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ABSTRACT 

 

Interactions between 0-Dimensional and 2-Dimensional Materials 

Zheyuan Chen 

 

 This thesis describes two types of interactions between zero-dimensional and two-

dimensional materials: energy transfer and surface diffusion.  

 The first chapter introduces zero-dimensional and two-dimensional materials and 

their unique properties. Based on emerging properties different from bulk materials’, 

several attempts have been shown to study the interaction between these two classes of 

materials.  

 The second chapter presents the study on the energy transfer between zero-

dimensional and two-dimensional materials, specifically semiconductor nanocrystals (or 

“quantum dots”) and graphene. The fluorescence quenching was observed for quantum 

dots on graphene compared those in the absence of graphene. The strong energy transfer 

is through Coulomb interaction in the way similar to Forster resonant energy transfer. 

Based on simple assumptions, energy transfer between quantum dots and single-layer 

graphene was extended to quantum dots and few-layer graphene and quantitative 

agreement was achieved between experimental results and calculation from theory.  

 The third chapter investigates the surface diffusion of zero-dimensional materials 

on a two-dimensional material. Metal adatoms diffuse on graphene and form different 



nanostructures depending on the supporting substrate for graphene. As a atomically thin 

material, graphene is susceptible to change in underlying supporting substrates. This 

susceptibility will introduce surface corrugation, chemical reactivity and electron-hole 

puddles to graphene, and finally will lead to different morphology of metal nanoparticles 

on graphene. Using classical nucleation theory, different diffusion constants of Au 

adatoms were reported on graphene supported by different substrate. Two major factors 

are identified to explain the difference: surface corrugation and π electronic stabilization.   

 In the final chapter, the characterization of zero-dimensional and two-dimensional 

materials is discussed. It is mainly done using Raman spectroscopy, which is a non-

destructive tool. Without knowing the pristine properties of materials, their interactions 

with other materials are beyond reach.
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Chapter 1 

Introduction to Zero-Dimensional (0D) on Two-Dimensional (2D) Materials 

 

In this chapter, I will introduce the fundamental properties of 0D and 2D materials and 

the applications based on their mutual interactions. Due to the recent emergence of novel 

2D materials, such as graphene, many new phenomena are observed in the interface 

between 0D and 2D materials. This chapter serves as the background for energy transfer 

and surface diffusion discussed in chapter 2 and 3 respectively.   
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1.1 0D Materials 

In conventional crystals, molecules assemble into 3-dimensional bulk materials 

through interaction. But if one or more dimensions (up to 3) are confined to small space 

where quantum size effect starts to play a role, low-dimensional materials exhibit novel 

properties which are absent in conventional crystals. According to the number of 

confined dimensions, low-dimensional materials can be divided into zero-dimensional 

(0D), 1-dimensional (1D), and two-dimensional (2D) materials. 0D materials are thought 

to be mostly composed of semiconducting nanocrystals, nanoparticles and fullerene 

family. 1D materials include various forms featuring chain-like structure, for example, 

nanotube, nanowire, nanorod and nanobelt. The composition materials can be carbon, 

organic molecules (to form polymer), metal, semiconductor, or metal oxide. Carbon 

nanotube is one of the most studied 1D materials. The study of 2D materials begins with 

quantum wells1 and superlattices. But it now shifts to the materials of layered structure 

with atomic thickness. Recently discovered graphene is a big star in this fast growing 

field.  

For semiconductor nanocrystals, also known as quantum dots, there are 3 

confinement regimes: weak (R ≫ aB), moderate (R ≈ aB, and ah < R < ae), and strong 

confinement (R ≪ aB), depending on the relative scale of size R and exciton Bohr radius 

aB, where ah and ae are the hole and electron Bohr radii respectively.2 In the strong 

confinement regime, the band structure normally seen in conventional semiconductor 

evolves into discrete energy levels which are shown in molecular system. The similarity 

in energy structures is also the reason that quantum dots are called 0D materials. Due to 

the quantum confinement effect, as the quantum dot size decreases, the band gap shifts to 
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a higher energy and its form depends on the specific confinement regime. In weak 

confinement where Coulomb energy dominates the total energy, energy shift ∆E ≈ 

ℏ
2
π

2
/(2MR

2
), where M (= me

* + mh
*)  is the mass of the exciton, me

* and mh
* are the 

effective masses of the electron and hole respectively. In strong confinement regime 

where Coulomb energy is negligible, energy shift ∆E ≈ ℏ2
π

2/(2µR2), where µ is the 

reduced exciton mass: 1/µ = 1/me
* + 1/mh

*. Since the hole is much larger than electron, µ 

is replaced by me
* in the moderate confinement. By analogy to the strong confinement 

case, the motion of electron is thought quantized while hole moves through Coulomb 

interaction between them.2 The band structure change will dramatically change the 

optical and electronic properties. As shown earlier, the band energy change is 

proportional to the square of quantum dot size. This leads to size-tunable absorption and 

emission, which has a broad impact on photovoltaic devices and laser application, 

compared to conventional molecules with a fixed electronic structure. The density state 

N(E) of 0D materials has a different dispersion to energy E, as shown in Fig. 1.1. This 

difference results in different electronic behaviors of 0D materials compared to bulk 

counterpart.1  
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(b) 0D materials (
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There are several ways to synthesize quantum dots, for examples, vapor

deposition including molecular beam epitaxy (MBE) and metalorganic chemical vapor 

and “wet” chemical colloidal synthesis. The MBE method is 

Krastanov (or layer plus island) growth mode, in which deposit grows 

into islands on the previously formed epitaxial monolayers on substrate. I will focus on 

the chemical method, which is more versatile and cheaper. This method involves quick 

injection of precursor in high-boiling solvent and their decomposition at elevated 

temperature. During the reaction, a large number of nucleation centers forms

growth of nuclei to 3D bulk is prevented by the presence of coordinating ligands. The 

capping ligands passivate the dangling bonds of outer inorganic surface and disperse 

quantum dots in organic solvents. After obtaining the desired size of quantum dots in the 

growth period, the reaction can be quenched by removing heating source. The solubility 

of quantum dots is determined by the capping ligands. The excess ligands would be 
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d by the capping ligands. The excess ligands would be 
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removed by precipitating quantum dots owing to the reduced solubility of larger size after 

the addition of a nonsolvent.  Combining with centrifugation, this process is also used to 

narrow the size distribution of colloidal quantum dot suspended in organic solvents.4 The 

size homogeneity can be monitored using UV-Vis absorption spectroscopy, since the first 

excitonic peak shifts inversely to the square of size and broadened size distribution leads 

to a wider absorption peak. Murray et al also developed a synthesis strategy to produce 

monodisperse quantum dots.5 Since different nuclei grow into quantum dots in a similar 

rate, if nucleation stage is separated from growth stage by controlling the relative rate of 

monomer consumption by nuclei and monomer production by precursor, the size 

distribution of quantum dots is determined by the initial distribution of nuclei produced in 

nucleation stage. Subsequent Ostwald ripening, in which larger quantum dots grow at the 

expense of smaller ones with higher surface energy, further reduces size inhomogeneity. 

The synthesis of metal nanoparticles can be traced back to 1857 when Faraday 

reduced chloroaurate aqueous solution and studied the optical properties of thin films 

made of Au colloids.6 Nowadays, the citrate reduction of HAuCl4 in aqueous solution 

becomes the most popular method to synthesize Au nanoparticles (NPs).7 The outer 

surface of Au NPs is positively charged, so citrate anion serves as capping ligand and is 

absorbed through electrostatic interaction to Au NPs surface to stabilize NPs and prevent 

aggregation. The disadvantage of this method is generally broad size distribution. Size-

selective precipitation can not be involved due to the irreversible precipitation. A two-

phase liquid-liquid system is developed by Brust and Schiffrin to synthesize 

monodisperse metal nanoparticles with better size control.8 In this system, metal salt 

dissolved in aqueous solution is mixed with capping ligand (e.g. a long-chain thiol) 
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dissolved in organic solvent. Water does not mix well with organic solvent, so two liquid 

phases exist in the reaction. NaBH4 is added as reducing agent to nucleate and grow 

metal NPs. The ratio between capping ligand and metal salt is used to control the size of 

synthesized NPs. This method takes advantage of thiol as capping ligand which has 

stronger binding ability towards the metal owing to the soft nature of Au and S.7 Similar 

to quantum dots, size-selective precipitation can be applied in this method to further 

narrow size distribution.5   

The core of quantum dots is composed of inorganic materials which generally 

have higher carrier mobility and resistance toward photooxidation compared with organic 

dyes. Quantum dots also have high extinction coefficient overlapping with solar spectrum. 

Those features make quantum dots great candidates as light sensitizing materials for 

photovoltaic application. Nozik9 provided an extensive perspective on the science and 

technological status of quantum dots to enhance the power conversion effiency of solar 

cells. Alivisatos et al
10 first demonstrated the hybrid solar cell made of CdSe nanorods 

and the conjugated polymer poly-3(hexylthiophene) through solution processing and 

achieved a power conversion efficiency of 1.7%. Later, Greenham et al
11 reported a 

similar efficiency using branched CdSe nanocrystals with the conjugated polymer poly(2-

methoxy-5-(3’,7’-dimethyl-octyloxy)-p-phenylenevinylene), and Jassen et al
12 reported a 

hybrid bulk-heterojunction solar cell using n-type ZnO nanocrystals with p-type 

conjugated polymer. To improve the limitation of low mobility and photodegradation by 

organic components, Alivisatos et al
13 demonstrated solar cells only consisted of 

inorganic nanocrystals. The heteorjuction of the devices is ultrathin film made by spin-

casting CdSe nanorods and CdTe nanocrystals solution. The devices are air stable and 
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their efficiency increases to 3%. Besides the application in donor-acceptor type solar cells, 

quantum dots are further used as photosensitizors in dye-sensitized solar cells.14-16 

Quantum dots provide not only fascinating applications, but also basic scientific issues in 

solar cells. Klimov et al
17 first showed that the nanocrystals had higher carrier 

multiplication efficiency compared to bulk materials. Carrier multiplication is the 

generation of more than one exciton upon the absorption of one photon with energy 

higher than threshold. Even though the claimed higher efficiency is a subject of debate,18-

22 it is of scientific interest to study the exciton dynamics in quantum dots.   

 As mentioned early, quantum dots have discrete energy levels instead of 

continuous band structure. This unique electronic structure leads to narrower emission 

linewidth and a longer lifetime (~ tens ns)23, as compared to conventional dyes. Bulovic 

studied of electroluminescence of a quantum-dot LED whose active material is single 

monolayer of nanocrystals sandwiched between two organic films and reported a 25-fold 

improvement in luminescence efficiency.24 Quantum dots are extensively reviewed23, 25-29 

for their application in biological labeling and imaging due to bright, narrow, and long-

lasting tunable emission. One intrinsic properties of quantum dots, called “blinking”30, 

however, limits their application at single dot level. The blinking behavior is the 

intermittence in emission intensity of quantum dots under continuous excitation. This 

intrinsic behavior arises from photoionization of quantum dots after the surface trapping 

of photoexcited charge carriers.30 In the presence of β-mercaptoethanol31 or propyl gallate 

(3,4,5-trihydroxybenzoic acid propyl ester)32, the blinking behavior was to some extent 

reduced owing to stronger binding and better surface passivation. A breakthrough 

occurred in 2009 when non-blinking nanocrystals were reported as a result of carefully 
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tailoring the composition and engineering the synthesis of core/shell nanocrystals with a 

gradual transition from core to shell.33     

 Metal nanoparticles are shown to process higher catalytic activity due to high 

ratio of surface atoms which have dangling bonds stemming from lower coordination 

number. Noble metal Au is normally thought as inert metal, but when its size reaches 5 

nm or even smaller, it exhibits strong catalytic activity toward the oxidation of CO into 

CO2, which is pioneered by Haruta and his coworkers.34, 35 Due to surface plasma 

resonance, noble metal NPs are known to concentrate electromagnetic field to their near 

region and they have great application in single molecule spectroscopy.36, 37  

   

1.2 2D Materials 

The study of physics on 2D materials begins from the epitaxial growth of layered 

semiconductors. The model system is GaAs sandwiched between AlxGa1-xAs, where x 

varies from 0.1 to 0.4. These two semiconductors share a close lattice match for epitaxial 

growth and the conduction and valence bands of GaAs are buried inside those of AlxGa1-

xAs.1 The density of states is given by step function shown in Fig. 1.1. Due to band 

energy alignment in quantum well, the two-dimensional free-electron gas is confined in 

the middle layer, which serves a starting point to understand the rich physics in 2D 

materials, such as quantum Hall effect.  

Since its first isolation through mechanic exfoliation in 2004,38 graphene has 

attracted massive research interest due to its unique electronic structure and discovered 

new physical phenomena. Single layer (1L) graphene is composed of two dimensional 
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massless Dirac Fermion gas. It has linear dispersing electronic structure39, 40 and exhibits 

both integrity39-41 and fractional42, 43 quantum Hall effects. The graphene’s fantastic 

electronic properties are extensively reviewed here.44 Besides that, graphene also has 

surprisingly large intrinsic carrier mobility (up to 200,000 cm2 V−1 s−1)45, large ballistic 

transport length (100 nm at room temperature46 and ~1 µm at very low temperature47) and 

high transparency (only 2.3% absorption independent of wavelength48). These unusual 

properties make graphene not only a model system to investigate new physics in 

experiment, such as relativistic quantum phenomena49, but also a rising star in 

technological application, such as photovoltaic electrodes50 and next-generation devices51.  

It is generally thought that graphene can be made by four methods: mechanical 

exfoliation, chemical exfoliation, chemical vapor deposition (CVD) and epitaxial growth 

on SiC. Even though graphene with high crystallinity was first produced by mechanical 

exfoliation, or “scotch tape” method52, this method is problematic due to the lost control 

of size, morphology and efficiency. One alternative method is to exfoliate graphite using 

chemical method.53 The chemical exfoliation will improve the yield and scalability, 

compared to mechanical method. It involves three steps. The first step is to increase the 

interlayer distance and reduce layer-layer interaction by oxidizing graphite into graphite 

oxide in sulfuric and nitric acid54 and intercalating molecules (e.g., H2O) into graphite 

oxide by sonication. The modified graphite oxide can be well dispersed in water or 

organic solvent to form homogenous colloidal suspension. The second step is to exfoliate 

graphite oxide by the high pressure produced in either the evaporation or decomposition 

of intercalants.53  The graphite oxide was subsequently reduced by hydrazine to produce 

graphene in the final step.55, 56 The chemical intercalation bears the possibility of large-
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scale production, but produces graphene of lower quality in terms of conductance arising 

from the irreversible destruction of graphene basal plane. To reduce the disorder and 

defects, alkali metal intercalated graphite instead of graphite oxide was exfoliated by 

chemicals.57 Furthermore, simple liquid-phase exfoliation of graphite was applied 

without oxidation of graphite in organic solvents, such as N-methyl-pyrrolidone, whose 

surface energy matches that of graphene.58, 59 The exfoliation energy was balanced by 

strong solvent-graphene interaction.  

