED pattern 

was taken on this single hexagon to elucidate not only the crystal structure but also the direction of 
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the lattice relative to the hexagon edges. Figure 5.6(l) presents the SAED and reveals they are 

single crystal structures with AB Bernal stacking. This was typical for all domains investigated. 

The direction of the spots in the SAED pattern indicates arm-chair lattice direction. Thus the 

SAED in figure 5.6(l) shows the edges of the hexagon are parallel to the zig-zag direction of the 

graphene lattice.  

 

Selective area electron diffraction of temperature dependent sample is shown in figure 5.7(a)-(c).  

This indicates the crystal structure remains at AB Bernal stacking single crystal for 980 °C, 990 °C, 

and 1000 °C. The thickness of the samples is examined by high resolution electron microscopy, 

shown in figure 5.7(d)-(g).The thickness of the graphene domains is varying between 2-7 layers.  
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Figure 5.6. HRTEM images of the nucleation of graphene domains at 1000 ºC: (a) Bilayer. (b) Trilayers. 

(c)Four layers. (d) Selected area electron diffraction pattern taken from graphene domain. (e) Intensity 

profile along the green arrows in (d). HRTEM images of the nucleation of graphene domains at 990 ºC: (f) 

Bilayer. (g) Four layers. (h) Seven layers. (i) Selected area electron diffraction pattern taken from graphene 

domains. (j) Intensity profile along the blue arrows in (i). (k) Low-magnification TEM image showing a 

suspended FLG hexagon (indicated with red circle) on a holey Si3N4 membrane. (l) Selected area electron 

diffraction pattern taken from the single suspended hexagon in (k). Green arrows in (k) and (l) indicate the 

same zig-zag direction in both images. The scale bar in (k) is 0.5 µm.  



187 
 

 

Figure 5.7. Selective area electron diffraction (SAED) of temperature dependent samples: (a) 980 °C (b) 

990 °C (c) 1000 °C. High resolution electron microscopy (HRTEM) images of the edge of graphene 

domains: (d) Bilayers. (e) Trilayers. (f) Four layers. (g) Seven layers.  

 

5.3.3. Alignment of Hexagonal Graphene Domains at Millimetre Scale  

 Figure 5.8(a) shows a SEM image of aligned domains of FLG grown at 990 ºC on the 

99.999% Cu foil, with the red arrow indicating the alignment direction of the edges of the 

hexagons. From the analysis of the SAED patterns in figure 5.6(k)-(l), we know this direction 

corresponds to the zig-zag orientation of the graphene lattice. In order to confirm the long range 

alignment of the FLG domains we obtained SEM images at three different locations on the same 

Cu grain, figure 5.8(b) x, y = 41.8 mm, 64.9 mm, 5.8(c) x, y = 41.7 mm, 67.4 mm, and 5.8(d) x, y 

= 45.4 mm, 69.8 mm. All the coordinates are recorded with respect to the original point in SEM. 

These x y coordinates indicate the distance of sample movement. The distance between the SEM 

image in 5.8(b) and 5.8(d) corresponds to more than 5 mm which is shown in figure 5.9. Figure 
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5.9 shows a low magnification SEM image of the large Cu grain that exhibits alignment of the 

FLG hexagons over 5 mm range. Red arrows indicate regions examined by SEM at a higher 

magnification, resulting in a shadow effect from contamination during imaging. The regions for 

figure 5.8(b) and 5.8(d) lie beyond the field of view in figure 5.9. However, they are taken from 

within the same Cu grain as the two regions indicated with arrows in figure 5.9.  



189 
 

 

Figure 5.8. (a) SEM image (in-lens detector) showing alignment of the edges of few-layer graphene 

hexagons grown at 990 °C. (b) SEM image at position x, y = 41.8, 64.9 mm, (c) x, y = 41.7, 67.4 mm, and 

(d) x, y = 45.4, 69.8 mm. (e), (f) and (g) show the histograms of the orientation of the edge of the hexagons 

(θ) from the respective SEM images in (b), (c) and (d). Inset in (e) shows definition of (θ). Scale bar 

indicates 2 µm in all images. 
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Alignment of the edges of the hexagons is observed in all three cases. The FLG domains were 

tracked across the distance to ensure that the Cu domain was continuous and the alignment 

consistent and thus include the measurement taken in the middle, figure 5.8(c). The histograms 

presented next to each respective SEM image, figures 5.8(e), 5.8(f) and 5.8(g), plot the relative 

angle (θ) of the hexagons (defined in the inset of figure 5.8(e)), and shows the correlated 

orientations.  

 

Figure 5.9. Millimetre scale alignment: SEM image of the large Cu grain with alignment of FLG hexagons 

over a 5 mm distance at 990 °C.  

 

 The ability to determine the alignment over such large distances is simplified by the 

hexagonal shape of the FLG domains, unlike previous reports of four-lobed graphene structures 

100 µm 
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grown at low-pressure.
112,208

 Low magnification SEM is then used to scan over large distances and 

a straight-forward correlation between shape orientation and crystallographic orientation can be 

made due to the single crystalline nature of the FLG hexagonal domains. This avoids the necessity 

of having to measure diffraction from all domains to determine their crystallographic orientation. 

Furthermore, the single crystal nature of our FLG domains means that all crystallographic 

orientations are in the same direction, which would not be the case for domains that contain 

multiple grains.
208

 Together with the TEM/SAED analysis, these data indicate that on the large 

scale the edges of the graphene domains are aligned along the zig-zag directions. This preferential 

alignment of the hexagons is only observed over small areas (i.e ~20 µm x 20 µm) for a growth 

temperature of 1000 ºC which is shown in figure 5.10, but increases substantially when the 

temperature is reduced to 990 ºC. Figure 5.10 shows a SEM image of a region of aligned FLG 

hexagons, indicated by the red arrow. Only some Cu grains exhibited aligned FLG domains, with 

the majority showing random orientations.  
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Figure 5.10. Small scale alignment: SEM image of aligned FLG domains grown at 1000 °C. Red arrow 

indicates edge alignment of hexagon.  

 

5.3.4. Hydrogen Effect and Cooling Rates on Nucleation 

 The effect of the hydrogen pre-treatment process on the formation of FLG domains is 

investigated. The reaction temperature was kept constant at 1000 °C with 3 minutes of growth time 

whilst varying the hydrogen pre-treatment time for 0, 60 minutes and 120 minutes. Figure 5.11(a) 

shows the SEM images of 0 minutes hydrogen pre-treatment sample with corresponding Raman 

spectrum shown in figure 5.11(d). No distinct G peak and 2D peak are observed in figure 5.11(d), 

which indicates that graphene or FLG does not nucleate without some form of hydrogen pre-

treatment in which the surface oxide on the Cu foil is removed. Figure 5.11(b) shows the SEM 

image for 60 minutes of hydrogen pre-treatment time with corresponding Raman spectrum shown 

in figure 5.11(e). A distinct G peak is seen at 1580 cm
-1

 and a 2D peak at 2700 cm
-1

 in figure 

10 µm 
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5.11(e), which indicates the FLG domains have nucleated. The nucleation density in figure 5.11(b) 

is about 0.25 (µm
-2

). The SEM image of the sample with 120 minutes of hydrogen pre-treatment is 

shown in figure 5.11(c) with corresponding Raman spectrum in figure 6(f), showing a G peak and 

2D peak. The nucleation density in figure 5.11(c) is about 0.19 (µm
-2

), similar to the sample with 

60 minutes of hydrogen pre-treatment. The variation of average nucleation density with respect to 

hydrogen pre-treatment time is shown in section 5.3.6. It shows the nucleation density is zero at 

none hydrogen pre-treatment time and has a maximum point at one hour hydrogen pre-treatment 

time.  

 

 

Figure 5.11. Hydrogen pre-treatment effect on nucleation of graphene domains: SEM image of (a) the 

sample with 0 minutes hydrogen pre-treatment. (b) The sample with 60 minutes hydrogen pre-treatment. (c) 

The sample with 120 minutes hydrogen pre-treatment. Raman spectrum: (d) the sample shown in panel a.  

(e) The sample shown in panel b. (f) the sample shown in panel c.  
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 Figure 5.12 shows the cooling rate effect on the nucleation of graphene films. The fast 

cooling rate is done by removing the quartz tube from the hot zone of furnace under the argon and 

hydrogen atmosphere with heating control off until the temperature comes down to room 

temperature. The natural cooling is done by remaining the quartz tube inside furnace while turning 

off the heating control under the argon and hydrogen atmosphere until the temperature comes 

down to room temperature. Figure 5.12(a) shows a 3 minutes growth time with fast cooling rate 

which is more homogenous nucleation, comparing with the natural cooling rate sample with 3 

minutes growth time, shown in figure 5.12(b). Figure 5.12(c) shows a 20 minutes growth time 

with fast cooling rate. The hexagonal FLG domains shown in figure 5.12(a) emerge into large area 

films with a few hexagonal FLG domains seen in the gap region. It is almost a homogenous film 

without much contrast variation in one Cu grain. Figure 5.12(d) shows a 20 minutes growth time 

with natural cooling rate, which has much larger variation in the contrast, which indicates the 

inhomogeneous thickness.   
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Figure 5.12. Cooling rate effect, SEM images of 1000 °C: (a) 3 minutes fast cooling rate (b) 3 minutes 

natural cooling rate (c) 20 minutes fast cooling rate (d) 20 minutes natural cooling rate. The scale bars from 

(a)-(d) are 10 µm, 10 µm, 20 µm, 10 µm, respectively.  

 HRTEM was performed to analyze the thickness and crystal structure of the large area 

graphene film shown in figure 5.12(c). Figure 5.13(a)-(c) shows the thickness of the 20 minutes 

fast cooling film is about 1-3 layers. Selective area electron diffraction (SAED) in figure 5.13(d) 

shows the graphene film remaining the AB Bernal stacking single crystal structure as the 

hexagonal FLG domains, which is shown in figure 5.6. This indicates the fast cooling rate could be 

preferable to fabricate the more homogenous thickness large area graphene film than natural 

cooling.   
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Figure 5.13. Thickness and crystal structure of large area graphene film grown at 1000 °C for 20 minutes 

with fast cooling rate: (a) monolayer (b) bilayers (c) Tri-layers (d) AB Bernal stacking single crystal. 

 

5.3.5. Effect of Cu Foil Quality on Graphene Nucleation 

From the study in section 5.3.1~5.3.4, the temperature effect, cooling rate effect, hydrogen effect 

on the nucleation of graphene has been studied. In this section, the Cu purity effect has been 

studied on graphene nucleation when 1000 °C and fast cooling are chosen as fixed parameters.  
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Figures 5.14(a) and 5.14(b) show low-magnification scanning electron microscope (SEM) images 

of Cu foils after 3 minutes exposure to methane at 1000 ºC for (a) 99.8% purity and (b) 99.999% 

purity. For the 99.8% Cu foil, macroscopic linear undulations are observed in the film, along with 

bumps in the surface texture. In comparison, the 99.999% Cu foil is free from deformations. 

