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Abstract 

Graphene is a promising material for novel photonic devices due to its broadband optical 

absorption, ultrafast carrier dynamics and electrical tunability. However, the quantum 

efficiency of graphene devices is intrinsically limited by low absorption of graphene (2.3% of 

normal incident light). To enhance light-matter interaction, optical focusing elements such as 

plasmonic metal nanoparticles (NPs) can be utilized. This thesis examines the interaction 

between graphene and plasmonic NPs with special emphasis on mechanisms of enhanced 

photocarrier generation, which is further applied to improve photodection efficiency of 

graphene plasmonic hybrid devices. 

In order to study graphene based devices, CVD graphene must first be transferred from the 

Cu growth substrate to a target substrate. To this end, various parameters of a transfer 

technique were studied focusing on the source of extrinsic doping. Next, a novel transfer 

process based on an hBN spacer layer between graphene and a polymethyl-methacryalate 

film was developed to facilitate large scale CVD graphene transfer and encapsulation. The 

demonstrated devices showed improved electrical and aging properties. 

Following successful demonstration of the transfer technique, graphene was combined with 

gold NPs to study structural and optical properties of these complexes. Using ultrafast 

measurements, carrier dynamics of the hybrid structures were analysed focusing on hot 

carrier generation under plasmon excitation. Based on the observed results, hot carrier 

generation in the graphene was attributed to direct photoexcitation through the intense 

plasmonic electromagnetic fields with a minimal contribution from charge transfer over the 

graphene/NP interface. Furthermore, highly localised carrier heating in graphene is 

anticipated to result in strong electronic temperature gradients. Asymmetric plasmon-nanobar 

electrical contacts were designed with a view to exploit plasmon-induced electronic 

temperature gradients via the thermoelectric effect. 

The findings of this work lead to improved knowledge of the internal graphene 

photodetection mechanisms as well as contributing to the understanding of 

graphene/plasmonic hybrids and their interactions. 
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1 Introduction 

In this chapter, the motivation behind the thesis work is discussed with a short overview of 

recent advances in photodetection based on graphene two-dimensional materials. Next, a 

short summary of each chapter is provided. 

1.1 Motivation 

Photodetection, whereby light is converted to an electrical signal, lies at heart of various 

technologies widely used in modern society including imaging, optical communication, 

healthcare and security. With the growing scale and diversity of applications, it is desirable to 

develop photodetectors that fulfil the requirements of compatibility with complementary 

metal–oxide–semiconductor (CMOS) technology, demonstrate high speed, high quantum 

efficiency and broadband detection. Furthermore, for novel applications flexibility and 

transparency are additionally required.   

Due to their remarkable mechanical, electronic and optical properties, two-dimensional (2D) 

materials have rapidly become appealing for development of novel optoelectronic devices 

with special emphasis on various photodetection platforms [1–7]. 2D materials exhibit 

diverse optical properties, ranging from wide bandgap (~ 6 eV) insulating hexagonal boron 

nitride (hBσ) via intermediate bandgap (~ 1.0 − 2.5 eV) semiconducting transition metal 

dichalcogenides such as molybdenum disulphide, down to narrow bandgap (~ 0.3 − 2 eV) 

semiconducting black phosphorous and gapless semimetallic graphene [5]. Compared to 

traditional 3D photonic materials, vertically stacked heterostructures can be easily realized 

using 2D materials without the need for lattice matching, since the surfaces of 2D materials 

are naturally passivated and inter-layer interactions through van der Waals forces are only 

weak. This provides additional benefits for the realization of various optoelectronic devices. 

Graphene, a single layer of carbon atoms arranged in a hexagonal honeycomb lattice, has 

attracted significant attention from the scientific community due to its potential for various 

light detection and modulation applications [4,6,8–10]. While the absence of a bandgap 

hinders graphene’s development for transistor logic devices, this property becomes beneficial 

for photonics and optoelectronics, enabling broadband photodetection that includes the 

commercially important telecommunication wavelengths as well as the mid-infrared and THz 

spectral regimes [1,10]. This is in a stark contrast with conventional photonic materials, such 
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as Si and GaAs, which typically suffer from the long-wavelength limit, where they become 

transparent when the excitation energy is smaller than the bandgap [11].   