Inspired by the production of single wall carbon nanotubes, several groups60-62 

have adapted CVD method to produce wafer-size single-layer and few-layer graphene on 

metal surface, such as Cu and Ni. CVD method generally yields graphene of higher 

quality than chemical “wet” method does.  Metal acts as substrate to hold adsorbed 

carbon source and later as catalysis for breaking down C-H and C-O bonds at elevated 

temperature so that carbon forms graphene through graphitization. A fast cooling process 

is usually involved to quench the graphitization process and control graphene thickness. 

In copper surface, the growth of single layer graphene is preferred due to very low C 

solubility in Cu and poor C saturation once Cu is covered by graphene.62 Among various 

carbon sources used to grow graphene, solid carbon poly(methyl methacrylate) (PMMA) 

is a quite interesting one.63 PMMA is widely used for pattern transfer using E-beam 

lithography. The pattern in carbon source PMMA may be transferred to the synthesized 

graphene.   

 Raman spectroscopy is widely used to characterize the quality and doping level of 

graphene.64, 65The two major peaks, G and 2D, are activated by double resonance 

process.66 In this process, the phonon is coupled to the electronic structure of graphene. 
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Owing to the evolution of electronic structure from single-layer graphene to few-layer 

graphene, the G and 2D peaks change shape, position, width and relative intensity respect 

to the layer number.66 Theoretical calculation shows that the electronic structure of 

graphene also depends on the stacking order.67-70 This dependence enable Raman 

spectroscopy to image the different stacking orders (Bernal or rhombohedral stacking) in 

trilayer and tetralayer graphene.71  

 

1.3 Previous Study on Interactions between 0D and 2D Materials 

Firstly, charge transfer occurs when molecule is absorbed on pristine graphene. It 

can be investigated by measuring graphene device conductance. The interaction between 

individual adsorbed molecule and graphene was first demonstrated in experiment by 

Novoselov et al.72 Single adsorption or desorption event is monitored through measuring 

the change in resistance. Pristine graphene has negligible density of charge carriers and 

its Fermi energy is coincident with Dirac cone point. The adsorbed gas molecules dope 

graphene one carrier by one carrier, so the addition or removing of one adsorbed 

molecule leads to step-like change in resistance. Kaner, Weiller and coworkers73
 reported 

chemical sensors made of chemically synthesized graphene thin film to detect NO2, NH3, 

and 2,4-dinitrotoluene. They showed that the response mechanism is consistent with 

charge transfer between molecules and graphene.   

Secondly, graphene is a semimetal with a wavelength-independent absorption. 

Forster energy transfer is expected to happen when a fluorescence dye is close to 

graphene. The fluorescence quenching is followed by excited electrons and nonradiative 
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decay in graphene. This process enables graphene to be used as substrate to suppress the 

fluorescence from rhodamine 6G and protoporphyrin IX to measure resonance Raman 

intensity.74 The fluorescence quenching is also used to image graphene after a dye 

coating.75     

Kamat et al have done comprehensive studies on the interaction between 

nanocrystals and graphene. They reduced graphene oxide from photoexcited electrons in  

colloidal TiO2 conduction band to obtain photoactive graphene-TiO2 composites.76 The 

photoexcited holes in TiO2 valence band were scavenged by solvent ethanol to produce 

ethoxy radicals. The reduced graphene oxide can be used as mat to transfer photoexcited 

electrons generated from TiO2. Those graphene-TiO2 composite led to improved 

photocurrent and complete photocatalytic decomposition of 2,4-dichlorophenoxyacetic 

acid.77 The transferred electrons from TiO2 to graphene were further used to reduce silver 

ion to produce and anchor Ag NPs to graphene-TiO2 composites.78, 79 This complicated 

system may be useful architecture for energy conversion.80 Au NPs, synthesized from 

chemical reduction of aurochloride by NaBH4, were anchored to the functionalized 

graphene, to study Plasmon resonance of Au NPs in the presence of graphene.81 Raman 

spectra of graphene showed a surface enhancement due to the presence of Au NPs.82 

They also synthesized graphene-Pt NPs composites for fuel cells by reduction of both 

H2PtCl6 and suspended graphene oxide.83 The presence of graphene as a supporting 

material increases the maximum power by more than 60%. Those studies, however, are 

based on reduced graphene oxide, instead of pristine graphene with high crystallinity.   

The flexibility of graphene enables good contact between electrode and graphene 

which is current collector. There is growing interest in integrating graphene to anode 



13 
 

electrode to improve conductance and the lifetime of lithium ion batteries.84, 85 Graphene 

has been already demonstrated to improve the electrochemical performance and lithium 

storage capacity of tin oxide nanoparticles as anode electrode.86 Electrode changes 

volume upon lithium insertion. The volume change may lead to cracks on electrode 

surface and provide poor electric contact. This can be avoided by applying graphene as a 

buffering spacer to reduce the volume expansion.  
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Chapter 2 

Energy Transfer between 0D and 2D Materials1 

 

Energy transfer from photoexcited zero-dimensional systems to metallic systems plays a 

prominent role in modern day materials science.  A situation of particular interest 

concerns the interaction between a photoexcited dipole and an atomically thin metal. The 

recent discovery of graphene layers permits investigation of this phenomenon.  Here we 

report a study of fluorescence from individual CdSe/ZnS nanocrystals in contact with 

single- and few-layer graphene sheets. The rate of energy transfer is determined from the 

strong quenching of the nanocrystal fluorescence. For single-layer graphene, we find a 

rate of ~ 4ns-1, in agreement with a model based on the dipole approximation and a tight-

binding description of graphene. This rate increases significantly with the number of 

graphene layers, before approaching the bulk limit. Our study quantifies energy transfer 

to and fluorescence quenching by graphene, critical properties for novel applications in 

photovoltaic devices and as a molecular ruler.  

  

                                                 
1 Portions of the material presented in this Chapter were previously published in  
 Chen, Z. Y.; Berciaud, S.; Nuckolls, C.; Heinz, T. F.; Brus, L. E., Energy Transfer from 
Individual Semiconductor Nanocrystals to Graphene. Acs Nano 2010, 4 (5), 2964-2968. 
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2.1 Introduction 

Metallic surfaces are known to quench the fluorescence from nearby photoexcited 

dipoles through resonant energy transfer. 1, 2 On the other hand, no energy transfer is 

expected when a dipole is placed in the vicinity of a transparent insulating surface. 

Graphene, 3-5 as an atomically thin and nearly transparent semimetal represents an 

intermediate case of both fundamental and practical interest. Indeed, single-layer 

graphene (SLG) possesses extremely high carrier mobility, 6 while absorbing only ~ 2% 

of incoming light, independent of wavelength across the visible spectrum. 7, 8 These 

properties make graphene an excellent candidate for solar cell electrodes 9 and other 

applications in photonics. Here we examine the interaction of the 2-dimensional graphene 

system with another model nanoscale system, that of 0-dimensional semiconductor 

nanocrystals. Such nanocrystals have broad and size-tunable absorption, 10 and high 

photostability, 11 which make them promising systems for diverse optical applications, 

including the light-harvesting material in photovoltaic cells. 12-14 

Resonant energy transfer from nanocrystals to single and few-layer graphene is 

expected to occur, since these systems exhibit broad absorption across the visible spectral 

range. SLG, for example, is characterized by a linear band dispersion around the corners 

of its Brillouin zone (K and K’ points) 5 and a nearly constant optical absorption. Near 

graphene, electronically excited species, such as semiconductor nanocrystals, can thus be 

quenched by resonant energy transfer, exciting electron-hole pairs in the semimetal. 1  

Whether this rate is significant compared with the natural radiative decay is, however, 

presently unknown. Photoexcited semiconductor nanocrystals can also decay by a 

competing process of charge transfer to the graphene substrate.  Photoinduced electron 
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transfer to graphene would produce charged nanocrystals, which are understood to be 

responsible for the “off” periods in fluorescence blinking. 15, 16 Our measurements of 

core/shell CdSe/ZnSe nanocrystals adsorbed on single and few-layer graphene (FLG) 

also explore this potential decay channel. 

 

2.2 Experimental Methods 

Graphene layers were deposited onto clean quartz substrates by mechanical 

exfoliation 3 of kish graphite (Covalent Materials Corp). The number of graphene layers 

was determined by both Raman spectroscopy 17 (Figure 2.1) and optical reflection 

contrast measurements 18 (Figure 2.2). Isolated CdSe/ZnS core/shell nanocrystals (Qdot 

655, Invitrogen Corp., Cat. No. Q21721MP) were spuncoat onto the substrate at low 

density (< 0.4 µm-2).  Nanocrystals were illuminated under ambient conditions by a 532-

nm continuous-wave diode laser for 30s at low laser intensity (~50 W/cm2). The 

fluorescence from individual nanocrystals was collected by an air objective (100X, 

NA=0.9), sent through an emission filter (655 ± 20 nm), and imaged onto a CCD array 

(The schematic diagram of setup is shown in Figure 2.3a). Graphene pieces were located 

under white light illumination (Figure 2.3b). The average fluorescence intensities were 

corrected for the slight inhomogeneity of the laser beam profile.  
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Figure 2.1 Raman spectra of few-layer graphene.   
A 514.5nm Ar ion laser was used. 

 

 

Figure 2.2 Contrast ratio of few-layer graphene on quartz 
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Figure 2.3 Optical and fluorescence images of individual 

nanocrystals on single-layer graphene and on the quartz substrate. a) 
Schematic diagram of our experimental setup. b) Optical reflectivity 
image in the emission range of our nanocrystals. c) Wide-field 
fluorescence image of individual CdSe/ZnS nanocrystals in the region 
shown in b). The color scale-bar indicates the number of emitted photons 
(in arbitrary units) integrated over 30s. d), Same as c), but in a color scale 
divided by a factor of 30 in order to show the emission from nanocrystals 
on a graphene monolayer. 
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2.3 Results 

Fluorescence from individual nanocrystals could be observed for nanocrystals 

located both on the bare quartz substrate and on a graphene layer (Figure 2.3c & 2.3d). 

Strong fluorescence quenching was observed for particles deposited on graphene sheets 

compared to the bare substrate. The integrated fluorescence intensities varied 

significantly from nanocrystal to nanocrystal, on both quartz and graphene.  We first 

calculated the average quenching factor  =
Q

G

I

I
ρ , where QI  and GI  are the fluorescence 

intensities (expressed in emitted photons per unit time) on quartz and on graphene, 

respectively. Each isolated diffraction limited fluorescence spot was assigned to an 

individual nanocrystal and fit to 2D Gaussian profile. Statistical distributions of the 

integrated intensities were constructed separately for both populations of nanocrystals on 

quartz and on graphene (Figure 2.4). The widths of the distributions show a considerable 

inhomogeneity. The average intensities in Figures 2.4c and 2.4d give a quenching factor 

of ~ 25 for SLG.   
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Figure 2.4 Determination of the fluorescence quenching factor. a) 
and c) Fluorescence images and corresponding histograms of the 
integrated fluorescence intensities for nanocrystals on a graphene 
monolayer, as compared to a reference taken on a quartz substrate (b) and 
d). The red curves in c) and d) show Gaussian fits to the histograms. The 
centers of the Gaussian profiles were used to calculate the average 
fluorescence quenching factors.  
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Different “blinking” behavior is observed for nanocrystals on quartz and on 

graphene (Figure 2.5). On quartz, long “off” periods occur; these are not observed on 

graphene.  Different blinking behavior leads to different integrated intensities from one 

nanocrystal to the next, which complicates our quantitative measurement of quenching.  

Blinking is known to depend upon both the laser intensity18 and on the nature of the 

underlying substrate. 19-23  However, nanocrystal fluorescence during the “on” period is 

known to have a relatively constant radiative rate 24 and near unity quantum yield. 25  

Thus, in order to remove the effect of blinking, we used the following procedure to 

calculate the comparative intensities during the “on” periods only. In order to remain in 

the linear regime, a low laser excitation intensity of ~50 W/cm2 was used to probe 

nanocrystals on quartz. A much shorter nanocrystal excited-state lifetime exists on SLG 

(Figure 2.4). We therefore used higher excitation intensity (~1500 W/cm2) for 

nanocrystals on graphene, but with the same binning time (10ms) for recording the 

fluorescence emission. The integrated fluorescence signals from nanocrystals on 

graphene still show a linear relationship with laser intensity at this high value, indicating 

that the dependence of blinking behavior on excitation intensity is negligible. On quartz 

the “on” and “off” periods lead to a familiar bimodal distribution of fluorescence 

intensities 16 (Fig 2.5b). From a collection of more than 160 time traces on quartz, we 

found an average ratio of the “on” period Ton to the integration time T of 0.34. Variations 

in Ton for different nanocrystals are chiefly responsible for the broad distribution shown 

in Figure 2.4d. 
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Figure 2.5 Suppression of nanocrystal blinking on single-layer 

graphene. a), Fluorescence time traces from an individual nanocrystal 
lying on a graphene monolayer (ILaser=1500W/cm2) and b), on a quartz 
substrate (ILaser=50W/cm2). Both traces were acquired with a time bin of 
10ms. The dashed horizontal lines indicate the intensity thresholds used to 
define the “on” and “off” states used in the text. c) and d), Histograms of 
the emission intensities corresponding to a) and b), respectively. After 
normalization for the laser excitation intensities, we deduce an average 
fluorescence quenching factor of ~75 between the “on” intensity measured 
on quartz and the intensity measured on graphene. 
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In contrast, fluctuations in the fluorescence intensity from nanocrystals on 

graphene are dramatically reduced. The fluorescence time traces yield a single-modal 

distribution of intensities (Figure 2.5b). This suppression of blinking suggests that the 

fluorescence quenching rate is significantly faster than the photoexcited electron trapping 

rate responsible for the “off” state.  Most of the integration time is “on” for nanocrystals 

on graphene, and thus on graphene Ton is approximated as T in Figure 2.5a.  The 

measured quenching factors were therefore corrected to account for the different “on” 

fractions, yielding ρ ≈ 80. 

We believe the quenching process, decreasing the nanocrystal quantum yield 

during the “on” periods, is resonant energy transfer and not electron transfer to graphene. 