Figure 5.14(a) shows several smaller Cu grains for the 99.8% Cu foil, whereas figure 5.14(b) 

shows the boundary of two large Cu grains. Figure 5.14(c) shows a low magnification SEM image 

(in-lens detector) of the FLG domains (seen as black contrast) grown on the 99.8% Cu foil after 3 

minutes exposure to CH4. A non-uniform distribution of the domains is observed and linear tracks 

of domains are produced along with clusters. The linear arrays of FLG domains correlate well with 

macroscopic deformations in the films surface likely induced by the rolling process. The higher 

magnification image in figure 5.14(d) shows the clustering of the FLG domains around regions 

containing impurities, shown by the bright white contrast. Figure 5.14(e) shows the same growth 

conditions but instead using the higher purity 99.999% Cu foil. A relatively homogenous 

distribution of FLG domains is achieved with minimal clustering. The higher magnification image 

in figure 5.14(f) shows reduced amounts of bright contrast spots associated with impurities and 

thus explains the decrease in the clustering of domains. The dark contrast in the centre of each 

graphene domains is the thicker region, forming the terraced structure.
283
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Figure 5.14. SEM images of (a) 99.8% purity 0.025 mm thick and (b) 99.999% purity 0.1 mm thick Cu 

foils. SEM images (in-lens detector) of few layer graphene with 3 minutes growth time on (c), (d) 99.8% 

purity 0.025 mm thick Cu foil, and (e), (f) 99.999% purity 0.1 mm thick Cu foil. The scale bars are 40 µm, 

40 µm, 40 µm, 2 µm, 40 µm, 2 µm, from (a)-(f) respectively. 

 

5.3.6. Nucleation Density Analysis 
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Figure 5.15. (a) The average nucleation density as a function of temperature at 0.5 hour hydrogen pre-

treatment. (b) The average nucleation density as a function of hydrogen pre-treatment time at 1000 °C. The 

error bar is the standard deviation value for the statistics of each data point.  

 

Method for calculating average nucleation density is as followed. The number of particles is 

counted for each SEM image. The area is calculated for each image as well. The nucleation 

density is calculated for each image by the definition that Nucleation density= number of particles/ 

area. The statistics are on the same temperature or the same hydrogen pre-treatment time to 

calculate the mean value and standard deviation for the average nucleation density with points 

indicating the mean value and error bar indicating the standard deviation value.  

 

Figure 5.15(a) shows the average nucleation density as a function of temperature. The maximum 

average nucleation density appears at 980 ºC, which indicates the maximum activity of the catalyst 

is around 980 ºC under the condition explored. Figure 5.15(b) shows the average nucleation 

density as a function of hydrogen pre-treatment time. It shows the nucleation density is zero at 
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none hydrogen pre-treatment time and has a maximum point at one hour hydrogen pre-treatment 

time.  The data extracted for calculating nucleation density are shown in figure 5.16-5.21.  

 

 

Figure 5.16. The SEM images as analyzed for determination of nucleation density as a function of 

temperature. Here temperature: 970 °C, 0.5 hour hydrogen pre-treatment. The scale bars from (a)-(e) are 2 

µm, 2 µm, 2 µm, 2 µm, 1 µm, respectively.  
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Figure 5.16 shows the SEM images of the samples of 970 °C reaction temperature and 0.5 hours 

hydrogen pre-treatment time. These SEM images are used for building up statistics on the average 

nucleation density at 970 °C. 

 

Figure 5.17. The SEM images as analyzed for determination of nucleation density as a function of 

temperature. Here temperature: 980 °C, 0.5 hour hydrogen pre-treatment. All the scale bars are 2 µm.  
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Figure 5.17 shows the SEM images of the samples of 980 °C reaction temperature and 0.5 hours 

hydrogen pre-treatment time. These SEM images are used for building up statistics on the average 

nucleation density at 980 °C. 

 

 

Figure 5.18. The SEM images as analyzed for determination of nucleation density as a function of 

temperature.  Here temperature: 990 °C, 0.5 hour hydrogen pre-treatment. All the scale bars are 2 µm.  
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Figure 5.18 shows the SEM images of the samples of 990 °C reaction temperature and 0.5 hours 

hydrogen pre-treatment time. These SEM images are used for building up statistics on the average 

nucleation density at 990 °C. 

 

Figure 5.19. The SEM images as analyzed for determination of nucleation density as a function of 

temperature and hydrogen pre-treatment time. Here temperature: 1000 °C, 0.5 hour hydrogen pre-treatment. 

The scale bars from (a)-(e) are 2 µm, 2 µm, 10 µm, 2 µm, 2 µm, respectively.  

 

Figure 5.19 shows the SEM images of the samples of 1000 °C reaction temperature and 0.5 hour 

hydrogen pre-treatment time. These SEM images are used for building up statistics on the average 

nucleation density at 1000 °C and for 0.5 hour hydrogen pre-treatment time.  
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Figure 5.20. The SEM images as analyzed for determination of nucleation density as a function of hydrogen 

pre-treatment time. Here: 1 hour hydrogen pre-treatment, 1000 °C. All the scale bars are 2 µm.   

 

Figure 5.20 shows the SEM images of the samples of 1000 °C reaction temperature and 1 hour 

hydrogen pre-treatment time. These SEM images are used for building up statistics on the average 

nucleation density for 1 hour hydrogen pre-treatment time.  
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Figure 5.21. The SEM images as analyzed for determination of nucleation density as a function of hydrogen 

pre-treatment time. Here: 2 hours hydrogen pre-treatment, 1000 °C. The scale bars from (a)-(e) are 2 µm, 2 

µm, 2 µm, 2 µm, 10 µm, respectively.  

 

Figure 5.21 shows the SEM images of the samples of 1000 °C reaction temperature and 2 hours 

hydrogen pre-treatment time. These SEM images are used for building up statistics on the average 

nucleation density for 2 hours hydrogen pre-treatment time.  
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5.3.7. Discussions 

 From the study in section 5.3, the mechanism of graphene nucleation and growth under the 

conditions used in our APCVD is quite different from previous reports using LPCVD, regarding 

the onset temperature, the shape of graphene domains and alignment of graphene on Cu foil. The 

carbon source (CH4) is decomposed by active Cu catalyst sites and forms CxHy radicals. The Cu 

surface and possibly a small region in the sub-surface are locally supersaturated with these CxHy 

radicals
 
to form polycyclic rings.

113, 205
 Then carbon radicals in other regions diffuse to attach to 

the polycyclic rings and make it grow larger into graphene.
113,205

 This is called surface adsorption 

process and approved by the isotope labelling study.
113

 In our case, no carbon radical could form 

below 940 °C. Thus, no graphene nucleates for the temperature below 940 °C. Within the 

temperature range between 950 °C and 960 °C, the diffusion velocity of the radicals is low due to 

the kinetics energy below or only a small amount above the diffusion barrier. This leads to the 

carbon radicals restricted in the localized region. Thus, only nanocrystalline graphite is produced 

within this temperature range rather than large area graphene domains. When the temperature is 

above 960 °C, the kinetics could be over the energy barrier for the efficient diffusion of carbon 

radicals to join the polycyclic ring for the growth of large graphene domains. The carbon radicals 

are no longer restricted within local region but diffuse over large areas. That’s why large graphene 

domains nucleate instead of nanocrystalline graphene for the temperature above 960 °C.  
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 From the first principal calculation, carbon-carbon interactions dominate the growth of 

graphene on Cu due to the relatively weaker surface diffusion barrier, comparing with other metals 

like Ir and Ru.
285

 Under this carbon-carbon interaction dominating growth, rather than carbon-

copper interaction, hexagonal shape of FLG forms due to its thermodynamically stable 

morphology. When reducing the pressure in CVD from atmospheric to relatively low, the kinetics 

of the system changes. This leads to the four lobe polycrystalline graphene domains instead of 

hexagonal shape. The activation energy is higher under atmospheric pressure than low pressure, 

thus the onset temperature of the graphene domains will be higher than the low pressure CVD, 

which is around 800 ºC.
286, 287

 The maximum nucleation density is 980 ºC, reflecting the 

temperature of maximum activity of the active sites on the Cu surface.  

 The millimetre scale alignment of the single crystal hexagonal FLG along their zig-zag 

edge crystallographic orientation is observed. This is different from the random orientation 

between four lobe polycrystalline graphene and Cu lattice.
208

 According to the first principles 

calculations, nucleation for Cu-catalyzed graphene is found on the crystal plane and the active sites 

are free-electron-like surface states in Cu.
18

 Surface irregularities (i.e. metal step edges and other 

defects) do not serve as centres for carbon adsorption and growth nucleation.
285

 This is different 

from low pressure CVD, in which graphene nucleates at Cu steps, pinning sites, and other 

imperfections.
208
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 Hydrogen has an essential role to remove oxide, which is catalytic silent. This will help to 

the exposure of the catalytic site to the carbon source. Also, hydrogen plays a role to initial the 

reaction.
288

 These are the reasons why no graphene domain nucleates without hydrogen pre-

treatment. The total amount of carbon should be the same before cooling it down. However, from 

our cooling rate study, it can deduct that more carbon precipitates out during the low cooing rate 

than the fast cooling rate. Inhomogeneous clustering of the graphene domains happens under 

natural cooling rate. The extra carbon between fast cooling rate and natural cooling rate sample 

should come from the dissolved carbon in Cu, similar as Ni for the nucleation of graphene.
113

 This 

indicates the carbon solubility in Cu is increased under the atmospheric pressure, comparing with 

low pressure. Thus, fast cooling rate is required for the homogenous nucleation of FLG, due to the 

insufficient time for the dissolved carbon to precipitate out.  

 

5.4. Alignment Rectangular Few Layer Graphene Domains on Copper Surface 

 

5.4.1. Alignment of Rectangular Few Layer Graphene Domains 

 Well-defined hexagonal single crystal FLG domains have been previously grown by AP-

CVD using Cu foils of 99.8% purity at a growth temperature of 1000 
o
C.

283,289 
Cu foils of 99.8% 

purity were also used in many other reports of CVD growth by the Ruoff group.
112-113, 275-277

 

However, we found that when using these 99.8% Cu films, the graphene nucleation is dominated 



209 
 

by impurities on the surface and mechanical deformations which are shown in figure 5.14. Higher 

quality Cu foils of 99.999% purity were used with increased thickness from 0.025 mm to 0.1 mm 

as they enable the true interplay between the graphene domains and the Cu atomic structure to be 

revealed because the artificial nucleation points that are prevalent on 99.8% Cu foils are greatly 

reduced. 

 Figure 5.22(a) shows the grain boundary between two Cu grains for a growth temperature 

of 980 ºC. Figure 5.22(a) shows rectangular shaped FLG domains on the brighter contrast left 

sided Cu grain (red arrow), whilst hexagonal shaped FLG domains form on the darker contrast 

right sided region (blue arrow) with an inset showing an individual hexagonal domain. The 

nucleation density in these two Cu grains is similar but the size of the domains is different. The 

nucleation density in the light contrast grain is ~0.42 µm
-2

 while the nucleation density in the dark 

contrast grain is ~0.47 µm
-2

. The higher magnification SEM image of rectangular shaped FLG 

domains is presented in figure 5.22(b) with an inset showing an individual rectangular domain. 

Some shape variations of FLG domains were also observed at 990 ºC, shown in figure 5.22(c). 

However, this was only a minor deviation from the predominant hexagonal shapes. Hexagonal 

FLG domains are seen in the lower left region on one Cu grain (red arrow) with an inset showing 

single domain in figure 5.22(c), whilst elongated FLG domains that lack faceting are observed on 

the other larger Cu grain (blue arrow). The higher magnification image of the elongated non-

faceted FLG domains is shown in figure 5.22(d) with an inset showing a single domain. In figures 
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5.22(a) and 5.22(c), the Cu grain boundary does not contain a larger proportion of FLG domains, 

indicating that it does not always act as a nucleation site for growth.
208

 The Raman spectra 

corresponding to figure 5.22(a) and (c) is shown in figure 5.4(d) and (e). Transmission electron 

microscopy and selected area electron diffraction analysis of FLG domains transferred onto TEM 

grids indicated the domains were single crystals, shown in figure 5.7. At growth temperatures of 

1000 
o
C, all FLG domains were hexagonal, indicating that the Cu lattice no longer affected the 

shape of domains. Lowering the temperature further to 970 
o
C led to reduced quality of FLG 

domains due to a decrease in the catalytic activity of the system. This indicates that a critical 

temperature of 980 
o
C is required to get optimized Cu-FLG interactions. The rectangular shaped 

FLG domains were also aligned in their orientation. Figure 5.23 shows a SEM image of a large 44 

µm x 30 µm area of aligned rectangular FLG domains with the red arrow indicating the direction 

of orientation of the domains. 
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Figure 5.22. SEM images of Cu grain effect on shape control of the nucleation of graphene domains: (a) 

Rectangular shaped (red arrow) and hexagonal shaped (blue arrow) FLG domains nucleated on different Cu 

grains at 980 ºC. Inset in bottom right shows a single hexagon. (b) The higher magnification image of the 

rectangular shaped FLG domains at 980 ºC. (c) Hexagonal shaped (red arrow) and non-faceted elongated 

(blue arrow) FLG domains nucleated on different Cu grains at 990 ºC. Inset in bottom right shows a single 

hexagon. (d) The higher magnification image of elongated non-faceted FLG domains at 990 ºC. The scale 

bars in (a)-(d) are 2 µm, 1 µm, 2µm, 2µm, respectively. Insets show individual domain respectively.  

  

Figure 5.23. SEM image showing alignment of rectangular shaped few layer graphene domains over a 

region of 44 µm x 30 µm, indicated by red arrow. 
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5.4.2. Mechanism for Formation and Alignment of Graphene Domains in Solid State 

Copper 

 

 

Figure 5.24. (a) SEM image shows two Cu grains associated with hexagonal or rectangular graphene 

domains, respectively. (b)  EBSD mapping of the region shown in panel a. The scale bar is 1 µm. (c) Colour 

key used to index the EBSD mapping in figure 5.24 and 5.25. (d) Atomic model of graphene on Cu (111), 

corresponding to the blue region in panel b.  The blue atoms are Carbon and red atoms are Cu.   
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 In order to understand why the FLG domains changed shape from hexagonal to 

rectangular across different Cu grains, electron backscatter diffraction (EBSD) was used to 

measure the orientation of the Cu crystal structure in the regions of FLG shape change. EBSD was 

performed by Dr Susannah Speller from the Department of Materials, University of Oxford. When 

measuring the EBSD, the sample was tilted 70° from the horizontal plane, the graphene samples 

will have different contrast on different Cu crystal plane. Figure 5.24(a) shows the SEM image of 

the boundary region between two Cu grains, on which hexagonal (right) and rectangular (left) 

shaped FLG domains are grown. SEM contrast features were observed to surround the rectangular 

FLG domains but not the hexagonal FLG domains, and were attributed to deformation caused by 

the stress in the Cu crystal induced by the FLG domains. EBSD analysis has been carried out on a 

region surrounding the boundary in figure 5.24(a). The map in figure 5.24(b) shows the orientation 

of the Cu crystal lattice relative to the sample normal direction superimposed on the secondary 

electron image, colour according to the key in figure 5.24(c). The blue Cu grain in figure 5.24(b) is 

a Cu (111) plane, on which the rectangular FLG domains are produced. The pink Cu grain in 

figure 5.24(b) is associated with hexagonal FLG graphene domains and is a higher index plane 

between Cu (111) and (001). We found that the rectangular shaped FLG domains were only 

produced on the Cu (111) surfaces, whilst hexagonal shaped FLG domains were produced on all 

other Cu surfaces, which will be shown in figure 5.25.  
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 Figure 5.24(d) shows an atomic model of graphene on the Cu (111) plane, which 

corresponds to the blue region in figure 5.24(a). A previous STM study shows the lattice of 

graphene is either strictly aligned with Cu (111) or with 7º misorientation angle with respect to the 

Cu lattice synthesized by LP-CVD.
209

 However, in that report random shapes of graphene domains 

were produced on Cu (111) by LP-CVD.
209 

The Cu (111) surface has 6 fold symmetry and a 

graphene lattice has 6-fold symmetry, but the resulting rectangular shaped FLG domains produced 

are 2 fold symmetric. The inter-atomic spacing of Cu atoms on a (111) surface is typically 0.148 

nm, whilst the C-C separation in sp
2
 bonded graphene is typically 0.142 nm leads to a small ~4% 

lattice mismatch between the graphene and copper surface and may lead to some strain in the 

system.
290

  The elongated direction of the rectangle FLG domain has faster growth kinetics than 

the shorter direction and thus 2 fold symmetry is produced.  

 Figure 5.25(a) shows a normal direction EBSD map of another area that contained eight 

different Cu grains with labels 1-8. The orientation of the sample normal direction in each grain 

can be indentified using the colour key in figure 5.24(c). The results in figure 5.24(a) suggest that 

green Cu grains with labels 3-4 are Cu (101) plane, while the red grains with labels 5-6 are Cu 

(001) plane. The orange (label 1) and yellow (label 2) grains are high index planes between Cu 

(001) and (101). The pink grains labelled with 7-8 are higher index planes between Cu (001) and 

(111). SEM images corresponding to each individual Cu grain in figure 5.25(a) are shown in figure 
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5.25(b)-(i) with the same label number as the grains. It is interesting to note that only hexagonal 

FLG domains were grown on all these Cu grains, although they are different Cu lattice planes.  

 

Figure 5.25. (a) EBSD mapping of another area containing eight Cu grains, which are labelled with numbers 

1-8. (b)-(i) SEM images labelled with 1-8 are corresponding to the FLG grown on the Cu grains labelled 

with 1-8 in panel a, respectively. The scale bars of all SEM images are 1 µm.  

 

 Alignment due to the direction of gas flow can be ruled out as a cause. This is because 

within the one sheet of Cu, the direction of graphene domain alignment varies from Cu grain to 
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grain, due to the variation in the relative orientation of the different Cu grains. Within one Cu 

grain, graphene domains are aligned. This indicates that the mechanism for alignment is the 

relationship between the atomic structure of the Cu and the growing graphene, along with the role 

hydrogen plays in forming faceted structures. Since Cu (111) and the graphene hexagonal lattice 

are both 6 fold symmetric, it is surprising that this leads to a 2-fold symmetric rectangular 

graphene structure. The observation of strain in the Cu surrounding the rectangular domains 

suggests the situation is more complicated as the atomic structure of the underlying Cu (111) 

surface is distorted by the presence of graphene and this may lead to a growth direction that has 

lower energy and faster kinetics, or conversely a direction where hydrogen is more effective at 

etching away carbon atoms from the edge of the graphene domain, slowing growth in this 

direction. It is hard to predict the exact effect that atomic defects in the Cu lattice will have on the 

shape change and alignment, apart from being sites where nucleation of graphene domains may 

occur. 

 Thus, the different kinetics of this catalytic reaction on Cu (111) is the direct reason for the 

formation and alignment of the rectangular graphene domains. The different kinetics can be 

affected by the crystal structure of Cu (111), dislocations, or other reasons like hydrogen partial 

pressure. Vlassiouk et al studied the role of hydrogen partial pressure in controlling the size and 

morphology of graphene domains.
288 

It is possible that hydrogen partial pressure play a role in 
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affecting the catalytic efficiency, and optimum temperature for the formation of various shapes of 

graphene domains.    

 From the study in section 5.4, it is clear that by reducing nucleation from impurities and 

improving the surface quality of the Cu foils it is possible to observe strong interactions between 

the atomic structure of Cu and the growth dynamics of graphene even at atmospheric pressures. 

The different growth kinetics on a Cu (111) plane in AP-CVD lead to aligned rectangular shaped 

single crystal FLG domains, rather than hexagonal domains. These results suggest that the Cu 

lattice is an important factor in the mechanism of graphene formation in AP-CVD and can be used 

to align polycrystalline domains in a 2D film and potentially reduce the effect of domain 

boundaries. By engineering Cu foil with a dominate (111) plane it could lead to large area 

formation of rectangular shape of graphene domains, which might exhibit interesting physics.   

 

5.5. Conclusions 

 

In summary, it is shown that a minimum temperature of 960 
o
C is required for the nucleation of 

micron sized FLG domains on 99.999% purity Cu foil at atmospheric pressure CVD (APCVD) 

using methane. Using the high purity foil leads to single crystal FLG domains with layer numbers 

between 2-4 layers at 1000 
°
C growth temperatures, similar to the results from lower purity 99.8% 

foils. Reducing the temperature of growth from 1000 °C to 990 °C leads to FLG domains 
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orientated over distances of up to 5 mm along the large scale zig-zag direction of graphene. It is 

necessary to have hydrogen pre-treatment for the nucleation of FLG domains. The fast cooling rate 

is required to fabricate the homogenous graphene films. These results show that slight variation in 

growth temperature can lead to significant variation in the FLG domains formed. By getting 

deeper understanding of the growth mechanism of graphene on Cu foil in APCVD, it could help to 

improve the quality of large area polycrystalline graphene film for commercialization of graphene 

based electronics with low cost.  