Photoinduced electron transfer from core/shell nanocrystals to doped silicon substrates 

with a thin surface oxide, and to HOPG, has been studied by Electron Force Microscopy. 

26  The rates were quite slow; such charge transfer would be negligible under our 

conditions of excitation intensity and integration time. In contrast, excited-state resonant 

energy transfer to graphene is predicted to be efficient. We express the corrected steady-

state quenching factor ρ (the inverse of the fluorescence quantum yield) in terms of the 

dipole radiative decay rate
rad

γ and non-radiative energy transfer rate 
ET

γ : 

rad ET

rad

γ γ
ρ

γ

+
=          (2.3.1) 

Under steady-state approximation, emission intensity:  

rad
abs

rad non rad

I I
γ

γ γ −

= ×
+        

(2.3.2) 

Where 
abs

I  is absorption intensity, 
rad

γ  is radiative decay rate of nanocrystal for emission, 

non rad
γ −  is non-radiative decay rate.  



31 
 

 For a single nanocrystal (in the ‘on’ state) on quartz, we neglect any effects of 

optical reflection from graphene and also assume the nanocrystal fluorescence quantum 

yield in the “on” state is unity in the absence of graphene. 25 Thus 
non rad

γ −  is negligible 

compared to
rad

γ : 

Q

abs
I I=          (2.3.3) 

 For single nanocrystal (in the ‘on’ state) on graphene, 
rad

γ  is assumed not be 

affected in the presence of graphene and resonant energy transfer (at a rate 
ET

γ ) is 

considered to be the dominant non-radiative decay channel. Then:  

G rad
abs

rad ET

I I
γ

γ γ
= ×

+         
(2.3.4) 

Thus, the quenching factor writes: 

 =
Q

rad ET

G

rad

I

I

γ γ
ρ

γ

+
=

        
(2.3.5) 

 For single-layer graphene, standard theoretical expressions are given for radiative 

rate 
rad

γ  and the theoretical resonant energy transfer rate 
ET

γ  from an emitting dipole to 

the π electron system of SLG (approximated within the tight-binding model, 27, 28) as 

follows27-30: 
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 Where ε  and 
CdSe

ε  are dielectric constant of surrounding medium (coating ligand, 

trioctylphosphine oxide (TOPO), ε =2.6), and the CdSe nanocrystal, respectively. eff
ε  is 
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the effective dielectric constant for the interaction, considering the screening effect of 

nanocrystal itself. In the calculation, we used the tabulated value of the bulk dielectric 

constant of CdSe at the emission energy (1.9 eV) of the nanocrystals31 ( i 1.3  7.4 +=CdSeε

). 0ε  is vacuum permittivity, �  is reduced Planck constant, c is speed of light in vacuum, 

eg
µ  is the transition dipole moment of the nanocrystal under illumination, 

F
v  is Fermi 

velocity of single-layer graphene, z is the closest distance from the center of nanocrystal 

to graphene plane and E∆ =1.9 eV is the energy of emitted photon. 

 Then, the quenching factor by single-layer graphene: 
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Where α is the fine structure constant, ε  is the dielectric constant of the surrounding 

medium, c is the speed of light in vacuum, z is the distance from the nanocrystal center to 

the graphene plane, eV1.9=∆E  is the energy of the emitted photons, 16 ms101 −×=Fv  is 

the Fermi velocity in SLG, and integral ( )I z  can be calculated numerically using 

MATHEMATICA. 5 We take ε  to be that of the usual coating ligand trioctylphosphine 

oxide (ε  = 2.6).  

 To our knowledge there is no theoretical expression for the corresponding energy 

transfer rate in few-layer graphene.  Since the interactions between the layers of graphene 

are relatively weak 5 and we are concerned with excitations in the visible spectral range, 

we approximate the FLG system simply as a stack of decoupled single-layer graphene 

sheets. Each layer is treated as an independent energy transfer channel, separated from 

other layers by the graphite spacing of δ = 0.34 nm. The dielectric screening from upper-

layers of a FLG sample is assumed to be unchanged from that of the nanocrystal ligand. 
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The total energy transfer rate is the sum of transfer rates to each layer with different 

distances to nanocrystals. The quenching factor for FLG of n-layer thickness is then 

given by  

4

5/ 2
1

( ) ( ) 1
16

n

i

iF

c
nL I z

v

π α
ρ

ε =

 
= × × × + 

 
∑             (2.3.9) 

where ( )δ11 −+= izzi  is the distance from the nanocrystal center to the ith 

graphene layer. 

 A critical parameter in the model is the position of the nanocrystals with respect 

to the underlying graphene sheets. To determine the distance, we measured this height 

distribution using nanocrystals dispersed on highly-oriented pyrolitic graphite (HOPG) 

by tapping-mode atomic-force microscopy (Figures 2.6 and 2.7). By taking the height 

histogram of more than 80 individual nanocrystals on HOPG, the average height of the 

top of the nanocrystals was found to be 6.1 nm; thus the average distance from the 

nanocrystal center to graphene is taken to be 1 3.05 nmz ≈ .  
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  Figure 2.6 AFM image of nanocrystals on HOPG 
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Figure 2.7 Height histogram of individual CdSe/ZnS nanocrystals 

on HOPG. A Gaussian fit (red curve) to the histogram is used to extract 
the average height of 6.1nm. 

 

 In Figure 2.8 we compare data with theory using the average distance of

1 3.05 nmz ≈ . The experimental and theoretical quenching factors ρ are shown in Figure 

2.8. The factors of 70 for SLG and ~115 for bilayer graphene are in good agreement with 

the dipole energy transfer theory in equation 2. Considering a typical radiative rate 21, 24 

17105~ −× sradγ , we estimate 19104~ −× sETγ  for SLG. The nanocrystal lifetime on 

graphene is about 250 ps.  Interestingly, this value is similar to the reported near 200 ps-1 

lifetime of slightly smaller nanocrystals emitting at 620 nm on Au surfaces. 20  We note 
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that in the case of bulk metals, surface roughness is known to cause dramatic 

modifications in the absorption and radiative decay rates, yielding either fluorescence 

enhancement or quenching. 20 In the case of atomically thin surfaces like graphene, such 

effects can be neglected so that a comparison of the fluorescence intensities is equivalent 

to a comparison of the excited-state lifetime. It is remarkable that nanocrystals on SLG, 

which only absorbs about 2% of incident light, have roughly the same lifetime as on flat 

Au metal.  

 

Figure 2.8 Evolution of the fluorescence quenching factor with the 

number of graphene layers.  The black dots represent the quenching 
factors for single and few-layer graphene and for graphite determined 
from experiment, with the corresponding experimental uncertainties. The 
solid lines are the quenching factors calculated from the theory described 
in the text.  

 



37 
 

 From ref. 28, the theoretical distance (z) dependence of the dipole energy transfer 

rate to graphene is z-4. As a result, smaller nanocrystals with lower z1 should show larger 

ρ, and larger nanocrystals with greater z1 should show smaller ρ. We do in fact observe a 

distribution of integrated fluorescence intensities for nanocrystals on graphene (Fig. 2.4b). 

For SLG we calculated the relative number of emitted photons from each part of the 

height distribution using equation (2.3.8).   

Experimentally, the number of emitted photon is measured for nanocrystals on 

graphene, instead of quenching factor. The number of emitted photon is proportional to 

quantum yield 1/ ρ . In order to compare calculation of distance dispersion to 

experimental result, the quantum yield 1/ ρ  is averaged over distance distribution, which 

is suggested by Prof. Brus. 

Two sets of height histograms and the corresponding fitting Gaussian profiles, as 

shown in Figure 2.9 and Figure 2.10, respectively. 

Calculation using binning center:  
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Calculation using Gaussian profile: 
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In the above formula, z is the height, twice of the distance; ( )P x  is Gaussian 

profile fitted from the histogram. In the calculation, 1 4x nm= , 8
n

x nm= , 0.02x nm∆ = . 

(In this range, the energy transfer rate has a z-4 dependence) 

 

 

Figure 2.9 Height histogram, binning step: 0.7 nm.  

Fitting Gaussian curve:
( ) 22[ 6.09 /1.57]61

( )
1.57 / 2

x
P x e

π

− −
= ×

×
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Figure 2.10 Height histogram, binning step: 0.6 nm.   

Fitting Gaussian curve: 
( ) 22[ 6.08 /1.67]53

( )
1.67 / 2

x
P x e

π

− −
= ×

×
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Table 2.1 Quenching factors 

Thickness Experiment Average 

distance 

d=3.05nm 

Binning 

Center 

from Fig. 

2.9 

Binning 

Center 

from Fig. 

2.10 

Gaussian 

Profile 

from Fig. 

2.9 

Gaussian 

Profile 

from Fig. 

2.10 

1L 73 71 68 68 65 65 

2L 114 116 112 112 108 107 

3L 208 147 142 142 137 137 

4L 242 169 163 164 158 157 

5L 250 184 179 179 173 173 

40L  243 239 239 232 232 

100L  244 240 241 233 233 

200L  244 240 241 233 233 

1000L 604 244 240 241 233 233 
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 As shown in Table 2.1, we found that the total number of emitted photons over 

the distribution was essentially the same as calculated using the average distance. 

The experimental fluorescence quenching factor ρ increases with number of 

layers of the graphene sample, but is not in quantitative agreement with the model. This 

simple model should increasingly fail as the thickness increases, since it neglects 

attenuation and reflection of the emitting dipole near field in the top several layers for 

thick graphene samples. 2  For bulk graphite the measured ρ is about 600, while the 

model calculated ρ is only about 250.   

 In the bulk limit, we can alternatively calculate the expected quenching ρ using 

the well-known energy transfer theory for flat bulk materials based on the dielectric 

response of the medium.1 We used the analytical formula derived by Persson and Lang1 

to express the volume damping rate of an excited dipole near a bulk metallic surface: 

2

3 2
0

( )1
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4 4 ( )
eg eff
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µ ε ω ε
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πε ε ε ω ε
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= × ×
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 Combining it with the radiative decay rate of nanocrystals (see Eq. 2.3.6), the 

quenching rate is given by: 
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Where 2.4≈effε , 1 2( ) ( ) ( )iε ω ε ω ε ω= +  

The dielectric constant at the emitted photon energy (1.9 eV) can be found in the 

handbook edited by E. Palik31.  The calculated volume energy transfer rates are given in 

the Table 2.1. This theory gives a quenching ρ of 607, close to our measured value. 
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A similar calculation has been done by Persson and Lang to evaluate the surface 

energy transfer rate1. The contribution from surface energy transfer is small compared to 

volume one and will be neglected here.  

 

         Table 2.2 Quenching factor by bulk metal and graphite 

Material 
1(1.9 )eVε  2 (1.9 )eVε  Quenching Factor 

Graphite 5.3 10.3 604 

Au -9.9 1 361 

 

 

2.4 Conclusion 

We have demonstrated efficient energy transfer from individual CdSe/ZnS 

nanocrystals to single- and few-layer graphene.  Our analysis corrects for the differing 

blinking kinetics observed on quartz and on graphene substrates.  The fluorescence 

intensity of single nanocrystals is quenched by a factor of ~ 70 on single-layer graphene, 

in agreement with resonant energy transfer theory.  The quenching efficiency increases 

with layer number.  Resonant energy transfer is much faster than photoexcited electron 

transfer for hydrocarbon ligand coated, CdSe/ZnS core/shell nanocrystals adsorbed on 

graphene.  How might one change the relative rates of electron transfer and energy 

transfer for solar energy applications? The rate of electron transfer could be increased by 

strengthening the electronic coupling between nanocrystal and graphene through covalent 

bonding and by removal of the strongly insulating ZnS outer shell. The photochemical 
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covalent functionalization of graphene has been recently demonstrated, 32 making 

possible strong electronic coupling between nanocrystals and graphene. The Fermi 

energy of graphene can also be tuned by electrostatic 33, 34 or chemical doping 35 in order 

to increase the rate of electron transfer and/or decrease the rate of resonant energy 

transfer. In addition to possibilities for photovoltaic devices mentioned above, the 

relatively strong fluorescence quenching that we have observed for graphene sheets 

suggests another promising possibility: The use of graphene and semiconductor 

nanocrystals (or other fluorophores) as a molecular ruler in which nanometer-scale 

distances are determined by analysis of fluorescence quenching. In particular, owing to 

the predicted d-4 scaling of the rate of energy transfer, 27, 28 fluorescence quenching by 

graphene could be used to measure distances that cannot be reached using standard 

donor-acceptor pairs, 36 for which energy transfer decreases sharply as d-6. These are 

subjects for future research. 

 

2.5 Outlook 

In the weak coupling limit, the electron transfer rate is described by Fermi’s 

golden rule and is directly proportional to the square of electronic coupling between 

donor and acceptor.37 One way to achieve better coupling is to bridge donor and acceptor 

with delocalized electrons. A conjugated system made of chemical bonding can serve this 

purpose. Recently, Liu et al demonstrated the functionalization of graphene through 

photochemical reaction.32 The hot electron generated inside graphene during the 

illumination transfers to nearby peroxide which is in close contact with graphene, before 

it is quenched by phonon generation in graphene. The irreversible electron transfer stems 
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from the breakdown of peroxide to radical upon the acceptance of hot electron. The 

radical later acts as an attacking agent for graphene functionalization. It would be of great 

interest to generalize this method and apply it to improve charge transfer rate between 

photoexcited nanocrystals and graphene. Furthermore, since the theory predicts that the 

energy transfer rate is inverse to the distance between graphene and nanocrystal to the 

order of 4,27, 28 the competing process energy transfer is strongly suppressed by longer 

conjugated linkage which serves as pathway for charge transfer. By carefully selecting 

conjugated bridge unit, strong charge transfer is expected to observe in the system 

composed of graphene and nanocrystals, which can be used as role model to study 

photovoltaics.    

TOPO is widely used as capping ligand to synthesize high-quality nanocrystals 

with narrow size distribution. But the insulating nature and inert reactivity makes the 

initial TOPO ligand a poor choice for bridging unit. If TOPO is replaced by conjugated 

molecule during the nanocrystal synthesis, the π-π stacking interaction between 

conjugated ligand would lead to a large amount of aggregation of nanocrystals and a poor 

dispersion of nanocrystals in solution. Further linkage between nanocrystals and 

graphene would become problematic. Therefore, it is more applicable to do ligand 

exchange of TOPO with conjugated molecule after the nanocrystal synthesis. Querner 

and coworkers have demonstrated that dithiocarboxylic acid and its salt can replace 

insulating ligand TOPO on CdSe nanocrystal surface quite effectively.38, 39 

Dithiocarboxylic acid acts as bidentate chelating ligand and shows a stronger binding 

ability toward the nanocrystal surface than TOPO does. Stronger binding also means high 

resistance toward photodegradation on the surface. Mass action is the basic principle 
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under ligand exchange experiment. Large amount of new ligand is accessible to 

nanocrystals to replace limited number of the initial ligand on surface. Furthermore, 

functional group could be grafted to the out space of nanocrystals after ligand exchange. 