 

 Also, I have shown for the first time that a morphology transition of micron sized FLG 

domains from hexagonal to rectangular shape on 99.999% purity Cu foil at atmospheric pressure 

CVD (AP-CVD) using methane at 980 °C. The growth of hexagonal FLG domains is driven by the 

6-fold symmetry of the graphene lattice thermodynamically, while the growth of rectangular FLG 

domains is heavily influenced by the different growth kinetics on Cu (111) plane. With the 

possibility of engineering Cu lattice planes on the foil to control the interplay between graphene 

and Cu, it may be possible to fabricate large area graphene films with improved carrier mobility 

due to its shape control and large scale alignment. This may pave the way for better quality 

graphene based electronics.  
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Chapter 6: 

Large Area Single Crystals of Graphene on 

Melted Copper using Chemical Vapour 

Deposition  

 

6.1. Introduction  

 

In chapter 5, the growth dynamics of few layer graphene domains on Cu by APCVD has been 

studied. The nucleation and alignment of the graphene domains on solid state Cu were studied to 

answer the open question 3. It is found that the alignment of graphene domains on solid state Cu 

depends on specific Cu planes. Larger scale alignment of hexagonal or rectangular graphene 

domains is needed to overcome the polycrystalline nature of the CVD graphene. A more universal 

way is needed to get larger scale alignment which will lead to large area single crystals. Liquid Cu 

is considered as a better candidate to achieve this goal. In this chapter, a novel method is 

investigated to fabricate large area single crystal 2D atomic crystals with low cost using APCVD 

with open question 4 answered.   
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The key challenge for implementing graphene in applications is the ability to routinely fabricate 

large single crystal graphene domains within a continuous 2D film. Chemical vapour deposition 

(CVD) using copper as a metal catalyst is a promising route towards this goal.
276-277, 279, 283, 290-293

 

However, the quality for graphene grown by CVD is generally not as good as those exfoliated 

from graphite due to the small grain size and thus high amount of grain boundaries and defects.
4, 

294-296
 Improving the size of graphene domains is generally achieved by reducing the number of 

nucleation sites.
297

 Recent work has shown that preparation of the copper surface is crucial to 

reducing nucleation sites.
297-298

 The nucleation sites are often associated with surface roughness, 

impurities and copper grain boundaries.
208

 Electro-polishing of the copper foils has been shown to 

improve the size of graphene domains.
298

 Large sized graphene domains have been grown using 

low-pressure CVD by adopting the parcel approach, where a copper foil is folded into a small 

parcel to reduce the amount of methane entering and also provide a better environment for 

growth.
277

 The large graphene domains grown by this method adopt a flower like shape. Ideally it 

would be beneficial to grow large domains with hexagonal geometry, rather than flower geometry, 

as these are known to be single crystal, and will have more uniform edge termination of the 

graphene lattice.
279, 283, 290-293

 This is important when considering the interface of graphene domains, 

which will be more complicated when two flower shaped domains connect as compared to two 

hexagonal domains.
292 
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An alternative method of obtaining graphene domains with increased size has been to use 

graphene seeds as preformed nucleation sites.
291-292

 This was achieved by first growing graphene 

using conventional CVD methods on copper, then using lithography to pattern seeds at regular 

intervals. Whilst this is a powerful method of control, it requires substantially more effort and time 

to obtain larger domain graphene as compared to a one-step direct growth on copper foil approach. 

 

Here a simple one-step method is presented to grow graphene on copper with single crystal sizes 

exceeding 200 m. This is achieved by performing the growth at 1090 
o
C, whereby the copper 

melts and forms a liquid state. Since the growth of graphene on copper is primarily a surface 

driven process, it does not require it to be in a solid form. It is shown that control of the supplied 

hydrogen during growth is essential for large graphene crystal sizes, indicating that it plays a 

major role in the catalytic process of graphene formation.
288

 A wide range of parameters have been 

explored and here the key synthesis details that lead to desirable large domain graphene are 

reported.  

 

6.2. Growth Dynamics and Transfer of Graphene on Melted Cu by CVD 

 

6.2.1. Design of Novel Synthetic Method to Fabricate Graphene 
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Figure 6.1. Schematic illustrations showing (a) balling of copper on silicon and (b) flat thin film of copper 

on molybdenum, after heating to melted phase (1090 
o
C and cooling). (c) Photo of thin copper film on a 

molybdenum support after heating to melted phase and cooling. 

 

In chapter 5, the growth mechanism of graphene on solid state Cu has been studied. The seamless 

merging of these aligned domains will have great possibility to produce large area single crystals. 

Thus, obtaining larger alignment of the hexagonal or rectangular graphene domains than on the 

solid state Cu is the key. In order to maintain the 2D flat nature of graphene on melted Cu, a flat 

copper surface is required. A molybdenum foil support was used to achieve this goal due to its 

wetting properties to Cu. This prevented balling of the copper that occurs if the reaction is 

performed on quartz, silicon, or other non-wetting supports, shown schematically in figure 6.1(a) 

and 6.1(b). Figure 6.1(c) shows a photo of the sample after such a procedure with the copper well 

spread across the Mo supporting film.  
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The experimental details are described as followed. The copper foil (99.999% purity, 0.1mm thick, 

Alfa Aesar) is placed on a Mo or W support (0.1mm thick) and positioned in a 1 inch quartz tube 

within a horizontal furnace. After purging the whole system with argon gas, it is then heated up to 

1090 
o
C under argon flow (200 sccm), which flow rate is remained as it is during the whole CVD 

process. Then the Cu is reduced in hydrogen (100 sccm) (1:3 H2:Ar mix) at 1090 
o
C for 30 

minutes. The flow rate of hydrogen during growth was then adjusted among 10, 40, and 80 sccm 

and maintained as it is during growth and cooling stages. After this, CH4 (10 sccm of 1:99 CH4:Ar 

mix) was added for a desired period of growth time, which as adjusted among 15, 45, and 90 

minutes. After reaction in CH4, the samples were rapidly cooled by removing from the hot zone of 

the furnace and allowing cooling to room temperature under the argon and hydrogen atmosphere.  

 

6.2.2. Variation in Graphene Growth by Increasing Hydrogen Flow Rate 

In order to find the optimized condition for producing monolayer graphene, a systematic study has 

been pursued on the role of hydrogen for controlling the formation of graphene, since hydrogen 

both acts as an activator for graphene growth and as the etching agent to control the shape of 

graphene.
288

 SEM images were used to examine the morphology of graphene domains using the 

in-lens detector on a Zeiss NVision SEM:FIB operating at 2 kV. Raman spectra were acquired to 

examine the thickness using a JY Horiba Labram Aramis imaging confocal Raman microscope 
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with a 532 nm frequency doubled Nd:YAG laser and subtracting the broad copper background 

signal.  

 

 

Figure 6.2: SEM images of graphene grown at 1090 ºC with a 10 sccm H2 flow rate for times of (a) 15 

minutes, (b) 45 minutes, (c) 90 minutes growth time, with corresponding Raman spectra, (d) 15 minutes, (e) 

45 minutes, (f) 90 minutes. 

 

The flow rate of hydrogen was first applied as 10 sccm. Figure 6.2(a)-(c) show the SEM images of 

graphene samples with different growth time ((a) 15 min, (b) 45 min and (c) 90 min) with 10 sccm 

H2. The edges of the film in figure 6.2(b) were highly jagged, which was not the case for the 

samples with increasing hydrogen flow rate such as 40 sccm and 80 sccm flow rate shown later. 

Increasing the flow rate of hydrogen will lead to less jagged edges. The graphene domains merge 

into continuous film after 90 minutes growth time. The corresponding Raman spectra are shown in 



225 
 

figure 6.2(d)-(f). This indicates the 90 minutes sample with 10 sccm hydrogen is few layer 

graphene. It is thicker than the 90 minutes sample with 80 sccm hydrogen, which is monolayer, 

shown in section 6.3. 

 

 

Figure 6.3: SEM images of graphene grown at 1090 ºC with a 40 sccm H2 flow rate for times of (a) 15 

minutes, (b) 45 minutes, (c) 90 minutes growth time, with corresponding Raman spectra, (d) 15 minutes, (e) 

45 minutes, (f) 90 minutes.  

Then the hydrogen flow rate was increased to 40 sccm. SEM images of graphene samples grown 

with only of 40 sccm H2 are shown in figure 6.3 as compared to 80 sccm, which is the optimized 

condition shown in section 6.2.4 and section 6.3, with growth times of (a) 15 min, (b) 45 min and 

(c) 90 min. All other parameters were kept the same. The shape of the domains has changed 

slightly to a star shaped, compared to the highly hexagonal domains produced with 80 sccm H2 

flow rate. The domains eventually merge into a continuous film for 90 minutes growth. The 

corresponding Raman spectra are shown in figure 6.3 (d)-(f). The 2D:G ratio in the Raman spectra 
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for 45 min and 90 min growth times is less than 1, indicating they are likely to be few layer 

graphene. This is thicker than the 90 minutes sample with 80 sccm hydrogen, which is monolayer 

graphene. 

 

6.2.3. Variation in Graphene Growth by Increasing Argon Gas Flow Rate 

In order to explore how the growth dynamics were influenced by increasing the argon gas, the 

argon gas flow was increased from 200 sccm to 1 l/min to buffer the flow of both H2 and CH4 

during the whole process. This effectively increases the overall flow rate of the reaction. The 

growth conditions were described as followed. The copper foil (99.8% purity 0.025mm thick) is 

placed on a Mo support (0.1mm thick) and positioned in a 1 inch quartz tube within a horizontal 

furnace. It is then heated up to 1000 
o
C under argon flow (1 l/min) rather than 200 sccm Ar used in 

section 6.2.2 and then reduced in hydrogen (1:3 H2:Ar mix) for 25 minutes. The temperature is 

then increased to 1090 
o
C and CH4 added (10 sccm of 1:99 CH4:Ar mix) for the desired period of 

time. Reaction parameters explored were adjusting the flow rate of hydrogen (5, 20, 80 sccm) 

during growth and the length of growth time. After reaction in CH4, the samples were rapidly 

cooled by removing from the hot zone of the furnace and allowing cooling to room temperature.  

 

For a growth time of 3 minutes, no graphene was produced with only 5 sccm of volume ratio 1:3 

H2:Ar gas mix during growth. Figure 6.4 shows (a) – (c) SEM images and (d) Raman spectra for 
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samples with 3 minutes growth time and 20 sccm of 1:3 H2:Ar gas mix. After only 3 minutes 

growth time hexagonal shaped domains were produced with domain size in excess of 20 µm. 

Figure 6.4(a) shows a larger number of domains that have merged together. Approximately 11 

domains that have merged together are shown in figure 6.4(b) and an isolated individual domain is 

shown in figure 6.4(c). Raman spectra of the domains which are still on the copper is shown in 

figure 6.4(d) and with the I2D:IG ratio of 1.32 and a Lorentzian FWHM of 30.4 cm
-1

, indicating 

these domains are primarily monolayer. A central region of dark contrast is apparent in the SEM 

for some of the domains. It is likely that this region is a small area containing more layers of 

graphene and is the nucleation site for the domain. This central feature is generally present for 

samples with short growth times, but disappears for longer times. A possible explanation is that 

longer growth time results in hydrogen etching of the top graphene layers and the preferential 

growth of the bottom monolayer.  
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Figure 6.4. (a) – (c) SEM images of graphene grown with 20 sccm of hydrogen for 3 minutes. (d) Raman 

spectrum taken from a single graphene domain grown with 20 sccm of hydrogen for 3 minutes.  

Figure 6.5 shows the effect of increasing the hydrogen flow from 20 sccm to 80 sccm, whilst 

retaining the 3 minute growth time. The SEM images in figures 6.5(a)-6.5(c) show better defined 

hexagonal domains than those in figure 6.4, indicating the extra hydrogen leads to sharper edges. 

Again a small dark contrast spot is observed in many of the central regions of the domains. Figure 

6.5(c) shows a single isolated domain without the dark central spot and a point-to-point diameter 

of 41 µm. The Raman spectrum presented in figure 6.5(d) from these domains shows a 2D:G ratio 

of 1.44 and Lorentzian FWHM of 40.4 cm
-1

, indicating it is primarily monolayer graphene. 
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Figure 6.5. (a) – (c) SEM images of graphene grown with 80 sccm of hydrogen for 3 minutes. (d) Raman 

spectrum taken from a single graphene domain grown with 80 sccm of hydrogen for 3 minutes.  

Next the growth time was increased to 30 minutes. The SEM images of large hexagonal graphene 

domains grown with 20 sccm of hydrogen flow are shown in figures 6.6(a)-(c). The Raman 

spectrum in figure 6.6(d) shows a I2D:IG ratio of 2.03 and Lorentzian FWHM of 25.6 cm
-1

, 

indicating the graphene domains are primarily monolayer. Figure 6.6(b) shows that a domain size 

of at least 100 µm is achievable. The edges of the hexagonal domains are not as well defined as 

those in figure 6.5, but are similar to those grown with 20 sccm of hydrogen for only 3 minutes in 

figure 6.4.  
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Figure 6.6. (a) – (c) SEM images of graphene grown with 20 sccm of hydrogen for 30 minutes. (d) Raman 

spectrum taken from a single graphene domain grown with 20 sccm of hydrogen for 30 minutes.  

Figures 6.7(a)-(c) show the SEM images of large hexagonal graphene domains grown with 80 

sccm of hydrogen flow for 30 minutes duration. Figure 6.7(b) shows a domain in the bottom left 

with point-to-point diameter of ~100 µm, with a total area of ~6550 µm
2
. The Raman spectrum in 

figure 6.7(d) shows a I2D:IG ratio of 1.2 and Lorentzian FWHM of 30.2 cm
-1

, indicating that it is 

primarily monolayer. The hexagonal graphene domains grown with 80 sccm of hydrogen have 

sharper defined edges compared to those grown with 20 sccm of hydrogen, indicating that the 

hydrogen plays a role in defining the regularity of the edges. For growth with only 5 sccm of 

hydrogen, no graphene was produced even for 30 minutes duration.  
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Figure 6.7. (a) – (c) SEM images of graphene grown with 80 sccm of hydrogen for 30 minutes. (d) Raman 

spectrum taken from a single graphene domain grown with 80 sccm of hydrogen for 30 minutes. 

 

6.2.4. Optimization Growth for Producing Monolayer Graphene 

After exploring a wide range of experimental parameters, it is found that using a flow rate of 80 

sccm of hydrogen and 10 sccm of CH4 with 200 sccm Ar led to the best results in terms of 

producing monolayer graphene of which the characterization result will be shown in section 6.3. 

Reducing the flow rate of hydrogen led to faster growth rates, but thicker films, which is shown in 

section 6.2.2. After 15 minutes of growth time with 80 sccm of hydrogen with 200 sccm Ar, the 

reaction was stopped, and this resulted in well-defined hexagonal graphene domains, shown in 

figures 6.8(a) and 6.8(b), plus the inset in 6.8(b). The nucleation density was low and this enabled 
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large domains to grow. Two different size ranges are observed, namely large domains greater than 

100 µm and smaller domains between 20-40 µm. Surprisingly, the hexagonal domains were self 

aligned in their orientation which indicates in the red arrow. For 15 min growth a continuous film 

was not produced, only isolated domains. Figures 6.8(c) and 6.8(d) show SEM images of the 

graphene after 45 minutes of growth, and a continuous film was observed. Figures 6.8(e) and 

6.8(f) show the SEM images for 90 minutes of growth, and a continuous film was also produced. 

The major difference between the 45 and 90 minute growth samples is that the 90 minutes growth 

showed less contrast variation in SEM, which may indicate more uniform layer coverage or 

reduced amounts of amorphous carbon on the surface. The SEM images in figures 6.8(c), 6.8(e) 

and 6.8(f) were intentionally taken in regions near the edge of the copper where the graphene films 

had ruptured or not fully covered to the edge, so that some contrast can be observed in the images. 

For 45 and 90 minutes of growth more than 90% of the copper is covered with a continuous film, 

with only the edges of the copper deviating.  Samples can be easily trimmed around the edges to 

remove these broken bits to leave a fully continuous 2D film of graphene. Figure 6.8(g) shows a 

high magnification SEM image of the fully continuous region of the graphene film. Colour is used 

to highlight variation in contrast that arises due to changes in the number of graphene layers. Lines 

of contrast associated with wrinkles in graphene due to cooling are observed. Apart from the 

wrinkles, the overall contrast of the graphene is uniform. 
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Figure 6.8. SEM images of graphene produced with 80 sccm hydrogen flow rate for growth times of (a)-(b) 

15 minutes (inset shows hexagonal graphene domain with 20 µm scale bar), (c)-(d) 45 minutes, and (e)-(f) 

90 minutes. (g) High magnification SEM image of graphene on copper produced with 90 minutes growth 

time. Colour is used to highlight contrast variation. Arrows indicate typical wrinkles in the graphene film. 

 

6.2.5. Comparison of Molten Cu and Solid State Cu Catalyst 
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In order to show the advantages of melted Cu over solid state Cu, a comparison study was 

performed on solid state Cu. This synthetic experiment was done by Kuang He in Department of 

Materials, Oxford. In figure 6.8(e)-6.8(f), it has shown that 90 minutes of growth time at 1090 
o
C 

under conditions of 10 sccm of methane, 80 sccm of hydrogen and 200 sccm Ar, led to continuous 

monolayer graphene films. Here, the same growth conditions are employed, but with the 

temperature at 1000 
o
C, which is below the melting point (1060 

o
C) of Cu, and thus the copper is 

not molten.  A typical SEM image of such a graphene film produced at 1000 
o
C for 90 minutes 

growth is shown in figure 6.9. It appears to contain more contrast variation than the one produced 

with the molten copper. The major difference is in the Raman spectra. Figure 6.10 shows 4 Raman 

spectra taken from random locations within the film. All Raman spectra showed 2D peak 

intensities lower than the G peak, indicative of few layer graphene. Comparison with figure 6.7(d)  

shows the difference in growth between the two temperatures. 
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Figure 6.9. Typical SEM image of a region of a continuous graphene film produced with 90 minutes growth 

time at 1000 
o
C, with 10 sccm of CH4 and 80 sccm of H2. 

 

Figure 6.10. Raman spectra taken from random locations within the few layer graphene film shown above in 

figure 6.9. 

 

6.2.6. Clean Transfer of Graphene  
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6.2.6.1. Method 

A PMMA supportive scaffold (8% wt. in anisole, 495k molecular weight) was spin cast onto the 

graphene surface on the copper/molybdenum substrate after growth. A spin speed of 4700 rpm was 

used for 60 seconds, with the film then cured by heating at 180 °C for 90 seconds. Then the 

underlying copper/molybdenum film was etched away in 100ml of iron (Ш) chloride solution with 

0.3 ml hydrochloric acid for 3 days. The graphene/PMMA film was then rinsed in deionised (DI) 

water several times until the water was colourless (i.e no more iron chloride is present). The 

graphene/PMMA film was transferred to a solution of hydrochloric acid (30%) for 5 minutes to 

remove any remaining iron chloride residue and then transferred to a DI water bath to remove the 

residue of hydrochloric acid. The graphene/PMMA film was then transferred onto Si3N4 TEM 

grids. The PMMA is finally removed using either acetone to dissolve it, or a combination of 

heating in air and in vacuum at temperatures below 400 
o
C.  

 

6.2.6.2 Optical Contrast of Graphene Transferred onto Si:SiO2 Substrates 

Optical microscopy was used to examine the graphene after transfer. Graphene grown for 90 

minutes was transferred using a PMMA support onto a silicon substrate that has a 300 nm SiO2 

surface layer. The sample was heated at 150 
o
C for an hour to adhere the graphene to the substrate 

and then immersed in acetone solution for 2 days to remove the PMMA, followed by annealing 

under vacuum at 300 
o
C for 2 hours to remove any surface contaminants. Similar procedure was 
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performed for few layer graphene grown at 1000 
o
C.

283
 The optical images of graphene samples 

transferred onto silicon for graphene grown for 90 minutes at 1090 
o
C are shown in figure 6.11(a)-

(d). Figure 6.11(e) is the same image as in figure 6.11(a) but with the contrast and brightness 

adjusted with an arrow indicating the crack on graphene film, and figure 6.11(f) is graphene grown 

at 1000 
o
C.

283
 The optical images were taken in regions where holes in the film were present to 

demonstrate the contrast of graphene relative to the background. In figures 6.11(a) – (d), the area 

covered by graphene appears as blue. The contrast from the regions covered with graphene is 

uniform, apart from a long range variation due to the uneven illumination intensity of the light. No 

distinct steps in contrast are visible, (apart from the monolayer graphene relative to the uncovered 

area), that would be associated with increasing layer thickness from monolayer to bilayer 

graphene. However, the sample prepared at a temperature of 1000 
o
C, which is known to have 

smaller domains and variation in the number of layers, shows significant variation in contrast 

across the image in figure 6.11(f). 
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Figure 6.11. Optical images of graphene transferred onto a Si substrate with 300 nm oxide layer for (a)-(d) Graphene 

grown for 90 minutes at 1090 oC. (e) Same image as in (a) but with adjusted contrast. (f) Graphene grown at 1000 oC 

and transferred.  
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6.3. Characterization of Large Area Single Crystal Monolayer Graphene 

 

6.3.1. Thickness Identification  

6.3.1.1. Raman Mapping  

In order to examine the thickness of graphene produced with the optimized condition described in 

section 6.2.4, Raman spectroscopy was performed on these 3 graphene samples. Figures 6.12(a), 

6.12(b), and 6.12(c) show the graphene samples with growth times of 15, 45 and 90 minutes 

respectively. In figure 6.12(a), Raman peak 2D:G ratio is less than 1 which indicates the hexagonal 

domains are likely to be more than one layer. In comparison, figures 6.12(b) and 6.12(c) show that 

the 2D:G ratio of Raman peaks is greater than 1, which indicates the graphene is between 1-2 

layers. Further evidence will show that the 90 minute growth time (Figure 6.12(c)) is monolayer 

graphene and the attention is focussed on characterizing this sample in depth. 2D Raman 

spectroscopy mapping was performed with the sample grown for 90 minutes and extracted the 

intensity ratio of the 2D:G peaks and FWHM of the 2D peak as figures of merits for examining the 

thickness of graphene layers. The small area Raman mapping of graphene on Cu was performed 

first in a 20x20 µm with a step of 2 µm which are shown figure 6.12(d)-(e). Figure 6.12(d) shows 

the 2D map of the 2D:G intensity ratio, with values ranging from 2.5 – 6.5. The 2D map of the 

FWHM of 2D peak is extracted, which is shown in figure 6.12(e) with values ranging between 21 

– 36 cm
-1

. The important point to gather from figure 6.12(d) is that the 2D:G intensity peak ratios 
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are greater than 1, which indicates monolayer graphene.
181

 Even considering the possible 2D peak 

broadening of graphene on Cu,
299

 FWHM value range is less than 40 cm
-1 

, which supports the 

notion that monolayer graphene is produced.
181

 Thus, monolayer graphene is produced in this 

20x20 µm region.  