The terminal amino group can be covalently bonded through coupling reaction to the end 

group (e.g. aldehyde or carboxylic group) in functionalized graphene.  

One good example would be piperidine salt of 4-amino dithiobenzoic acid. To run 

ligand exchange reaction, TOPO capped nanocrystals would be dissolved in chloroform 

after removing hexane in vacuum. Piperidine salt of 4-amino dithiobenzoic in chloroform 

is mixed with CdSe nanocrystals solution. The mixture can be stirred at room temperature 

for 2 hours under Ar flow. Then CdSe nanocrystals are precipitated by methanol. After 

centrifugation, CdSe nanocrystals in precipitate are washed by methanol, diethyl ether, 

and chloroform. Any size change or aggregation of nanocrystals can be monitored the 

peak positions and widths in UV-Vis absorption spectra. Indirect evidence for successful 

ligand exchange would come from change in solubility of CdSe nanocrystals solution in 

DMSO. Due to the non-polar nature of TOPO ligand, original CdSe-TOPO nanocrystals 

are not soluble in DMSO. After ligand exchange reaction, new CdSe nanocrystals would 

be slightly soluble in DMSO. The further evidence comes from NMR spectrum of 

nanocrystals in DMSO-d6 which would show broadened peaks featuring aromatic 

hydrogen. 
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Chapter 3 

Surface Diffusion of 0D Materials on 2D Materials2 

 

Due to large surface to volume ratio and uncoordinated surface atoms, 0D materials are 

more chemically active compared to bulk counterpart. This has been reflected in the role 

of catalysis for various reactions by noble metal nanoparticles supported on oxide. 0D 

materials can directly form on various substrates using physical vapor deposition. In the 

classical nucleation theory, the morphology of 0D materials is kinetically controlled by 

the diffusion and aggregation of adatoms during deposition. For 2D materials, all atoms 

are surface atoms, thus the properties of 2D materials are sensitive to the surrounding 

environment. By engineering the underlying supporting substrates, 2D materials can be a 

potential candidate as the substrates to grow and support catalytic 0D materials.    

  

                                                 
2 Portions of the material presented in this Chapter were previously submitted as 
Liu, L.; Chen, Z. Y.; Wang, L.; Hone, J.; Brus, L. E.; Flynn, G. W., Slow Gold Adatom 
Diffusion on Graphene: Effect of Silicon Dioxide and Boron Nitride Substrates. 
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3.1 Introduction 

Since its discovery in 2004, graphene has attracted massive research interest due 

to properties stemming from its unique electronic structure1-4 and remarkably high 

crystallinity and strength.5   Graphite itself is the smoothest of all substrates; adsorbed 

molecules and nanocrystals show extremely low friction and high mobility6-9. In this 

chapter, we explore the basic smoothness of few layer graphene substrates by observing 

the diffusion of Au adatoms to form Gold nanoparticles (NPs).  We find that the resulting 

kinetically controlled NP morphologies depend on the numbers of graphene layers, i.e. 

Au forms many well-dispersed smaller NPs on single layer (1L) graphene, but fewer and 

bigger NPs on graphite at the same deposition condition. By analyzing the NP 

morphologies on these two substrates at the saturation density, we find that the Au ad-

atom effective diffusion constant is about 1500 smaller on 1L graphene on SiO2 than on 

graphite surfaces. . An STM study was carried out to study the morphology of SiO2 

supported pristine graphene surface. The diffusion constant on 1L graphene on BN is far 

higher, approaching the value on bulk graphite itself.  Thus, NP growth kinetics is 

effectively controlled by nature of the substrate under graphene  This present adatom 

diffusion study, in addition to previous studies of chemical reactivity10, 11,  charge transfer 

doping10-12, and electrical transport13, 14 show that, as a 2D material,  graphene  properties 

are strongly influenced by the local environment.        
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3.2 Experimental Methods 

Graphene samples were prepared by mechanical exfoliation of Kish graphite onto 

the SiO2/Si substrates (thickness of SiO2 ~300 nm). The numbers of layers and structural 

integrity of graphene samples were characterized by Raman spectroscopy (Fig. 3.1).15 

Vapor depositions of Au were carried out in an electron-beam (e-beam) evaporation 

chamber (SEMICORE SC2000) with pressure of 5 x 10-7 Torr during deposition. The 

deposition substrates, which were kept around 65 F during deposition, were about 1 m 

away from the Au source. Gold pellets with 99.999% of purity (Kurt J. Lesker) were 

placed into a molybdenum boat (International Advanced Materials) and heated to around 

Au’s melting temperature by accelerated electron beams. The evaporation rates and Au 

dosages were monitored by a crystal quartz microbalance. For all the results shown in the 

paper, the evaporation rate was kept at 0.1 Å/sec. Raman spectra on graphene and 

graphene with gold nanoparticles were performed in air at 25oC, using a confocal (40X 

objective) spectrometer with 600 grooves/mm grating. 514.5 nm Ar ion laser was focused 

to ~1µm2 in the sample plane and low laser power level (1 mW) was used to avoid any 

heating effect. For samples with gold dosage larger than 5 Å, backgrounds from emission 

of gold NPs were taken out by fitting as polynomial function. All spectra were then 

normalized according to Si peak (~980 cm-1). The spectral resolution was around 8 cm-1. 

The Raman spectra were fitted with Voigt profile to show the width of peaks. For better 

view, spectra of graphene with gold nanoparticles were all shifted vertically by 0.5 

relatively to those of pristine graphene. 
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Fig. 3.1 Raman spectra of 1L, 2L, and 3L graphene before Au 

deposition. The absence of D band indicates the graphene sheets were 

either defect-free or the number of defect is under the detection limit. 

 

Double scotch tape method was used to prepare graphene on BN substrates. BN 

flakes were first deposited onto SiO2 using scotch tape method. After removing the first 

tape, a second scotch tape with graphene flakes was put down to the substrate to deposit 

graphene onto BN substrate. The presence of graphene was confirmed by atomic force 

microscope (AFM) and Raman spectroscopy. 

To fabricate graphene samples for STM study, Au/Cr electrodes were deposited 

around the graphene area using TEM grids as a shadow mask. After a 3 nm thick of Cr 

and 15 nm of Au deposition, the graphene area can be clearly separated from the SiO2 

area by an optical microscope (Fig. 3.2). Unlike samples prepared by electron beam 

lithography in previous studies, our STM samples were readily imaged without any 
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further treatment. All the STM measurements were carried out in the ambient conditions 

at the constant current mode. All the STM images were analyzed with the SPIP software 

(version 4.4.6.0, Image Metrology). A 3rd order line and plane subtraction correction was 

applied to compensate for scanning drift and image bow. 

 

Fig. 3.2 (a) Optical image of 1L and few-layer graphene exfoliated onto a SiO2/Si 

substrate. The black square indicates the area which will be left open after Au electrode 

depositions. (b) Optical image of the STM sample covered with Au electrodes. The red 

square area (32 µm × 32 µm) at the center consists mostly of 1L graphene.  

 

The morphologies of Au nanoparticles after deposition were characterized by 

atomic force microscopy (AFM) operated in the tapping mode. To achieve a high spatial 

resolution, tips with a nominal diameter of 1 nm were used. All AFM images were 

analyzed with the SPIP software (version 4.4.6.0, Image Metrology). A 3rd order line and 

plane subtraction correction was applied to compensate for scanning drift and image bow. 
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3.3 Results 

 As described in Methods, Au was evaporated onto supported graphene at 23 oC 

in vacuum.  The resulting NP AFM morphologies,  at a 5 Å nominal (average thickness) 

Au coverage dosage on 1L, bilayer (2L) graphene, and many-layer graphene (graphite) 

surfaces are shown in Fig.3.3.  The graphene and graphite were on the same 1 cm2 

SiO2/Si wafer chip, and the evaporated Au atoms flux rate was essentially identical on 

these substrates.  On the graphite surface, Au NPs show dendritic patterns (Fig. 3.3 b), 

agreeing with results of previous scanning electron microscope (SEM),16 transmission 

electron microscope (TEM),17, 18 and scanning tunneling microscope (STM)19 studies. 

Because of the large Au-Au binding energy20 (~3.8 eV), freely diffusing Au adatoms 

bind and form small compact NPs. These small NPs themselves diffuse and bond to each 

other in dendritic shapes,  as occurs in the diffusion limited aggregation (DLA) kinetic 

model.21   Under the same deposition conditions, many well-dispersed, compact Au NPs 

are formed on the 1L graphene. On the 2L graphene, the formation of a few elbow-

shaped Au NPs is seen, implying the transition from a compact growth to the dendritic 

growth. The increased Au NP center to center distances from graphene to graphite 

indicates a decreased Au ad-atom mobility on the graphene.  From these images, NP 

growth is far slower, and aggregation is far less extensive, on 1L graphene/SiO2 than on 

graphite.  



 

Fig. 3.3 AFM images (2.0x2.0 µm

double-layer Graphene (a) and graphite (b). 

 

At a lower 1 Å Au dosage, the observed density of Au NPs is ~1000 µm

3.4 a) on 1L graphene. After the sample was annealed at 350 

the density of Au NPs dropped to ~130 µm

density of Au NPs decreases from ~130 µm

same annealing treatment. This later number agrees the average density of defect sit

bulk Kish graphite. These sharp drops of the Au NP densities after thermal annealing 

confirm that our observed morphologies formed at 23 
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AFM images (2.0x2.0 µm2) of 5 Å Au deposited on single-layer and 

layer Graphene (a) and graphite (b).  

At a lower 1 Å Au dosage, the observed density of Au NPs is ~1000 µm

3.4 a) on 1L graphene. After the sample was annealed at 350 oC in Ar atmosphere for 2 hr, 

sity of Au NPs dropped to ~130 µm-2 (Fig. 3.4 c). On the graphite substrate, the 

density of Au NPs decreases from ~130 µm-2 (Fig. 3.4 b) to ~ 3 µm-2 (Fig. 3.4 d) after the 

same annealing treatment. This later number agrees the average density of defect sit

bulk Kish graphite. These sharp drops of the Au NP densities after thermal annealing 

confirm that our observed morphologies formed at 23 oC are kinetically controlled. 

 

layer and 

At a lower 1 Å Au dosage, the observed density of Au NPs is ~1000 µm-2 (Fig. 

C in Ar atmosphere for 2 hr, 

(Fig. 3.4 c). On the graphite substrate, the 

(Fig. 3.4 d) after the 

same annealing treatment. This later number agrees the average density of defect sites on 

bulk Kish graphite. These sharp drops of the Au NP densities after thermal annealing 

C are kinetically controlled.  



 

Fig. 3.4 AFM images (1 x 1 µm

and graphite substrates (b). After 2 hr thermal annealing at 350 

µm2) of single-layer graphene (c) and graphite (d).  
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AFM images (1 x 1 µm2) of 1 Å Au deposited on single-layer graphene (a

and graphite substrates (b). After 2 hr thermal annealing at 350 oC, AFM images (1 x 1 

layer graphene (c) and graphite (d).   

 

layer graphene (a) 

C, AFM images (1 x 1 



 

 
Fig. 3.5 AFM images (1x1 µm

graphene. The Au nanoparticle 

880/µm2 respectively.    

 

We use un-annealed 1L graphene as deposited by the scotch tape method on SiO

We probed the morphology of un

the shadow mask method, mentioned in Experimental Methods. Fig. 3.6 a and Fig. 3.6 b 

show large scale (200 × 200 nm

contrast to atomically flat graphite surface, the graphene surface displays many bright 

and dark features, which reflects that graphene follows the locally high and low features 

on SiO2 surfaces. Line profiles show height variations of ~0.5 Å and ~0.6 Å on graphite 

and graphene surfaces at a 150 nm span (Fig. 3.6 c). The standard deviations of height 

distributions of a pristine 1L graphene and graphite are 

(Fig. 3.6 d).  The unannealed 1L graphene surface is 8 times rougher than flat graphite. 
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AFM images (1x1 µm2) of 2 Å (a) and 3 Å (b) Au deposited on 1L 

graphene. The Au nanoparticle densities at 2 Å and 3 Å dosages are 930/µm2

annealed 1L graphene as deposited by the scotch tape method on SiO

We probed the morphology of un-annealed graphene by STM, on a sample fabricated by 

thod, mentioned in Experimental Methods. Fig. 3.6 a and Fig. 3.6 b 

show large scale (200 × 200 nm2) STM images of graphite (HOPG) and 1L graphene. In 

contrast to atomically flat graphite surface, the graphene surface displays many bright 

which reflects that graphene follows the locally high and low features 

surfaces. Line profiles show height variations of ~0.5 Å and ~0.6 Å on graphite 

and graphene surfaces at a 150 nm span (Fig. 3.6 c). The standard deviations of height 

ions of a pristine 1L graphene and graphite are 121 pm and 17 pm respectively 

(Fig. 3.6 d).  The unannealed 1L graphene surface is 8 times rougher than flat graphite. 

 

) of 2 Å (a) and 3 Å (b) Au deposited on 1L 

2 and 

annealed 1L graphene as deposited by the scotch tape method on SiO2.  

annealed graphene by STM, on a sample fabricated by 

thod, mentioned in Experimental Methods. Fig. 3.6 a and Fig. 3.6 b 

) STM images of graphite (HOPG) and 1L graphene. In 

contrast to atomically flat graphite surface, the graphene surface displays many bright 

which reflects that graphene follows the locally high and low features 

surfaces. Line profiles show height variations of ~0.5 Å and ~0.6 Å on graphite 

and graphene surfaces at a 150 nm span (Fig. 3.6 c). The standard deviations of height 

respectively 

(Fig. 3.6 d).  The unannealed 1L graphene surface is 8 times rougher than flat graphite.  



 

Fig. 3.6 Large-scale STM images (200×200 nm

graphene (b). The images were obtained in ambient at the constant current mode. V

0.5 V and Itunnel = 0.5 nA. (c) Line profiles along the blue lines shown in (a) and (b). (d) 

Height distributions acquired from the whole areas of (a) and (b). The histogram

fitted by Gaussian functions with standard deviations of 

and pristine graphene surface. 
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scale STM images (200×200 nm2) of graphite (a) and pristine 1L 

ene (b). The images were obtained in ambient at the constant current mode. V

= 0.5 nA. (c) Line profiles along the blue lines shown in (a) and (b). (d) 

Height distributions acquired from the whole areas of (a) and (b). The histogram

fitted by Gaussian functions with standard deviations of 17 pm and 121 pm for graphite 

and pristine graphene surface.  