 

In order to examine the thickness over a larger area a 2D Raman map of graphene on the copper 

after 90 minutes growth at 1090 
o
C taken over a 100x100 µm large area, in steps of 4 µm, was 

done, which is shown in figure 6.12(f)-(g). The 2D map of the 2D:G intensity ratio is shown in 

figure 6.12(f) with range from 2 to 10, while the FWHM of 2D peak is ranging from 3-32 cm
-1

 in 

figure 6.12(g). The 2D:G intensity ratio is greater than 1 and the FWHM of 2D peak is less than 40 

cm
-1

, which both indicate monolayer graphene is produced in this 100x100 µm large region.
181

 The 

reason why longer growth time (90 minutes) gives monolayer but short growth time gives 

multilayer graphene is because the hydrogen acting as an etchant can eat more top layers when 

grow longer.
204
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Figure 6.12. Raman spectra of points taken on copper after growth times of (a) 15 minutes, (b) 45 minutes, 

and (c) 90 minutes, (copper background subtracted for all spectra); Small area Raman mapping: (d) 2D map 

(20x20 µm, 2 µm step) of the 2D:G peak ratio of 2D peak of graphene grown for  90 minutes at 1090 
o
C on 

copper. (e) 2D map (20x20 µm, 2 µm step) of the FWHM of 2D peak of graphene grown for  90 minutes at 

1090 
o
C on copper. Large area Raman mapping: (f) 2D map (100x100 µm, 4 µm step) of the 2D:G peak 

ratio of graphene grown for  90 minutes at 1090 
o
C on copper. (g) 2D map (100x100 µm, 4 µm step) of the 

FWHM of 2D peak of graphene grown for  90 minutes at 1090 
o
C on copper.  
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Figure 6.13. (a) Typical Raman spectrum of points taken from graphene grown for 90 minutes at 1090 
o
C 

and then transferred onto a SiO2:Si substrate.(b) 2D map (200x200 µm, 8 µm step) of the 2D:G intensity 

ratio for graphene grown for 90 minutes at 1090 
o
C and then transferred onto a SiO2:Si substrate. (c) 2D map 

(200x200 µm, 8 µm step) of the FWHM of 2D peak of graphene grown for 90 minutes at 1090 
o
C and then 

transferred onto a SiO2:Si substrate.  

 

In comparison, Raman spectroscopy was also performed with graphene transferred from Cu. A 

typical Raman spectrum of the graphene on the SiO2:Si substrate is presented in figure 6.13(a). 

Figure 6.13(b) shows a 2D map of 2D:G ratio after transferring onto a SiO2:Si substrate over a 

200x200 µm area with 8 µm steps. The 2D Raman maps show that the 2D:G ratio, ranging from 2 

to 6, is greater than 1 on the sample, indicating the sample is monolayer over this vast region after 

transferring from Cu to SiO2:Si substrate.
181

 The FWHM of 2D peak, ranging from 2 to 36 cm
-1

 in 
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figure 6.13 (c), is less than 40 cm
-1

, indicating the sample is monolayer over this vast region on 

SiO2:Si substrate.
181

  

 

The Raman background noise difference between Cu (figure 6.12(a)-(c)) and Si (figure 6.13(a)) is 

due to the different interactions between graphene and substrates.
299-302

 The weak Van de Waals 

interaction between graphene and Si or SiO2 substrate enhances the reflection of photons which 

will lead to better signal to noise ratio.
300-301

 This is the reason why Raman spectroscopy of 

graphene is normally done after transferring to Si or SiO2 substrate in the literature, which has 

similar spectrum as shown in figure 6.13 (a). However, the transfer of graphene will inevitably 

bring some defects or wrinkles, which is not the intrinsic nature of the graphene on Cu. Although 

the strong plasmonic effect exists between graphene and Cu,
302

 which causes the lower signal to 

noise ratio and background noise, shown in figure 6.12(a) to (c), it preserves the intrinsic nature of 

pristine graphene directly grown on Cu. By doing Raman spectrum of graphene directly on Cu can 

even reveal the strains between graphene and Cu lattice.
299

 Normally the 2D peak of graphene on 

Cu will be broadened compared with graphene transferred onto SiO2.
299

 Both Raman studies, 

shown in figure 6.12 and 6.13, give strong evidence that the graphene produced by this method is 

monolayer over a 200x200 µm area.  
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6.3.1.2. Electron Beam Sputtering and Direct Imaging 

 

Figure 6.14. Electron beam irradiation of (a) monolayer graphene produced at 1090 ºC, for 90 minutes 

growth, and 80 sccm. (b) Few layer graphene produced at 1000 
o
C with methods described in chapter 5.  

In order to give further evidence that the graphene produced from 90 minutes growth was 

monolayer, Dr. Jamie H. Warner performed imaging of the atomic structure using the Oxford-

JEOL-2200MCO FEG Cs aberration-corrected HRTEM at an accelerating voltage of 80 kV. When 

examining graphene using aberration corrected HRTEM at an accelerating voltage of 80 kV, the 

number of graphene layers can be counted by a combination of sputtering and imaging.
303

 

Focusing the electron beam produces holes in the back graphene sheet for few layer graphene. 

Figure 6.14(a) shows holes sputtered into graphene grown for 90 minutes at 1090 
o
C with 80 sccm 

of hydrogen gas flow described in section 6.2.4. The holes open up to vacuum, indicating it is 

monolayer graphene. Figure 6.14(b) shows the same procedure undertaken with multilayer 

graphene produced using copper in its solid state (i.e growth at 1000 
o
C).

283
 The hole in the back 
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monolayer does not open to vacuum, but instead to another graphene layer. Thus, this is not 

monolayer graphene.  

 

6.3.1.3. Selective Area Electron Diffraction 

 

Figure 6.15. Selected area electron diffraction patterns from graphene with 90 minutes growth time at tilt 

angles of (a) 0 
o
, (b) 5 

o
, (c) 10 

o
, (d) 15 

o
, and (e) 20 

o
. (f) – (h) shows the line profiles for 0 

o
, 10 

o
 and 20 

o
 

degree tilt angles respectively. (i) The intensity of the {1 2 10} and {0110} peaks relative to the background 

for angles up to 21 
o
, in 1 

o
 intervals. (j) Full-width at half maxima as a function of tilt angle, obtained from 

Gaussian fits to the {0110} and the {1 2 10} SAED peaks in the line profiles. 
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Further evidence on the thickness of graphene was provided by using selected area electron 

diffraction pattern as a function of tilt angle. The experiment was done by Dr. Jamie H. Warner at 

University of Oxford using the Oxford-JEOL-2200MCO FEG Cs aberration-corrected HRTEM at 

an accelerating voltage of 80 kV. The intensity of the {1 2 10} and {0110} spots in a selected area 

electron diffraction pattern from monolayer graphene as a function of tilt angles are different 

compared to bilayer and other few layer graphene samples. As monolayer graphene only has the 

zero order Laue zone, the intensity of diffraction peaks should monotonically decrease but without 

large fluctuation as the function of the tilting angles, in comparison of the large fluctuation with 

singularities for the case of bilayer graphene.
17

 The peak widths should increase with tilting angles 

and proportionally to the peaks’ position in reciprocal space for monolayer graphene.
17

  

 

Figure 6.15 shows such a study with graphene produced with 90 minutes growth time. The SAED 

patterns taken from graphene at tilt angles of (a) 0
o
, (b) 5

o
, (c) 10

o
, (d) 15

o
, and (e) 20

o
 are shown 

in figures 6.15(a)-6.15(e) respectively. A colour ‘green’ LUT (lookup table) is used to enhance 

contrast by using Image J software. The red box in figure 6.15(a) shows the area used for a line 

profile analysis, i.e intensity Vs distance. Figures 6.15(f) – 6.15(h) show the line profiles for 0, 10 

and 20 degree tilt angles respectively. The intensity of the {1 2 10} and {0110} peaks relative to 

the background was determined and plotted in figure 6.15(i) for angles up to 21
o
, in 1

o
 intervals. 

The intensity of both peaks follows the expected trend for monolayer graphene with no large 
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swings in value, and just a smooth reduction in overall intensity. Figure 6.15(j) plots the full-width 

at half maxima (FWHM) as a function of tilt angle, obtained from Gaussian fits to the {0110} and 

{1 2 10} SAED peaks in the line profiles. As expected for monolayer graphene, the FWHM 

increases with tilt angle.
17

 Analysis of the intensity of the SAED spots as a function of tilt angle 

confirmed the graphene was monolayer and not bilayer. 

 

6.3.2. Crystal Structure Examination 

The clean transferred graphene on Si3N4 (denoted SiN) TEM grids that contained an array of 2.5 

µm holes with 2.5 µm in diameter and a pitch of 4.5 µm, is shown in the optical image in figure 

6.16(a). Figure 6.16(b) shows a low magnification TEM image of the holes with labeling of X, Y 

and Z axis to form a labeling system for identification of specific holes within the grid. Focused 

electron beam irradiation is known to open up holes in graphene layers, one by one, enabling the 

counting of layers. It is found that all the graphene examined using HRTEM was purely 

monolayer, with no signs of small extra bilayer that are often found in the CVD growth of 

graphene with solid copper catalysts. Figure 6.16(c) shows a HRTEM image of a typical region of 

graphene with two holes sputtered by electron beam irradiation. These holes directly open to 

vacuum and show that the graphene is monolayer. The small disorder in the graphene film is 

caused by the electron beam irradiation and not intrinsic to the film. During the extensive HRTEM 

investigation of more than 50 individual 2 µm windows in the TEM grid, no signs of noticeable 
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grain boundaries or any intrinsic large scale defects or disorder were found. In order to elucidate 

the typical crystallite size within the 2D film the selected area electron diffraction (SAED) pattern 

was measured from graphene along 45 consecutive windows of the TEM grid in the x-axis 

direction, starting from the 0 point in figure 6.16(b). Figure 6.16(d) shows the SAED patterns for 

several hole windows, numbered in the top left of each panel (i.e x1 corresponds to hole 1 along 

the x axis) The relative angle in degrees, θ, of the graphene lattice was measured from the SAED, 

as shown in the x0 plane in figure 6.16(d), and is marked in the bottom left of each panel. All 

SAED patterns were single crystal. Less than 2
o
 rotation of the graphene lattice direction is 

measured between x0 and x18, which corresponds to a distance of 81 µm. Between x18 and x22, a 

step increase of 3
o
 occurs, which correlated with a slight pinching of the film on the SiN grid. 