 

) of graphite (a) and pristine 1L 

ene (b). The images were obtained in ambient at the constant current mode. Vbias = 

= 0.5 nA. (c) Line profiles along the blue lines shown in (a) and (b). (d) 

Height distributions acquired from the whole areas of (a) and (b). The histograms can be 

for graphite 
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Our Au NPs are kinetically controlled as discussed above.   Recently Luo et.al 22 

studied thermodynamic equilibrium properties of Au NPs on graphene, after annealing at 

400 oC.  They measured the average nanoparticle diameter using high-resolution scanning 

electron microscopy (HRSEM) and found that the diameter was proportional to the layer 

number of few-layer graphene to the order of 1/3. This layer dependence of Au NP 

morphology was attributed to Coulombic interaction between charged Au NPs and 

graphene.  Due to the work function mismatch, an interfacial dipole is required to 

equilibrate the Fermi energies of Au NP and graphene.22 They used a Thomas Fermi 

model for interlayer screening and found the area density was expressed a 

     ( )

1/ 2 3/ 2

0 1/ 22

3 ( )
8

F
v e d

σ
∆Φ 

=  
  �

, 

where ∆Φ is the work function mismatch, �  is reduced Planck constant, vF is Fermi 

velocity of single-layer graphene and d=0.34 nm is the interlayer spacing in graphite. 

Since the work function of graphene and Au NPs is given as ~4.66 eV and 5.1-5.47 eV22, 

the area density can be estimated as 4.7×1013 cm-2, if assuming ∆Φ=0.5 eV.   

We have explored possible charge transfer between graphene and Au NPs under 

our conditions using Raman spectroscopy.   The graphene G Raman transition shifts and 

narrows with graphene charging.23  We observe a negligible shift in G peak positions 

after evaporation of Au NPs, over a range of Au dosage. The maximum G peak shift, 4 

cm-1, is actually achieved from deposition of a continuous bulk gold film of 100 Å 

thickness.  A 4 cm-1  shift corresponds to a charge transfer doping about 2.2×1012 cm-2 

with a 191 meV Fermi energy shift24, as calibrated in top-gate graphene devices.23 
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At 1 Å gold dosage onto graphene, the G peak shift due to Au NPs was less than 1 

cm-1.  The G peak width narrowed by 2 cm-1.  This linewidth decrease corresponds to 

roughly  ~4×1011 carriers/cm-2 25, or about 5 holes per Au NP.   This weak interaction is 

consistent with the previous reported results.24, 26, 27. Note also that DFT calculations have 

shown that charge transfer between graphene and very small gold cluster is less than 0.3e
- 

for each cluster.28-33   Our graphene carrier density due to charge transfer, laterally 

averaged over the ~ 1 µm Raman spot size, is orders of magnitude smaller than the 

density (4.7×1013 cm-2) observed by Luo et al.  Under our conditions there is little charge 

transfer between Au NPs and graphene.  

NP growth kinetics can be markedly influenced by the existence of localized 

surface traps.   The Figure 1 morphologies are actually very similar to those previously 

observed on bulk graphite surfaces where defect sites were intentionally generated by Ar 

ion bombardment.34  Such defects trap mobile Au ad-atoms, and act as nucleation centers. 

The surface diffusion activation energy for an Au atom which sits in a graphene vacancy 

site is measured to be ~2.5 eV. 35    The absence of the Raman D disorder band on 

graphene samples before and after Au deposition (Fig. 3.7) implies that the local density 

of these such defects, individual  C atoms with significant sp3 hybridization and/or atom 

vacancy local defect sites, is very small.15    Previous studies showed that the average 

number of defect sites on pristine graphene surfaces made from Kish graphite was ~5 µm-

2.36, 37  
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Fig. 3.7 Raman spectra of graphene (black) and graphene with 1 Å (red) 

and 100 Å (blue) gold NPs. Spectrum of graphene with 1 Å gold NPs has been 

offset for better clarity, while that with 100Å gold NPs have not. 

 

We also studied Au NP kinetics on 1L graphene supported on boron nitride (BN), 

a flat van der Waals layered material like graphite itself.   Graphene is known to be 

substantially flatter, with more homogeneous electronic properties, on single-crystal 

hexagonal BN than on SiO2.
14, 38, 39 In Figure 3.8, 1L graphene on BN (bottom part in Fig. 

3.8 a) shows almost the same AFM flatness (0.1 nm height standard distribution) as does 

bulk BN itself (upper part in Fig. 3.8 a).  At the same AFM vertical resolution, graphene 

on SiO2 in Figures 3.8 b and S7 shows a rougher surface.   In Figure 3.8 we observe the 

growth of Au NPs both on bare bulk BN and on 1L graphene on BN.  On both these 



 

surfaces, NP growth is far faster than on 1L graphene supported on SiO

quantitatively analyzed below.

Fig. 3.8 (a) AFM image (1 x 1 µm

boron nitride (BN). (b) After deposition of 1 Å gold, AFM image (1 x 1 µm

on single-layer graphene supported on boron nitride. (c) AFM image of Au NPs on BN. 

(d) AFM image of Au NPs on bilayer graphene supported on SiO
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surfaces, NP growth is far faster than on 1L graphene supported on SiO2.  These data are 

quantitatively analyzed below. 

(a) AFM image (1 x 1 µm2) of pristine single-layer graphene supported on 

. (b) After deposition of 1 Å gold, AFM image (1 x 1 µm2

layer graphene supported on boron nitride. (c) AFM image of Au NPs on BN. 

(d) AFM image of Au NPs on bilayer graphene supported on SiO2. 

.  These data are 

 

layer graphene supported on 

2) of Au NPs 

layer graphene supported on boron nitride. (c) AFM image of Au NPs on BN. 
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3.4 Nucleation Theory 

It is well recorded that there are three possible growth modes: island (or Volmer-

Weber) mode, layer (Frank-van der Merwe) mode and layer plus island (Stranski-

Krastanov) mode, as shown in Fig 3.10.40 In Volmer-Weber mode, which is usually 

called 3D island mode, the cohesion energy of adatoms is much larger than the surface 

energy of adatoms on the substrate, thus adatoms grow into 3D islands instead of wetting 

the substrate. This mode is widely observed for the growth of many metals on graphite 

and other layer compounds such as mica. In Frank-van der Merwe mode, which is also 

called 2D layer mode, adatoms bind more strongly to the supporting substrate rather than 

each other, thus adatoms wet the substrate well and grow on the substrate layer by layer. 

This mode is normally observed in the case of adsorbed gases on HOPG. The third mode, 

Stranski-Krastanov mode or layer plus island mode, is an interesting intermediate and 

more complicated case. In this mode, the interaction between adatoms and substrate 

facilitates the formation of first monolayer of adatoms on the substrate. The first 

monolayer now serves as a screening layer to reduce the interaction between substrate 

and the following layer, therefore the following layer growth is unfavorable and adatoms 

grow into island on top of the first layer (or “intermediate layer”). As will be shown later, 

the behavior and the specific form of the nucleation rate will depend on the growth mode. 

In our experiment, since gold-gold binding energy (cohesive energy 3.8 eV)20 is 

significantly larger than gold-graphene van der Waals interaction (~0.45 eV)41, gold 

atoms do not wet graphene surface to form layer but rather grow into islands. This growth 

mode is also confirmed from AFM images (Fig. 3.4 & 3.8).  

 



 

Fig 3.10 Schematic cross

Volmer-Weber mode, (b) layer or Frank

Stranski-Krastanov mode. Θ 

monolayers (ML).  

 

Fig. 3.11 Schematic diagram of atomic processes in nucleation and grow

substrate.  
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Schematic cross-section view of the three growth modes: (a) island 

Weber mode, (b) layer or Frank-van der Merwe mode, (c) layer plus island (or 

 represents the coverage of adatoms in the unit of  

Schematic diagram of atomic processes in nucleation and grow

 

section view of the three growth modes: (a) island or 

van der Merwe mode, (c) layer plus island (or 

represents the coverage of adatoms in the unit of  

 

Schematic diagram of atomic processes in nucleation and growth on 
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The microscopic view of nucleation and growth can be seen in Fig 3.11. Upon the 

arriving of atoms at the flux rate, atoms are adsorbed on the surface of the substrate and 

become adatoms. Those adatoms have a limited lifetime τa, determined by adsorption 

energy, the temperature of the substrate and the desorption attempt frequency. During 

their lifetime, adatoms diffuse on the surface under diffusion energy barrier and this 

motion is characterized by surface diffusion constant D. They will travel a mean free 

diffusion distance of (Dτa)
0.5 before leaving the surface and re-evaporating to the vapor, 

unless they are bound by existing nuclei (small clusters), defect centers on the surface, or 

stable clusters.   

To quantify the nucleation and growth process, kinetic rate equations have been 

used since the work done by Zinsmeister.42-45 The change in cluster density nj of size j is 

expressed by the microscopic processes shown in Fig. 3.11. If we assume that only single 

adatoms are mobile and any other clusters of size larger than 1 are relatively immobile on 

the surface, then kinetic rate equations can be given as follows46: 

1 1 ( )x x

a

dn n d n w
F

dt dtτ
= − − ,       (3.4.1) 

1  ( )j

j j

dn
U U j i

dt
−= − < ,       (3.4.2) 

x
i c

dn
U U

dt
= − ,        (3.4.3) 

where n1 is the density of adatoms, F is the flux rate of deposit, τa is the lifetime of 

adatoms on the surface, nj is the density of clusters of size j, i is the critical size, Uj is the 

capture rate by j cluster, Uc is the cluster impingement rate for coalescence by growth, nx 
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is the density of stable clusters (=
1

x j

j i

n n
∞

= +

= ∑ ), and nxwx is defined as the total number of 

atoms in stable clusters: 
1

x x j j

j i

n w n w
∞

= +

= ∑ , where wj is the average number of atoms in j 

cluster.  

In Eq. (3.4.1), the second term 1

a

n

τ
−  represents the loss of adatoms due to re-

evaporation into the vapor in the lifetime τa, and the third term shows the loss due to the 

incorporation to the stable clusters. The incorporation to the unstable j clusters (j<i) is 

neglected, since the density of unstable clusters will not reach detailed micro balance 

under local thermodynamic equilibrium. Eq. (3.4.2) can be further simplified as: 

0 ( )j
dn

j i
dt

= <         (3.4.4) 

 The incorporation term in Eq. (3.4.1) can be further written as three terms: 

nucleation rate, diffusion capture by stable clusters, and direct impingement to the 

existing stable clusters. The equation can be rewritten as: 

 1 1( )x x

n c

d n w n n
FZ

dt τ τ
= + + ,       (3.4.5)  

where τn is nucleation lifetime, τc is capture lifetime, and Z is the substrate coverage by 

stable clusters. The capture rate can be defined as capture number σx and adatom 

diffusion constant D: 1
c x x

Dnτ σ− = . 

 Therefore, the change in adatom density: 
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1 1 1 1(1 )
a n c

dn n n n
F Z

dt τ τ τ

 
= − − + + 

 
      (3.4.6) 

Under steady-state conditions (dn1/dt = 0), when most nucleation occurs, the 

density of adatoms is given by  

1

(1 )
(1 )

a

x a x

F Z
n

D n

τ

σ τ

−
=

+
,        (3.4.7) 

where effective lifetime τ is defined as  1 1 1 1
a n c

τ τ τ τ− − − −= + + . Since the nucleation term τn
-1 

is numerically unimportant,46 the lifetime is determined by two competing processes, re-

evaporation process, a dominating process at high temperatures, and capture process by 

stable clusters, a main process at low temperature when complete condensation occurs for 

adatoms on the surface.  

Similarly, Ui can be expressed as 1i i
Dn nσ in Eq. (3.4.3). The second term Uc 

causes the density of stable clusters to decrease. Venables estimates the coalescence rate 

Uc by considering circular clusters and relates it to the change in coverage Z: 

2
c x

dZ
U n

dt
= . Then, Eq. (3.4.3) is equal to the following equation: 

1 2x
i i x

dn dZ
Dn n n

dt dt
σ= −        (3.4.8) 

The density of stable clusters nx is observable in experiment, either by TEM, SEM 

or AFM, but the analytic form is not simple and it is coupled to n1 in Eq. (3.4.1) through 

the second term in Eq. (3.4.7). The specific formula40 of coupling depends on the growth 

modes mentioned early. If adatoms grow into islands, then we have 
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1/ 2
( ) (ln ) / (ln )

1
3

x x x x
dZ d n w n d n d Z

dt Zdt

π   
= Ω −   

   
,     (3.4.9) 

while for the layer growth mode:  

2 / 3 ( )
x x

dZ d n w

dt dt
= Ω ,        (3.4.10) 

where Ω is the atomic volume of the deposit and  

1

( )
x x

x x

d n w
Dn n FZ

dt
σ= + ,       (3.4.11) 

if nucleation rate is neglected.  

 By dividing dZ/dt in the both sides of Eq. (3.4.7), it can be rewritten as: 

  1 2
/

x i i
x

dn Dn n
n

dZ dZ dt

σ
= −         (3.4.12) 

Under thermodynamic equilibrium, the density of critical clusters ni is given by 

Walton relation47:  

( ) /( )1
1

0

( ) i

i
E m kT

i ii
m

n
n C m e

N
−

= ∑ ,       (3.4.13) 

Where N0 is the substrate atomic density, Ei(m) and Ci(m) are the energies and statistical 

weightings of critical clusters in configuration m. In low temperature, Eq. (3.4.13) can be 

simplified to only one configuration which has the highest binding energy and the form is 

given as: 
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At the saturation density, dnx/dz = 0. In this case, Eq. (3.4.9) can be simplified as: 

1/ 2
( )

x x x
dZ n d n w

dt Z dt

π 
= Ω  

 
       (3.4.14) 

After substituting Eqs. (3.4.7), (3.4.10), (3.4.11), (3.4.14) and (2.4.15) to (3.4.12), 

the saturated density of stable clusters nx can be given separately for two growth modes: 

( )
1 /( )3/ 2
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for island (3D) growth mode, where ( )
1 1/ 2

3 1/ 2
( ) 1

2
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for layer (2D) growth mode, where ( )
1

2 2 / 3
( ) 1

2
ii i

D

C
Z Z

σ
η

+
= −

Ω
. 