Overall a lattice rotation of less than 5
o
 occurs between x0 and x45, which corresponds to a 

distance of ~202 µm. Similar measurements were taken for windows in the y and z axes, both 

which showed similar orientations. The limitation of the measurements was that x45 was the last 

hole in the TEM grid. These results show a remarkable 200 µm single crystal of monolayer 

graphene has been produced.  
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Figure 6.16. (a) Optical image of a SiN TEM grid with array of 2.5 µm window holes. (b) Low 

magnification TEM image of the SiN TEM grid with array of 2 µm window holes. (c) Aberration-corrected 

HRTEM image of graphene on SiN grid after prolonged electron beam irradiation to count the number of 

layers by hole opening. (d) Selected area electron diffraction patterns taken from different regions of the SiN 

TEM grid, labeled (top left in each panel) according to the X, Y, Z axis scheme indicated in (b). Measured 

angle (in degrees) of graphene lattice recorded in bottom left of each panel, according to the axis defined in 

first (x0) panel. 

 

6.3.3. Band Structure Determination 

Micro-spot angle-resolved photoemission spectroscopy (micro-ARPES) was used to examine the 

graphene on copper produced by the 90 minutes growth time, prior to transfer. The measurements 

have been performed at XPEEM/LEEM endstation, at National Synchrotron Light Source 

beamline U5UA by Dr. Jerzy T. Sadowsk in Brookhaven National Laboratory. Data were taken 
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with incident photon energy of 43 eV. Figure 6.17(a) shows detected intensity in the kx-ky plane, at 

an energy 0.7 eV below the Fermi energy, EF and figure 6.17(b) the E(k) intensity close to the K 

point, along a line perpendicular to Γ-K, indicated in figure 6.17(a). The presence of multiple sets 

of features shown in micro-ARPES intensity map in figure 6.17(a) is attributed to terracing of the 

copper surface and subsequent deviation of the graphene lattice. Figure 6.17(b) shows a single, 

linear dispersion relationship close to EF, indicating monolayer graphene and no sign of doping. 

This confirms the graphene is of high quality, and that despite the epitaxial nature of the growth, 

there is little electronic interaction with the substrate. Further from EF the structure is more 

difficult to ascertain due to contributions from both of the tilted domains. 

 

 

Figure 6.17. (a) Detected intensity in  the kx-ky plane, at an energy 0.7 eV below the Fermi energy, EF. (b) 

E(k) intensity close to K point, along a line perpendicular to  Γ-K (indicated by the yellow line in (a)), with 

the Fermi energy represented by the red line. 
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6.4. Growth Mechanism of Single Crystal Monolayer Graphene 

 

6.4.1. Epitaxial Relationship between Cu Lattice and Hexagonal Graphene Domains 

In order to understand the interplay between Cu and graphene in this novel synthetic method, the 

correlation between Cu lattice and graphene is examined. Electron back-scattered diffraction 

(EBSD) was used to examine the crystallographic nature of the copper beneath the graphene after 

growth. The EBSD experiment was performed by Dr. Susannah Speller at Department of Materials, 

University of Oxford. Electron Backscatter Diffraction analysis on the copper substrate was 

carried out using TSL software in a JEOL JSM 6500F FEGSEM. Figure 6.18(a) is a schematic 

showing the angle of the electron beam relative to the sample and the normal direction (ND) and 

in-plane direction (RD). In CVD reactions, the copper reaches some form of molten state and then 

rapid cooling leads to crystallization. Figure 6.18(b) shows a SEM image (tilted by 70
o
) of sample 

with 15 minutes growth time, as in figures 6.8(a) and 6.8(b), with aligned graphene hexagons. The 

inset in the top right shows the color codex used to display copper lattice directions in the EBSD 

maps. Figures 6.18(c) and 6.18(d) are 2D EBSD maps showing the crystallographic orientation of 

the copper lattice along the sample normal direction (ND) and an in-plane direction (RD), taken 

from the boxed region in figure 6.18(b). Figure 6.18(c) shows the copper has a {110} surface and 

figure 6.18(d) shows there are no in-plane rotations and the copper is a large single crystal. Similar 

measurements are presented in figures 6.18(e) and 6.18(f) (i.e ND and RD respectively), but over a 
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substantially larger area of copper for the 15 minute growth time. This reveals that upon cooling 

the melted copper forms a big single crystal structure with {110} surface. The pole figures of the 

EBSD map showing in figure 6.18(c) in conjunction with the SEM image in figure 6.18(b) enable 

the relative orientation of the copper lattice with respect to the hexagonal shaped graphene domain 

to be determined, which will be discussed in detail in section 6.4.2. The analysis result of the 

correlation between Cu lattice and graphene domains is shown schematically in figure 6.18(g). 

Figure 6.18(h) shows an EBSD image quality map which shows the hexagonal graphene domains 

(presumably because the graphene layer protects the Cu surface from environmental damage 

which reduces the quality of the EBSD patterns) with the red arrow indicating the  101  copper 

lattice direction and the red cube showing the orientation of the underlying copper unit cell. It has 

been shown that the edges of hexagonal graphene domains correspond to the zig-zag direction in 

the graphene lattice.
292

 This then provides correlation between the graphene lattice direction and 

the copper lattice direction. Finally the EBSD maps of graphene grown for 90 minutes were 

analyzed to see whether there is a change in the copper crystallography. Figures 6.18(i) and 6.18(j) 

show the ND and RD EBSD maps for the 90 minute growth time. This shows similar (110) copper 

surface and large single crystal is obtained. Some twinning of the copper lattice was observed and 

this also resulted in the rotation of the orientation of the graphene hexagons grown for 15 minutes. 

This indicates the alignment is driven purely by the epitaxial relationship with the copper lattice 

and not from other mechanisms such as gas flow. If the alignment is driven by the gas flow, it 
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would not see the rotation of the alignment direction on the twinning Cu planes of same sample. 

But it needs further investigation to elucidate whether the alignment happens during the Cu 

solidification stage or melted stage.  

 

Figure 6.18. (a) Schematic showing the angle of the electron beam relative to the sample, with the normal 

direction (ND) and in-plane direction (RD). (b) SEM image of graphene on copper after 15 minutes growth. 

Inset shows color codex used for labeling copper lattice directions for Electron back-scattered diffraction 

(EBSD) maps. EBSD maps showing (c) ND of copper lattice, and (d) RD of copper lattice. Larger EBSD 

maps showing, (e) ND of copper lattice, and (f) RD of copper lattice. (g) Diagram showing orientation of 

copper lattice with respect to the hexagonal shaped graphene domain. (h) An EBSD image quality map 

showing hexagonal graphene domains with a red arrow indicating a copper <110> lattice direction. The red 

cube shows the orientation of the underlying copper unit cell. EBSD maps for graphene with 90 minutes 

growth time, showing (i) ND of copper lattice, and (j) RD of copper lattice.   

 

6.4.2. Determination of Copper Lattice Orientation Relative to the Hexagonal 

Shaped Graphene Domains 
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In order to determine the crystallographic plane of the Cu over a large scale, a montage of low 

magnification EBSD maps is recorded by Dr. Susannah Speller at Department of Materials, 

University of Oxford. The copper surface is largely (110) aligned as shown in the figure 6.19 

below.  The green colour indicates regions where the surface is close to (110) alignment.  As can 

clearly be seen, the grains are several millimetres in size. The bright pink areas are coherent twins 

(60
o
 tilt about <111>).  This indicates the dominance of the {110} plane after the melted Cu 

cooling down to room temperature. This may be due to the crystallography planes of the Mo 

substrate, which needs to be investigated further.  
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Figure 6.19. Montage of low magnification EBSD maps of graphene on copper after 90 minutes growth. 

 

What is the correlation between Cu lattice and graphene domains? As indicated in figure 6.18(c) 

and figure 6.19, the plane of Cu surface is (110) dominance. The normal direction to the Cu 

surface is [110] direction. Because Cu is cubic structure, the crystal plane in figure 6.18(c) is (110) 

surface. Figures 6.20(a)-(b) show the pole figures of in-plane direction (Rotation direction) of 

EBSD measurement with [110] as normal direction. The red arrow shown in figure 6.20(b) is 
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parallel to the red arrow shown in figure 6.20(c), which is the schematic hexagonal graphene 

domain. The blue arrow in figure 6.20(a) is parallel to the blue arrow in figure 6.20(c). By 

comparing to the standard Cu crystallography pattern with [110] pole shown in figure 6.20(d), the 

direction of the green arrow could be determined to be [11 2 ], which is about 55° rotation from [1

10] direction. Also, the blue arrow is [001] direction which is 90° rotation from [110] direction.  

 

Figure 6.20 EBSD measurements: (a)-(b) pole figures of 80 sccm H2 to 10 sccm CH4 sample with 15 

minutes growth time. (c) The hexagonal graphene domains from the content figure 6 (f). (d) The 

crystallography pattern with [110] as normal direction.  
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The alignment of 8 different graphene islands relative to the in-plane [110] axis of the Cu has been 

measured which is shown in figure 6.21.  The misorientation between the hexagon diagonal and 

Cu [110] is found to be 0.8 degrees on average. This is smaller than the accuracy of the 

measurement which is limited by the definition of the hexagonal islands.  The clearest definition of 

these islands is obtained from the image quality EBSD map since the graphene layer protects the 

Cu surface from environmental damage, leading to higher quality diffraction patterns. The 

secondary electron images are less distinct due to the 70 degree tilt required for EBSD mapping. 

 

Figure 6.21. Alignment of hexagonal graphene domain with [110] Cu direction. 

 

Thus, it is safe to conclude that the zig-zag edge of the hexagonal graphene domains is aligned in 

the [110] direction of Cu lattice. As graphene electronic properties have strong correlation with the 



258 
 

graphene edges,
304

  this study will have impact to control the graphene electronic properties with 

tailoring Cu crystallography.  

 

6.4.3. The Alignment of Graphene Domains on Copper Lattice 

As discussed in section 6.2.1 and 6.4.2, the alignment is essential to get large area single crystal 

graphene. In order to examine how the graphene domains align on Cu using this novel method and 

make a comparison to the solid state Cu, a quantitative statistical analysis is performed. The 

hexagonal domains of graphene produced after 15 minutes of growth were aligned, which is 

shown in a SEM image of a region showing more than 50 domains over a region 750 µm x 500 

µm in figure 6.22(a). The alignment direction is indicated with a red arrow. Figure 6.22(b) 

presents a histogram plotting the frequency count for measured orientation angles of more than 50 

hexagonal domains. The inset in figure 6.22(b) illustrates the orientation angle, θ, relative to the 

horizontal used for the histogram. A Lorentzian distribution fits the data well, (black curve in 

figure 6.22(b)), giving a center point of 10.15 
o
, and a width of 1.67 

o
. Statistical analysis of the 

data set gives an average orientation angle of 10.15 
o
 +/- 0.8 

o
, which corresponds to a ~ 8 % 

standard deviation in the orientation angle of 60 hexagonal graphene domains. This confirms the 

tight alignment over distance scales exceeding 500 µm. This alignment scale is much larger than 

the solid state Cu, which is shown in section 5.3.3 in chapter 5.  
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Figure 6.22. (a) SEM image of a region showing more than 50 domains over a region 750 µm x 500 µm. (b) 

A histogram plotting the frequency count for measured orientation angles of more than 50 hexagonal 

domains. A Lorentzian distribution fits the data well, black curve, giving a center point of 10.15 
o
, and a 

width of 1.67 
o
. The inset in figure 6.22(b) illustrates the orientation angle, θ, relative to the horizontal used 

for the histogram. 
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The alignment of the graphene domains means that the atomic lattice is orientated as well. This 

then prompts the discussion about the merger of multiple domains to form one larger graphene 

crystal. If two graphene domains are aligned in their lattice orientation and merge together during 

growth they will then become a single crystalline domain. The interface where the two domains 

merge together may contain defects and disorder if the alignment is not exact or the atomic 

stitching processes is flawed. But it is also possible that significant defects and disorder may not 

occur if the alignment between domains is excellent. During our extensive HRTEM search we 

could not find regions of significant disorder that might be associated with the interface where two 

aligned graphene domains merged together.  

 

6.5. Electrical Properties of Single Crystal Monolayer Graphene 

 

In order to test the electrical properties of graphene grown by this novel method, sheet resistance 

measurement was performed using a custom built four probe station, which was shown in section 

2.2.4 in chapter 2. After transferring graphene onto the quartz substrate, van der Pauw method was 

applied to measure the sheet resistance. The principle of the van der Pauw measurement is shown 

in section 2.2.4. As shown in figure 6.23, R13,24=130.61 ohms, R24,13=130.74 ohms, R12,34=1949.33 

ohms, R34,12=1949.59 ohms. According to equation (2.38), the sheet resistance Rs=4713.96 Ω•sq
-1

. 

The resistance of the film is anisotropic, which means the resistance in one direction is larger than 
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the other perpendicular direction. The reason for these anisotropic properties in the film may be 

because the formation of the continuous film is the merger of the aligned hexagonal domains. The 

side to side seamless merger leads to the lower resistance due to the straightway electron tunneling 

channels. Meanwhile, the head to head merge leads to higher resistance resulting from narrow 

electron tunneling channels. However, this needs further investigation.  

 

Figure 6.23. Four probe sheet resistance measurement using van der Pauw method: (a) R12,34=130.61ohms. 

(b) R24,13=130.74ohms. (c) R12,34=1949.33ohms. (d) R34,12=1949.59ohms.  

 

6.6. Conclusions 
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In summary, the open question 4 has been answered, which is to invent a novel method to fabricate 

large area single crystal 2D atomic crystal with low cost for commercial applications. The results 

presented in this chapter show a simple method for obtaining large 200 µm single crystals of 

monolayer graphene within a continuous film. No fancy pretreatment of the copper is needed, nor 

do special seed sites need to be created. This approach can be easily applied widely to produce 

graphene on copper using CVD. It is surprising that hexagonal graphene domains produced after 

15 minutes of growth were self aligned in their orientation. The EBSD indicated an epitaxial 

relationship between the copper surface and the graphene, but since the copper is in a liquid state 

during the addition of methane, this suggests a fairly complex growth model. The zig-zag edge of 

graphene domains is aligned along the [110] Cu direction. The epitaxial alignment of graphene 

domains provides a means for rapidly fabricating large single crystals from multiple domains and 

may be a key step towards wafer scale single crystals of monolayer graphene, which will have 

great impact on the commercialization of graphene products. The electrical measurement shows 

anisotropic properties of graphene grown by this method. By tailoring the Cu crystallography, it 

has great potential to get well aligned graphene domain edges, which is possible to exhibit 

interesting electrical properties.  
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Chapter 7: 

Conclusions and Future Work 

The thesis has been focused on the fundamental issue of the crystal structure of nanomaterials. The 

aim of the thesis, proposed in Chapter 1, has been to control the crystal structure of three types of 

nanomaterials, namely, Mn doped ZnSe quantum dots, BN and graphene 2D atomic crystals, with 

low cost for their applications in photonics, structural support and electronics respectively. This 

goal has been achieved by colloidal synthesis of Mn doped ZnSe quantum dots, liquid phase 

exfoliation of BN sheets, and the atmosphere pressure chemical vapour deposition of graphene. 

The crystallinity, crystal phase, morphology, growth dynamics and thickness of nanomaterials 

have been characterized with HRTEM either with imaging mode or diffraction mode. SEM has 

been used to investigate the growth dynamics, morphology of nanomaterials in large scale. EBSD 

has been used to examine the crystal structure of Cu substrate to investigate the correlation 

between Cu lattice and graphene lattice. Raman spectroscopy has been used to identify the 

thickness, defects, and structure of graphene. PL, PLE, and UV-vis-absorption have been used to 

characterize the optical properties of quantum dots. ARPES has been used to determine the band 

structure of graphene. Probe station has been used measure the sheet resistance of graphene. All 



264 
 

the principles of the experimental techniques and synthetic methods have been discussed in 

chapter 2.  

 

Chapter 3 has been focused to answer the open question 1, which has been proposed in chapter 1. 

How can the Mn doped ZnSe quantum dots be synthesized with controlled crystal structure? The 

shape control of Mn doped ZnSe quantum dots from branched to spherical has been achieved by 

switching the injection temperature from kinetics region to thermodynamics region. The crystal 

phases of Mn doped ZnSe quantum dots have been controlled from zinc blende to wurtzite by 

controlling the injection rates of zinc precursors. What is the relationship between crystal structure 

and optical properties of Mn doped ZnSe quantum dots? The spherical wurtzite Mn doped ZnSe 

quantum dots have the highest quantum yield comparing with other shape or crystal phase of the 

dots. The study in chapter 3 has demonstrated the method to control the crystal structure and shape 

of Mn doped ZnSe quantum dots for low cost with potential applications in photonics.  

 

Followed the study in chapter 3, Mn doped ZnSe quantum dots have been deposited onto the BN 

sheets for the first demonstration on utilizing BN sheets as a carbon-free TEM ultrathin supporting 

film to study atomic configuration of other nanomaterials in chapter 4. The study in chapter 4 has 

answered the open question 2, which was proposed in chapter 1, and demonstrated the method to 
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fabricate single crystalline BN sheets for the application as structural support. However, the study 

in chapter 4 has also shown that liquid phase exfoliation is not good enough to fabricate large area 

single crystals of 2D atomic crystals. That is why an alternative method should be found to achieve 

this goal.  

 

Due to the limitation of liquid phase exfoliation, APCVD has been chosen as a promising method 

to fabricate large area single crystal 2D atomic crystals. Before achieving this goal, the growth 

mechanism of graphene using APCVD has been studied in chapter 5 to answer the open question 3. 

What is the growth mechanism of graphene using APCVD? The temperature threshold for the 

nucleation of graphene domains has shown to be 960 ºC. The crystal structure of the graphene 

domains has not varied with the increasing of temperature. The fast cooling rate is required for 

homogenous graphene films. The hydrogen pre-treatment is necessary for the nucleation of 

graphene domains. The Cu foil quality has effect on the nucleation of graphene domains. The 

alignment of graphene domains on this solid state Cu has been over the distance of up to 5 mm 

along the zig-zag edge of graphene hexagonal domains. The alignment of graphene domains in 

APCVD is important to overcome the polycrystalline nature of graphene, normally produced by 

LPCVD. The interplay between Cu lattices and graphene has shown to be an important role in 

controlling the graphene nucleation. The growth of hexagonal graphene domains is driven by the 6 

fold symmetry of graphene lattice on the non-(111) Cu plane, while the growth of rectangular 
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graphene domains is heavily influenced by the Cu (111) plane. This has shown that the 

engineering of Cu crystal has the potential to control the crystal structure of graphene domains. It 

is possible to fabricate large area single crystal graphene films with the improvement of the 

alignment of graphene domains on the Cu surface on a larger scale.  

 

Based on the understanding of the growth mechanism of graphene using APCVD, a novel method 

of using melted Cu on Mo substrate has been invented to fabricate large area single crystals of 

graphene using APCVD with open question 4 answered. An area of over 200 µm single crystals of 

monolayer pristine graphene within a continuous film has been achieved. The zig-zag edge of the 

hexagonal graphene domains is aligned in the [110] direction of Cu lattice over distance scales 

exceeding 500 µm, which is a great improvement compared to the alignment of hexagonal 

graphene domains on the solid state Cu. The sheet resistance measurement has shown some 

anisotropic effect on the resistance of graphene produced by this method. The studies in chapter 5 

and 6 have achieved the goal of fabricating large area single crystals of graphene with low cost for 

potential application in electronics.  

 

The results presented in this thesis have achieved the aim of the thesis. It provides general 

principles to control the crystal structure of nanomaterials, in order to tailor the properties for 
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applications. The synthetic methods used in this thesis are low cost and representative for 

semiconductors, insulators, and semimetals. They have great potential in the commercialization of 

nanomaterials in the area of photonics, structural support and electronics. This will be widely used 

and highly appreciated both by the scientific and industry community.  

 

The future work could involve with the integration of these three types of nanomaterials into 

complex devices for broader applications. For example, the quantum dot/graphene solar cells will 

be an interesting system to combine the excellent optical properties of quantum dots with the 

extraordinary electron transport properties of graphene. This may greatly increase both the 

absorptivity rate of photons and charge separation rate of excitons, which may improve the 

efficiency of solar cells. Also, the graphene on BN 3D stacking system is a promising structure for 

future nanoelectronic devices as BN is an intrinsic insulator of 2D atomic crystals, which can 

provides better structural support for 2D graphene. This thesis has laid out a foundation to explore 

in these proposed areas, which may pave the way for broader applications of nanomaterials.  
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