As shown early, the growth mode is island mode in our experiment. In the 

following part, I will limit my discussion to Eq. (3.4.15). Depending on the substrate 

temperature and coalescence stage during growth, the condensation of adatoms can be 

divided into three regimes: extreme incomplete, initially incomplete and complete 

condensation. The relative magnitudes of
x a x
D nσ τ in comparison to coverage Z and 

number 1 is used as a ruler to separate each regime from others40, where σx is the capture 

number of single atoms by stable clusters, D is adatom diffusion constant, τa is the 
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adatom lifetime and nx is island density. In the following calculation, we will show that 

gold adatoms condensate completely on graphene surface at room temperature.  

Now, we will estimate the value of
x a x
D nσ τ . Capture number σx is thought 

roughly 5-10 as a slowly varying quantitiy.40  Using transition state theory, the ad-atom 

lifetime,  

/1 aE kT

a a
v eτ −=          (3.4.17) 

is determined by the desorption frequency va, and the adsorption energy Ea. 

The ad-atom diffusion constant 

2
/

4
dE kTda v

D e
−=

        
(3.4.18) 

is determined by the lattice constant a, the diffusion frequency vd, and the diffusion 

energy Ed. By making an assumption that desorption and diffusion frequencies are the 

same, the
a

Dτ is given as follows: 

2
( ) /

4
a dE E kT

a

a
D eτ −=

        
(3.4.19) 

Anton and Schneideriet have determined the difference energies of adsorption and 

diffusion as 0.4 eV for gold adatom on graphite.17 By assuming that gold jump between 

unit cells of graphene, hopping distance a is estimated as 2.5 Å. The island density nx can 

be counted from the AFM images taken after evaporation. Thus for gold on graphite and 

graphene: 
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2
400meV / 25.85meV 2(0.25nm)

5 100µm 41
4x a x

D n eσ τ −≥ × × × =
   

(3.4.20) 

For this number is much larger than 1, gold adatoms condense completely on 

graphene and graphite at room temperature. By applying the formula of 3D island growth 

at the complete condensation regime, the Au island saturation density is given as 

follows40: 

/( 2.5)

0
0

( ) ~ ( ) exp
( 2.5)

i i

i d
x

F E iE
n Z N Z

N v i kT
η

+

   +
   +   ,    

(3.4.21) 

where i is the size of critical nucleus cluster and Ei is the binding energy of critical 

nucleus cluster. 
 

 

3.5 Discussion 

Non-equilibrium NP growth kinetics can vary with the rate of adatom diffusion D, 

and with the rate of adatom deposition F per unit area, and with the bonding strength 

between adatoms.   Mean-field nucleation theory48,40, 49 has been extensively developed 

to interpret non-equilibrium NP formation.  As time increases there are three kinetic 

regimes:  nucleation, transition from nucleation to growth, and steady-state growth. At 

the early stages of deposition, diffusing adatoms predominately find each other and form 

new stable nuclei (compact NPs).   The number of nuclei increases with time, and 

eventually newly deposited, diffusing adatoms predominately attach to pre-existing 

nuclei.  This creates a steady state regime in which nuclei continue to grow in size, but 

new nuclei are not created.  At this saturation nuclei density, the mean free path of Au ad-
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atom diffusion l in nm  is equal to the mean Au NP separation.49   In this kinetic process 

possible Au adatom re-evaporation might occur.50, 51 However, we demonstrate in 

Discussion Section that gold atoms condensate completely on graphene and graphite 

surface; that is, the effect of re-evaporation is negligible in our experiments.  

At 5 Å coverage, we see the effect of NP diffusion:  NPs form dendritic 

aggregates in figure 3.3.  At 1 Å coverage in figure 3.5, we observe mostly the individual 

NP with few aggregates; this is the steady-state kinetic regime discussed above.  Au 

adatoms will have far high diffusion constants than Au NPs, and it is the adatom 

diffusion constant which principally determines kinetics.  Venables theoretically 

considered the effect of mobile NPs on the steady-state saturation NP density,  and 

concluded that the effect is significant only at the highest temperatures and lowest arrival 

rates.52  Also, Brune concluded that even dimer cluster diffusion plays a minor role on the 

final NP density.49  Hence, we tentatively neglect the motion of few atom clusters, and 

larger NPs, in the growth kinetics. With this simplification, the Au NP saturation density 

nx is predicted to be 40: 

/( 2.5)

0
0

( ) ~ ( ) exp
( 2.5)

i i

i d
x

F E iE
n Z N Z

N v i kT
η

+

   +
   +  

   (3.5.1) 

as described more fully in Discussion Section. Here Z is the substrate area coverage by 

NPs (unitless); Z thus depends upon the total deposition time.   N0 is the substrate atomic 

density (cm-2), η(Z) is a dimensionless calculated parameter, F is the flux rate of arriving 

atoms (cm-2s-1), v is an effective surface vibration frequency (~1011 to 1013 s-1),  i is the 
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number of Au atoms in the critical cluster,  Ei is the Au atom binding energy in the 

critical cluster,  and finally Ed is the diffusion activation energy of a single Au atom. 

The critical cluster of size i is the most unstable cluster in thermodynamic 

nucleation theory.40  Clusters of size smaller than i  decay rapidly and their density can be 

expressed in a Walton relation derived from “detailed balance” (or “local” 

thermodynamic equilibrium)47.  Clusters larger than i grow and form the stable NPs 

shown in the AFM images.  The critical cluster can be large if the adatom bonding is 

weak, as occurs in rare gas aggregation on graphite.  However, DFT calculation shows 

that bonds between gold atoms are strong (~ 3 eV) in clusters of size up to 7.30 This is 

close to the cohesive energy of bulk gold and larger than estimated adsorption energy of 

gold adatom on graphene (~0.45 eV).41  Au clusters are expected to be stable at room 

temperature.53 Therefore, the critical size i should be small and we tentatively take it to 

be 1.   nx is then further simplifies to: 

1/ 3.5

0
0

( ) ~ ( ) exp
3.5

d
x

F E
n Z N Z

N v kT
η

   
   

  
     (3.5.2) 

In this model the thermally activated Au adatom diffusion constant is 
2

/

4
dE kTda v

D e
−= .    

Thus, at low NP coverage Z, we see the NP saturation density is proportional to (F/D)1/3.5.  

At steady state, higher flux F increases the NP density, and faster adatom diffusion 

decreases the NP density. However, this dependence is relatively weak, to the 0.286 

power.  To increase the NP density by an order of magnitude at constant flux, the 
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diffusion constant D must decrease by a factor of ~3200, for example.  If we compare 1L 

graphene and bulk graphite (∞) at the same flux F, we have,  

n1/n∞ = [D∞/D1]
1/3.5        (3.5.3) 

Thus we can understand how D changes by comparing the saturated NP density nx 

on graphene and graphite at fixed F.   At 1 Å total dosage, we observe NP densities of 

1014 µm-2 and 147 µm-2, on 1L graphene and graphite.   On 1L graphene, the Au NP 

densities at 2 Å and 3 Å dosages are 930 µm-2 and 880 µm-2 respectively (Fig 3.5). The 

nearly equal density of Au NP density at 1 Å (1000 µm-2), 2 Å, and 3 Å indicates that Au 

NP reach their saturation density at dosage of 1 Å on graphene substrates. On graphite 

surfaces, the Au cluster density (147 µm-2) at 1 Å is very close to what was obtained from 

a previous study on highly oriented pyrolithic graphite (HOPG) surface17, which was 

conducted at a higher flux F. Under present conditions Au NPs essentially reach 

saturation density on both 1L graphene and graphite.  

We conclude that the Au adatom diffusion constant decreases by more than three 

orders of magnitude on graphene/SiO2. This result is approximate, in view of the 

simplifications involved in Eq. (3.5.3).  The diffusion constant on bulk graphite can be 

estimated from the recent calculation of Au adatom diffusion activation energy Ed = 50 

meV.41  If we take the attempt frequency vd to be 1012 s-1 and the atomic jump length a to 

be the C-C bond length (0.14 nm) considering that the most stable position of the Au 

atom is vertically on top of a carbon atom, 31, 41, 70 we can estimate the graphite diffusion 

constant 
2

/

4
dE kTda v

D e
−= = 6×10-6 cm-2s-1. Using this value, we obtain D for Au on other 

surfaces using equation 3. The results are listed in Table 3.1.    
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Table 3.1 Au cluster saturation density n, mean free diffusion path length l, 

diffusion energy Ed, diffusion constant D of Au ad-atoms on various surfaces, 

obtained by neglecting the cluster mobility. The density n is normalized to the 

same flux rate (0.005 monolayer/s). The diffusion constant D is given to only 1 

significant figure in view of the many approximations. 

Substrate nx (µm-2) l (nm) Ed (meV) D (cm-2s-1) 

Graphite 147 82 50 6×10-6 

Bare BN 175 76 77 2×10-6 

1L Graphene on BN 390 51 149 1×10-7 

1L Graphene on SiO2 1014 31 235 4×10-9 

2L Graphene on SiO2 379 51 147 1×10-7 

 

How should we interpret this vastly smaller diffusion constant on graphene?  First, 

adatom diffusion is known to be affected by the surface strains54-57 that occur on many 

bulk materials and layered thin films58.  Within a certain range, a compressive strain 

tends to reduce the ad-atom diffusion energy and  tensile strain tends to increase it, as 

shown in a STM study of Ag ad-atom diffusion on bulk Ag (111) and pseudomorphic 1 

ML Ag/Pt (111) surfaces.59 The diffusion activation energies of Ag ad-atoms on these fcc 

(111) surfaces are the energy differences between the hollow sites and the bridge sites. 

These energies increase under the tensile strain, but decrease under the compressive 



76 
 

strain.60 Strain also exists on curved surfaces such as carbon nanotubes (CNTs) and 

molecular sieves. A positive curvature of the outer surface of a CNT applies tensile strain 

and increases the ad-atom diffusion energy.61   In general, to make this curvature idea 

quantitative, one needs to quantitatively understand the interaction between adatom and 

substrate.  

In its free-standing suspended state, 1L graphene displays mesoscopic ripples 

with an estimated ~1 nm height variation that span ≤ 25 nm laterally.62    In contrast, 1L 

graphene on mica is as flat as bulk graphite.63  When supported and annealed at 400 oC 

on SiO2/Si substrates, graphene follows the local SiO2 roughness such that the graphene-

SiO2 van der Waals interaction energy is balanced by the elastic deformation energy of 

graphene, as revealed by an AFM study.64 Scanning tunneling microscopy (STM) study 

has shown that thermal annealing increases the roughness of graphene surfaces,11 

apparently by making graphene more conformal with the rough SiO2 below.  Yet even 

our un-annealed 1L samples are eight times rougher than bulk graphite, as shown above.  

On this rough graphene surface there will be regions of both concave and convex 

curvature.  These local regions will have different Au atom diffusion constants than seen 

on the flat surface of bulk graphite. In a sense the diffusion constant will be patchy -- not 

homogeneous across the surface as occurs on bulk graphite.  Regions of lower diffusion 

constant will slow the motion of Au adatoms and locally tend to enhance nucleation 

compared with defect-free graphite.  Nanometer size regions of very slow diffusion act as 

a type of “defect” in NP growth kinetic theory.  Thus, the 1L graphene diffusion constant 

D in Table 3.1 should be considered an effective value, incorporating such “defects” and 

local variations in D. Also, inhomogeneous electric fields from the silicon dioxide affect 
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graphene physical properties.  These fields create spatially varying electron-hole puddles 

occur in 1L graphene on SiO2
65.  These disorder-induced fluctuations of electron or hole 

carrier density are about 1012 cm-2 in magnitude, and vary on a lateral 30 nm length scale.  

Similarly, local inhomogeneous electric fields cause the bilayer graphene band gap,  

caused by external field effect gating, to  strongly from spot to spot.66 Our present results 

show that Au NP nucleation kinetics is also a sensitive way to probe this lateral 

patchiness in graphene physical properties. 

What substrate-related forces act upon diffusing Au atoms?  Neutral Au atoms are 

polarizable, and thus are attracted to regions of high electric field.  The previously 

discussed inhomogeneous SiO2 electric fields partially penetrate through 1L and 2L 

graphene.   Both vertical and horizontal inhomogeneous fields exist above the graphene 

surface and can act directly on the Au adatoms.  The polarizability α of Au is reported as 

6.45×10-40 C·m2·V-1.67 If the breakdown field for SiO2 (1 V/nm)68 and horizontal field 

(55.6 mV over 30 nm) due to electron-hole puddles from STM studies65, 69 are assumed 

as vertical and horizontal electric field E, the energy of Au NPs -αE
2/2 due to the 

presence of electric filed is estimated to be 2 meV and  7×10-6 meV respectively. This 

energy fluctuation, however, is far too small to influence 23 oC thermal diffusion 

(thermal energy is ~25 meV).  

The strongest force acting upon Au adatoms is incipient bonding with graphene.  

In addition to van der Waals interaction, DFT calculation shows weak covalent bonding 

between graphene and a single Au adatom.  The most stable Au position is atop one C 

atom which significantly distorts out-of-plane about 1.5 angstrom towards sp3 

configuration.31, 70  Current DFT methods are not quantitative for such weak bonds; the 
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bond strength on bulk graphite is ca. 0.45 eV from experimental estimates.41 As discussed 

below, the bond strength on graphene is likely higher.   An Au atom has one valence 

electron, and thus we might compare its chemistry with that of H atom.  Actually, free H 

atoms deposited on bulk graphite to form a weak ca. 0.7 eV covalent bond to one C 

atom,71-74 which rehybridizes similar to the Au case.   This H atom interaction  with the 

graphite basal plane has also been studied for 1L and 2L graphene on SiO2, where it was 

found that that 1L was about a factor of 15 more reactive than 2L.75 A similar result, that 

the basal plane of 1L graphene on SiO2 is significantly more reactive than bulk graphite, 

is also observed for graphene oxidation by O2  at elevated temperatures,10, 11 and for 

diazonium bonding at 23 oC.76 In 1L graphene a higher homogeneous chemical reactivity 

can result from the loss of the π stacking electronic stability present in multilayer 

graphenes.10, 69, 75 It can also result from local, inhomogeneous C atom distortions 

towards sp3 caused by the underlying rough SiO2.   

If the diffusion energy barrier increases as the bonding strength and C atom 

distortion increase, then we can understand how Au adatom should have a far lower 

diffusion constant on 1L graphene than on bulk graphite.  In principle this slow diffusion 

has both homogeneous and roughness-related inhomogeneous contributions.  We observe 

that diffusion on 2L graphene occurs at an intermediate rate.  2L graphene is more stable 

than 1L graphene due to the π bonding between the layers, and shows less roughness.  

Both factors should create weaker Au bonding, and thus faster diffusion.  

In table 1 there are three cases where the surface is essentially flat: bulk BN, bulk 

graphite, and 1L graphene on BN.  Diffusion on flat BN is almost as fast as on graphite:  

D=2×10-6  cm-2s-1  on BN compared with 6×10-6    cm-2s-1  on graphite. The corresponding 
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diffusion energy change (27 meV) is also consistent with DFT calculation reported 

previously.28 The case of 1L graphene on BN allows us to separate the effects of 

roughness and π bonding electronic stabilization.  Diffusion on 1L graphene on BN is fast 

with respect to SiO2 substrate.  However, D is a factor of ~20 compared with pure BN, 

and a factor of ~60 lower as compared with bare graphite.   We suggest the lower 

diffusion constant on flat 1L graphene on BN, compared with pure graphite, is due to the 

homogeneous loss of electronic π stabilization. By comparing 1L graphene on BN and 

SiO2, the effect of roughness causes ~90 meV increase in the diffusion energy. 

Furthermore, the effect of electronic π stabilization is estimated as ~100 meV from the 

comparison of graphite and 1L graphene on BN. The diffusion on graphite is equivalent 

to that on 1L graphene supported by graphite. The rough estimation shows here that two 

effects are quite close. It is also interesting to notice that the diffusion energy of Au 

adatom on 2L graphene on SiO2 is similar to that of 1L graphene on BN, where the effect 

of roughness cancel out that of π bonding electronic. 

We observe a far lower saturation density of Au NPs in Figure 3.8 c on BN 

substrate as compared with SiO2 substrate.  In addition, the NPs on BN are larger than on 

SiO2.  From the AFM height histograms the average height increases from 2.3 nm to 3.1 

nm (shown in Fig. 3.13) when the underlying substrate changes from SiO2 to BN.  The 

coverage of Au NPs on SiO2 (30%) is 50% larger than that on BN (20%).  Despite the 

large increase in coverage of Au NPs, the total calculated volume of Au NPs per area is 

essentially independent of the substrate. Thus graphene accommodates the Au atom 

kinetic energy of deposition quite well; all incident Au atoms are captured. This is also 

consistent with the complete condensation regime shown in Supporting Information.  
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Fig. 3.12 Diameter histograms of Au NPs on single-layer graphene supported on 

boron nitride (a) and silica (b). Gaussian profile was used to fit histogram to extract the 

average diameter on Au on single graphene on boron nitride (25 nm) and on silica (19 

nm). 
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Fig. 3.13 Height histogram of Au deposited on single-layer graphene supported on 

boron nitride (a) and silica (b). Gaussian profile was used to fit histogram to extract the 

average height on Au on single graphene on boron nitride (3.1 nm) and on silica (2.3 nm). 
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3.6 Conclusion 

In our study, we demonstrate that two major factors, roughness and delocalized π 

electrons, play a significant role in the diffusion of Au adatom on 1L graphene supported 

on various substrates. Raman spectroscopy indicates negligible charge transfer between 

Au NPs and graphene. By analyzing morphology of Au NPs in AFM images and 

combining that with nucleation theory, both effects are close and quantitatively 

determined as ~100meV. It is surprising to see that the effect of roughness caused by 

underlying substrates is as strong as that of electronic stabilization from π electrons 

interaction. The high sensitivity of graphene surface to the underlying substrate may be 

used to control the size and morphology of metal nanoparticles on graphene for the 

application in catalyst and sensor. 

 

3.6 Outlook 

This study was inspired by annealing experiment on graphene field-effect device. 

A graphene device attached with gold electrodes was annealed at 450oC in Ar/O2 

atmosphere to study how the pits generated by oxygen etching change the transport 

behavior. Based on our previous study on the graphene oxidation, this treatment should 

make pits with ~ 20 nm in diameter on the single-layer sheet at a density of about 20 

pits/µm2.10 Instead, the whole graphene piece was gone. Therefore, we proposed that, 

upon annealing, bulk gold on graphene dispersed into small nanoparticles which 

catalyzed the oxidative etching of graphene in oxygen and argon atmosphere at elevated 

temperature. To back up our hypothesis, we simulate the function of gold contact by 
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depositing a gold cylinder of 2 µm in diameter and 15 nm in height onto a single-layer 

graphene by e-beam lithography. Upon annealing in O2/Ar atmosphere at 400oC for two 

hour, the size of the bulk gold was decreased by roughly half. AFM showed nanoparticles 

formation on the area previously uncovered by Au. Raman showed D band formation and 

the D/G ratios decreased as the sampling spots were away from the bulk Au. 

In this chapter, we studied the diffusion of Au adatoms on graphene surface. Au 

nanoparticles with small size (less than 5nm) have shown strong catalytic function toward 

the oxidation of CO into CO2.
77, 78 A further experiment is to study the catalytic activity 

of the nanoparticles supported on graphene and the stability of graphene as a supporting 

substrate for Au NPs in catalytic activity.   

 Some preliminary data does show that graphene becomes more reactive towards 

oxygen with the assistance of small Au NPs, supported by Raman spectra. As shown in 

Fig 3.1.14 and Table 3.2, D peak shows up only after the graphene with gold sample was 

annealed in O2/Ar. Li et al
10 studied the behavior of 1L graphene annealed in the similar 

condition except the presence of Au NPs. Without Au NPs, the integrated intensity ratio 

(ID/IG) is less than 0.05 after annealing. The dispersed Au NPs at 300oC increase the ratio 

to 0.25. The emerging stronger D peak is an indicator of reaction to graphene caused by 

oxygen. A systematic study on the reactivity of graphene in the presence of Au NPs is an 

ongoing project.  
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Fig. 3.14 Raman spectra of 1L graphene: (a) pristine graphene 

(black), (b) graphene after deposition with 1Å gold (0.25 ML) (red), (c) 

annealed graphene at 300oC in O2/Ar (blue).  

 

Table 3.2 Fitting results of Raman spectra in Fig. 3.14 

 P (D) 

(cm-1) 

P (G) 

(cm-1) 

W(G) 

(cm-1) 

P (2D) 

(cm-1) 

W(2D) 

(cm-1) 

ID/IG I2D/IG 

graphene N/A 1580 13 2682 22 N/A 4.9 

graphene + 1Å Au N/A 1581 11 2682 24 N/A 4.1 

300oC annealing 1353 1603 11 2702 38 0.25 2.3 
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Chapter 4 

Raman Spectra of 0D on 2D materials 

 

To probe the interaction between 0D and 2D materials, the intrinsic properties of those 

materials has to be well understood. For this purpose, suitable tools are required to 

characterize the intrinsic properties. Raman spectroscopy is widely used non-destructive 

tool. In this chapter, I will discuss the characterization of novel 0D and 2D materials 

using Raman spectroscopy. These materials include H2 encapsulated inside C60 (H2@C60), 

and graphene molecules. Those characterizations serve as a first step toward to the 

understanding of their interaction with other materials.  
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 4.1 H2 encapsulated inside C60 (H2@C60) 

The fascinating H2@C60, in which the H2 molecule is trapped inside the C60 cage, 

has been synthesized by Komatsu and coworkers through molecular surgery.1, 2 Through 
1H NMR study (δ = -7.25), only one H2 molecule was found to be encapsulated in each 

C60 cage. Quantum dynamics calculation indicates that translational and rotational 

motions of H2 molecule are coupled inside the C60 cage.3, 4 Since H2 is active in Raman 

spectroscopy, it would be good tool to study the behavior of H2 molecule in restricted C60 

cage. 

In the initial trial, 514.5 nm Ar ion laser at 30 µW was used to probe the sample. 

The laser beam was around 1 µm in diameter. The power density was around 4000 

W/cm2. The Raman spectrum of pristine C60 (Fig. 4.1) is in good agreement with the 

previous reference.5 
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Fig 4.1  Raman spectra of pristine C60 (black) and H2@C60 (red). 

Raman spectra in the range of 1350-1650 cm-1 are shown in the inset.  
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The pentagonal pinch mode of H2@C60 downshifted from 1468 cm-1 to 1460 cm-1, 

as shown in Fig 4.1. Such similar downshift has been observed in Raman spectra of 

photopolymerized C60.
6 The downshift in Fig 1 is believed due to photopolymerization 

rather than interaction between H2 molecule and C60 cage. The hypothesis is also 

confirmed by gradual change in position versus consecutive 15-minutes scans. (Fig. 4.2) 

The drastic difference in sensitivity of photopolymerization between pristine C60 and 

H2@C60 is out of focus of my original objective, thus I did not proceed further. 
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Fig. 4.2 The evolution of Raman spectra of H2@C60 over time. A 

blue arrow indicates the tracking peak position. In the beginning, a 

spectrum (magenta) with a peak at 1468 cm-1 was taken over 2 minutes. 

The rest of spectra were integrated for 15 minutes each. Their peak 

positions are 1464, 1462, 1462, and 1461 cm-1 over time.  

 

The rotational constant of H2 molecule is 59.4 cm-1.7 The strongest peak of 

rotational transition in H2 molecule is at 587 cm-1. No rotational peaks were observed at 

30 µW for 30 min. No rotational peaks were observed at lower power level at integration 

limit (2 hours), which avoided photopolymerization. The vibrational transition of H2 



94 
 

molecule is reported at 4162 cm-1.7 Unexpectedly, a very strong and broad fluorescence is 

in this area, which makes it impossible to detect Raman peak of H2 molecule. He-Ne 

Laser (632.8 nm) was used to shift the center of fluorescence away from this area.  

 Three wriggles were observed for H2@C60 near 4162 cm-1. (Fig. 4.3) However, 

the same wriggles are observed if halogen lamp was used as source of illumination. 

Therefore, wriggles are not Raman feature from those inner H2 molecules. 
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Fig. 4.3 Raman spectra of H2@C60 under different illuminating 

source: He-Ne laser (black) and halogen lamp (red).  

 

Even though H2 molecules are confirmed in C60 cages by NMR study, my attempt 

to detect H2 molecules from Raman spectroscopy failed. Since NMR is sensitive and 

Raman signals are quite weak, one explanation of failure would be that there are not 

enough H2 molecules there. To test this hypothesis, I compare my spectrum with 

rotational Raman spectrum of H2 in water.8 Assuming that H2@C60 has a similar density 

to C60 as solid, the concentration of H2 in H2@C60 is 2.29 mol/L (M). This concentration 

is not low if compared to that in water at 2000 psi (~0.1 M). Assuming that the extinction 
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coefficient of H2@C60 is the same as that of C60, ~ 20000 M-1cm-1 at 750nm, the 

penetrating length of laser beam is around 0.2 µm. The diameter of the laser beam is 

around 1 µm. The volume that scatters laser beam is around 15.7 µm3. In ref. 8, a special 

Raman cell was used rather than micro Raman. In such case, a cylinder of 20 µm in 

diameter and 20 µm in height would be good approximation. The volume is around 6280 

µm3. By comparing concentrations and volumes, the ratio of number of H2 molecules 

which scatter light in ref. 8 to that of H2@C60 is around 1700. Taking different power 

densities into consideration, Raman signal of H2 molecular rotational transition in 

H2@C60 would be 70000 times smaller than that in ref. 8. As shown in ref. 8, if H2 

concentration is reduced to one hundredth, no rotational peaks were observed. In 

summary, the high extinction coefficient of C60 inhibits Raman scattering of H2 molecules 

and makes it impossible to detect rotational and vibration peaks of H2 molecules. 

 

4.2 Graphene Molecules 

 As graphene attracts a lot of attention, there are increasing interests in making 

graphene with controlled size from bottom up using tools from organic synthesis. If this 

is possible, it would be of scientific interests to track down the evolution from 0D (small 

aromatic molecules), to 1D (nanoribbon), and 2D (graphene) materials. Mullen et al
9 

extensively reviewed previous works on polycyclic aromatic hydrocarbons (PAHs), 

which share a lot of structural similarities to graphene. Therefore, these PAHs are also 

named as graphene molecules. Graphene was observed to show ultra flatness on atomic 

flat substrate mica.10 But the planarity is not necessarily associated to aromatic PAHs. 

One interesting example is peri-fused hexabenzocoronene (HBC) which has a planar 

aromatic core. The cata-fused HBC synthesized by Nuckolls et al
11, however, is 

composed of a distorted aromatic core away from planarity due to steric hindrance. 

Mullen et al also synthesized graphene nanoribbons by taking advantage of Suzuky-



 

Miyaura polymerization along one d

by mass spectroscopy and ~200 nm red shift in maximum absorption peak from precursor 

due to a larger conjugated system. Later they reported a surface assisted synthesis of 

nanoribbons on noble metal surfaces, involving surface diffusion an

cyclodehydrogenation.13 They observed radial

graphene nanoribbon in Raman spectrum and high

quantitative agreement with their DFT calculation.

In this section, three distorted graphene molecules (shown in Fig. 4.4) synthesize

by Jeffrey and Noah in Nuckolls group have been studied using various spectroscopes, 

including UV-Vis absorption, fluorescence and Raman. For simplicity, three molecules 

are called C138-H, C138-OCH3

 

Fig. 4.4 
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Miyaura polymerization along one direction.12 The successful synthesis was confirmed 

by mass spectroscopy and ~200 nm red shift in maximum absorption peak from precursor 

due to a larger conjugated system. Later they reported a surface assisted synthesis of 

nanoribbons on noble metal surfaces, involving surface diffusion and surface

They observed radial-breathing-like mode at 396 cm

graphene nanoribbon in Raman spectrum and high-resolution STM images, both in 

agreement with their DFT calculation.13     

In this section, three distorted graphene molecules (shown in Fig. 4.4) synthesize

by Jeffrey and Noah in Nuckolls group have been studied using various spectroscopes, 

Vis absorption, fluorescence and Raman. For simplicity, three molecules 

3 and C138-OC12H25 in the following text. 

 

Chemical structures of 3 graphene molecules 

is was confirmed 

by mass spectroscopy and ~200 nm red shift in maximum absorption peak from precursor 

due to a larger conjugated system. Later they reported a surface assisted synthesis of 

d surface-assisted 

like mode at 396 cm-1 as 

resolution STM images, both in 

In this section, three distorted graphene molecules (shown in Fig. 4.4) synthesized 

by Jeffrey and Noah in Nuckolls group have been studied using various spectroscopes, 

Vis absorption, fluorescence and Raman. For simplicity, three molecules 
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4.2.1 Raman spectra on thin film of molecules 

The thin film was made by drop-casting of graphene molecule toluene solution at 

80 0C. The two main peaks are called D and G peaks in Raman spectra of C138-OC12H25 

and C138-OCH3 films (Fig. 4.5). These two peaks are main characteristic peaks shown in 

PAH Raman spectra.14-17 Mapelli et al
16 described the molecular vibrational modes 

responsible for two peaks: the D peak comes from collective C-C stretching motions in 

aromatic rings (“breathing mode”); in the G peak, all horizontal bonds stretch in phase 

while bonds of other two directions shrink. As shown by calculation, an analogy was 

drawn between PAHs and graphite phonons: the G peaks of PAHs are related to E2g 

mode at Γ and the D peaks are associated with Ag phonon at K of graphite.17-19 

It is interesting to note that the end groups OC12H25 and OCH3 do not change D 

and G peak positions with respect to each other. This is consistent with the picture that D 

and G peaks are mainly from the vibrations of aromatic core carbons. The positions of 

both peaks are neither dependent on the excitation wavelength. The integrated intensity 

ratio of D peak to G peak is similar at 458 nm and 514 nm, and increases obviously if 

excited at 633 nm. The wavelength-independence behavior of D peaks in our PAHs is 

different from other PAHs reported previously.19 Negri et al reported the experimental 

and calculational Raman spectra of D2h symmetry PAH and found that Raman activity in 

the D-band region moves to higher frequencies as the excitation energy increases.19 The 

relative intensity between D and G peaks is also dependent on the excitation energy.19 

They rationalized the dependence as the roles played by the different excited states 

during the resonant Raman scattering.19 Furthermore, Negri et al calculated the 
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dispersion of D peak with respect to the excitation energy and the slope was fitted as 54 

cm-1/eV, which is close to the value reported for microcrystalline graphite.20, 21 The 

dispersion of D peak in graphite is attributed to the double resonant Raman scattering,22 

which is also observed for graphene.23, 24 In double resonant Raman scattering, phonons 

are coupled with electrons excited by laser energy. Due to linear dispersion of band 

structure in graphene, the wave vector is proportional to the excitation energy, thus 

leading to the linear dispersion of D peak. The dispersion is not just limited to PAHs, 

graphite, and graphene. Various carbon materials have been shown the existence of 

dispersive D peaks, including polyparaphenylene annealed at 2400oC25, carbon 

nanotubes26, and glassy carbon27. It seems that the dispersion of D peak is the trait of sp2 

carbon. Our distorted PAH, however, did not show this trait, even though absorption 

spectrum (blue curve in Fig. 4.18) indicates that PAH exhibits resonant Raman scattering 

at all three excitation wavelengths. The explanation is still absent at this stage. It may be 

related to the distortion and symmetry breaking, or even the purity of the compounds.  

 The spectra of our PAHs are similar to previous reports.18 If 6 outer rings each 

composed of 4 atoms are removed, our PAH is reduced to one shown in the inset of Fig. 

4.6. The shape of red curve in Fig 4.5 is similar to that of dash curve in Fig. 4.6. The 

frequency of our PAH (C138) is different from the reported one (C114). The D and G peaks 

of C138 are at 1331 and 1594 cm-1, while they are at 1319 and 1604 cm-1 for C114. The 

difference may stem from the distortion and different conjugated length. As mentioned 

early, our PAH is distorted molecular, while the reported one remains planar. Rumi et al 

examined the frequency dispersion of the Raman peaks with increasing conjugation 

length and saw a similar trend.28 This may also contribute to the difference between our 



 

PAH and pristine graphene (G peak at 1584 cm

peaks of C114H30 and phonon modes of graphite are presented in Fig. 4.7. 
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OCH3 (empty triangle) film under different excitation lasers: 458 nm 

(blue), 514 nm (green), and 633 nm (red). 
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PAH and pristine graphene (G peak at 1584 cm-1). The vibrational modes of D and G 

and phonon modes of graphite are presented in Fig. 4.7.  
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Fig. 4.5 Raman spectrum of 

(solid). The structure of C114H

633nm. The graph is adapted from ref. 18. 

 

Fig. 4.7 Vibrational representation of Raman peaks and phonon modes: (a) and (b) 

are G and D peaks of C114H30

The graphs are adapted from ref. 19.

 

The Raman spectra were used to monitor the protonation process on the film. The 

film was placed in a small chamber filled with argon flow. Then argon gas flowe

through trifluoroacetic acid (TFA) liquid, bringing the TFA vapor into the small chamber 

for 10 minutes. At the same time, Raman spectra were taken. After protonation, the 

chamber was purged with pure argon flow gas for 30min. Spectra are shown in Fig.4.

The film was also placed above TFA liquid in a small sealed vial for 30 minutes. The 

100 

Raman spectrum of C114H30, in experiment (dash) and from calculation 

H30 is shown in inset. The excitation laser wavelength: 

633nm. The graph is adapted from ref. 18.  

Vibrational representation of Raman peaks and phonon modes: (a) and (b) 

30, while (c) and (d) are E2g and Ag phonon modes of graphite. 

The graphs are adapted from ref. 19. 

The Raman spectra were used to monitor the protonation process on the film. The 

film was placed in a small chamber filled with argon flow. Then argon gas flowe

through trifluoroacetic acid (TFA) liquid, bringing the TFA vapor into the small chamber 

for 10 minutes. At the same time, Raman spectra were taken. After protonation, the 

chamber was purged with pure argon flow gas for 30min. Spectra are shown in Fig.4.

The film was also placed above TFA liquid in a small sealed vial for 30 minutes. The 

calculation 

is shown in inset. The excitation laser wavelength: 

 

Vibrational representation of Raman peaks and phonon modes: (a) and (b) 

phonon modes of graphite. 

The Raman spectra were used to monitor the protonation process on the film. The 

film was placed in a small chamber filled with argon flow. Then argon gas flowed 

through trifluoroacetic acid (TFA) liquid, bringing the TFA vapor into the small chamber 

for 10 minutes. At the same time, Raman spectra were taken. After protonation, the 

chamber was purged with pure argon flow gas for 30min. Spectra are shown in Fig.4.9.  

The film was also placed above TFA liquid in a small sealed vial for 30 minutes. The 



101 
 

film was in contact with TFA vapor rather than liquid. In both cases, negligible shifts 

(within 1 cm-1) were observed for both D and G peaks. The peak width and integrated 

intensity ratio also remain unchanged upon the exposure to acidic vapor. Either I probed 

the unprotonated materials below protonated parts which are not Raman active or 

protonation does not change Raman spectra.  
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Fig. 4.9 Raman spectra of C138-OC12H25 film: (a) in Ar before 

exposure (black), (b) upon exposure to TFA (red), and (c) after purging 

TFA with Ar (blue).  

 

Raman spectra were also taken on C138 tetrachloroethane (TCE) solution. 

Unfortunately, the fluorescence background of solution Raman was orders of magnitude 

higher than that of film Raman. In this situation, protonation of the molecule can not be 

monitored using Raman spectra in liquid phase.  
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I also tried to take Raman spectra on small PAHs, but unfortunately, the Raman 

spectra was completely buried in the strong fluorescence background emitted by those 

PAH. Since graphene has a very broad absorption, graphene can be used as substrate to 

suppress strong fluorescence background and provide surface enhanced Raman spectra. 

Those small PAH crystals grown on graphene would provide a better system to study 

those PAH.   

 

4.2.2 Fluorescence data 

Since both D and G peaks of our PAH are quite broad compared to pristine 

graphene, I suspected the purity of the sample. Fluorescence spectroscopy is relatively 

more sensitive tool for this purpose. The fluorescence spectra of C138-H and C138-OCH3 

are absence of sharp features. Several solvents, surfactant micelle solution and dilution 

were used to improve the quality of fluorescence spectra, but none of them worked.  

C138-OCH3 tetrahydrofuran (THF) solution with different concentrations was 

loaded into NMR tube for fluorescence measurement due to the limited volume (0.5mL). 

Pure THF solvent in NMR tube was used as control for background subtraction. The 

similar experiments were also done when tetrachloroethane (TCE) was used as solvent 

for C138-H. 5 types of concentration of THF solution (Fig. 4. 10) and 4 types of 

concentration of TCE solution (Fig. 4.11) were recorded. In both cases, as solution 

concentration increases, additional peaks grow and relative intensities change. The 

change in TCE solution is detailed in Table 4.1.   
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Fig. 4.10 Emission Spectra of C138-OCH3 in THF at different concentrations, 

excited at 460nm and emitted at 610nm. The background from pure THF solvent was 

subtracted. The curves were normalized according to the peak around 610nm.  

300 400 500 600 700 800 900
0

2

510

 
 

670
620

600
560

 180 µM

 18 µM

 1.8 µM

 180nM

Wavelength (nm)

In
te

n
s
it
y
 (

a
.u

.)

455

365

540

720

 

Fig. 4.11 Emission and excitation spectra of C138-H TCE solution. The emission 

spectra were excited at 455nm, and the excitation spectra emitted at 600nm. 
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Table 4.1 Peak positions of emission spectra followed by relative intensities 

in bracket at different concentrations in TCE. Fitting curves are shown in Fig. 

4.12. 

180 µM (nm) 18 µM (nm) 1.8 µM (nm) 180 nM (nm) 

511 (0.24) 510 (0.13) 508 (0.17) 506 (0.21) 

   541 (0.3) 

557 (1.09) 559 (1.33) 558 (2.08) 558 (0.84) 

   576 (0.87) 

597 (1) 598 (1) 597 (1) 600 (1) 

628 (1.18) 627 (1.04) 624 (0.81) 626 (1.38) 

677 (0.93) 676 (0.72) 674 (0.32) 672 (0.58) 

721 (0.25)    
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Fig. 4.12 Emission spectra (black) of C138-H TCE solution fitted by red curves of 

Lorentzian components (blue) at different concentrations: (a) 180 µM, (b) 18 µM, (c) 1.8 

µM, and (d) 180 nM. The band pass width of emission spectrum is 1nm.  

 

 I also monitored the emission and excitation spectra at different wavelengths (Fig. 

4.13 & 4.14). Combining Fig. 4.10-14, I can conclude that the C138 is composed of 

several components and each component has a unique excitation and emission spectra. 

These components may form aggregation upon the concentration increase. Unfortunately, 

it is hard to pin down each component without the separation of each one.  
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Fig. 4.13 Emission spectra of C138-H TCE solution (1.8 µM) excited at different 

wavelengths 
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Fig. 4.14 Excitation spectrum of C138-H TCE solution (1.8 µM) emitting at different 

wavelengths 
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N-methyl-pyrrolidone (NMP) has been showed to exfoliate graphite to give 

defect-free monolayer graphene because of good matching of surface energy to that of 

graphene.29 Fluorescence measurement was also done on C138-H NMP solution (Fig. 

4.15). (C138-H can be dissolved well in NMP solvent.) 

The major drawback is that NMP itself has strong fluorescence signal, 

comparable to that of 220 nM C138-H NMP solution (Fig. 4. 16), which limits its ability 

to monitor the change in fluorescence spectra as a function of concentration.   
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Fig. 4.15 Emission and excitation spectra of C138-H NMP solution at different 

concentrations: (a) 220 µM (black), (b) 22 µM (red), and (c) 2.2 µM (blue). The emission 

spectra were excited at 450nm, and the excitation spectra emitted at 600nm. 
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Fig. 4.16 Emission spectra of C138-H NMP solution: 220 nM (black), 22 nM (red), 

and NMP solution (blue). 

 

Surfactant, such as sodium dodecylbenzenesulfonate (SDBS), can be used to 

disperse carbon nanotubes30 and exfoliate graphite into graphene monolayers31. The 

SDBS solution of graphene monolayers was prepared by dispersing graphite in the 

desired SDBS solution (minimum 0.5 mg/mL for 0.1 mg/mL initial graphite dispersion 

solution) using 30 min of sonication in a low power sonic bath. After left to stand for 24 

h, the dispersion solution was centrifuged for 90min at 500 rpm and the supernatant was 

decanted for use. The similar experiment was done on C138-H solid except for 

centrifuging. The supernatant became coreless even without the help of centrifuging. The 

fluorescence spectra on the supernatant solution were the same as those of SDBS aqueous 

solution without adding C138-H. The SDBS aqueous solution can not disperse C138-H 

solid, not even to mention the possible separation of aggregation in solids. 
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Another experiment involving the surfactant SDBS is to take advantage of the 

micelle property of SDBS aqueous solution and form normal SDBS micelle solution (oil 

in water). TCE has been shown too hard to go inside SDBS micelle. It formed clear 

solution if 100 µL DCM was transferred into 10mL 0.2 mol/L SDBS solution. (100uL is 

the maximum amount to form DCM SDBS micelle solution.) When C138-H DCM 

solution (100 µM) was transferred into 10uL SDBS solution (0.2 mol/L), clear solution 

formed, but C138-H precipitated out and formed small black particles. The fluorescence 

spectra done on the supernatant showed the features of bare SDBS aqueous solution, 

without any contribution from C138-H. 

The fluorescence spectra here were used as a tool to detect whether the solution 

was composed of single type, rather than a mixture of aggregation to different extents. An 

effective way is strongly needed to separate the aggregation and form a uniform solution 

of monomer, which can be used to produce monolayer thin film of C138-H through 

solution based process. This monolayer thin film may provide important information 

using Raman spectroscopy, when compared to graphene. 

 

4.4.3 Graphene Molecules with Electron Donor/Acceptor 

I studied the interaction between graphene molecules and electron donor/acceptor. 

TCNQ (tetracyanoquinodimethane, electron acceptor) and TTF (tetrathiafulvalene, 

electron donor) were added to C138-OCH3 chlorobenzene solution. To monitor the 

possible charge transfer, UV-Vis absorption spectra were taken on the mixture solution, 

compared to those of isolated individual components (shown in Fig. 4.17 & 4.18).  
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Furthermore, the mixture solution was spin-coated onto quartz substrate for 

Raman measurement. There were two kinds of surfaces when the film was examined 

using microscope. One was reflective and shiny. Raman spectra on the shiny surface 

showed those standard peaks of TCNQ, but no peak near the region of 1335 cm-1. The 

other was dark, and Raman spectra showed only the D and G peaks, which were observed 

in the spectra of film without TCNQ. The peaks did not show any significant changes in 

position and width. The intensity of the strongest peak in TCNQ is at least 100 times as 

stronger as that of D peak in C138-OCH3 film. The film-dependent Raman spectra indicate 

that TCNQ can not effectively interact with graphene molecules due to strong π-π 

packing inside graphene molecules.  
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Fig. 4.17 UV-Vis absorption spectra of C138-OCH3 (blue), TCNQ (red) and their 

mixture (black) and sum of blue and red curves (green) in chlorobenzene.  
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Fig. 4.18 UV-vis absorption spectra of C138-OCH3 (blue), TTF (red), their mixture 

(black) and sum of blue and red curves (green) in chlorobenzene.  
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