Due to their linear dispersion relationship, carriers in graphene behave as massless Dirac 

fermions exhibiting extremely high mobility up to 105 cm2/Vs at ambient temperature and up 

to 106 cm2/Vs at low temperatures [12,13]. This excellent electronic property means that 

graphene can facilitate high-speed optoelectronics, since the maximum possible operating 

bandwidth of photodetectors is typically limited by the carrier transit time [11]. For the 

conventional photonic materials used in optical communication and interconnects, the 

maximum bandwidths are limited to 150 GHz [14] and 80 GHz [15] for InGaAs and Ge 

photodetectors, respectively. The transit-time-limited bandwidth of graphene photodetectors 

could be over 1,500 GHz [16] at the reported saturation velocity [17], which is well beyond 

state-of-the-art photodetectors. In practice, the operating bandwidth is limited by a 

photodetector’s time constant (RC), which is defined by the device resistance and 

capacitance. Xia et al. demonstrated a graphene photodetector operating at a modulation 

frequency of 40 GHz, while estimated an RC-limited bandwidth of about 640 GHz [16]. 

Moreover, graphene photodetectors were used in an optical data link with error-free recovery 

of a 10 Gbit∙s-1 data stream [18].  

Compared to conventional semiconductor materials with a bandgap, the photogeneration and 

transport processes are fundamentally different in graphene. Due to the gapless nature of 

graphene, initial relaxation of carriers through electron-electron scattering and optical phonon 

emission quickly thermalizes photoexcited electrons and holes in the conduction and valence 

bands creating a hot carrier distribution with a well-defined electronic temperature ௘ܶ  [19–

22]. At the same time, electron-lattice relaxation pathways are quenched due to the large 

optical phonon energy and the velocity mismatch between electron and acoustic phonons 

[23,24]. As a result, a novel transport regime is reached when the carrier population remains 

hot while the lattice stays cool [21,22]. In contrast, for 3D semiconductors, the 

photogenerated electrons and holes are typically characterized by a carrier temperature that 

does not significantly differ from the lattice [11]. In graphene, hot carriers play an important 

role in its optoelectronic response leading to photocurrent generation through the 

photothermoelectric effect that can dominate over the traditional photovoltaic effect [25].  A 

strong thermoelectric effect was reported for graphene devices at the interface of monolayer 

and bilayer graphene [26], or at the interface between regions of graphene with different 



Chapter 1 Introduction  
Section 1.1 Motivation 

 

 

17 
 

Fermi energies, such as at a supported/suspended graphene interface [27], graphene p−n 

junctions with buried split-gates [28] or top-gate control [29,30]. 

While the photodetection mechanism is still debatable, the performance of graphene-based 

photodetectors is significantly limited by the small effective photodetection area. The 

photocurrent generation is observed in the submicrometer-wide region of the created p-n 

junction [31]. The small area of internal electric field results in recombination of most 

photogenerated carriers that cannot be separated. τwing to graphene’s semimetallic nature, 

applying an external electric field by biasing the device is problematic due to high dark 

current [32,33]. The metal/graphene interface is a most common geometry where a p-n 

junction is created close to the contacts because of the local modification of graphene’s Fermi 

energy when in contact with metal [31,32,34,35]. For detectors with symmetric contacts 

made of the same metal, the photoresponse produced at each contact is of opposite polarity to 

the other, under uniform illumination, producing zero net signal [34]. To increase the 

effective photodetection area, an interdigitated finger structure with asymmetric metallization 

was proposed [18]. However, this geometry complicates device fabrication processes.     

Although for a single atomic layer absorption of 2.3% is extremely high, it is desirable to 

increase this value to facilitate highly efficient graphene based photodetectors. Possible ways 

to overcome this limitation is by integration with optical focusing components such as 

cavities [36], waveguides [37] and plasmonic nanostructures [38]. The latter approach has 

received particular attention due to the versatile nature of plasmonic nanostructures that 

present an ease of spectral selectivity by just tailoring the size and shape of a plasmonic 

antenna. Under resonance conditions, incident light generates plasmonic oscillations in the 

nanostructures leading to a dramatic enhancement of the local electric field and the 

generation of hot electrons inside of the metal via nonradiative decay [39]. There have been 

several reports of the photoresponse enhancement in graphene devices upon integration with 

plasmonic nanoantennas [38,40–42]. It should be noted that the enhancement was observed in 

the areas close to the metal contacts where the in-built internal electric field resides. 

Therefore, the symmetry problem mentioned earlier remains evident in these proposed device 

geometries [40]. 

The plasmon induced enhancement mechanism also remains debateable. While the primary 

studies attributed enhanced absorption to the improved light harvesting in graphene due to the 

presence of intense electromagnetic fields surrounding the nanoparticle [38,40], hot carrier 
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transfer into the graphene film from the plasmonic particles has also been proposed [41,42]. 

Furthermore, once the photocarriers are generated in the graphene layer, they can be 

effectively separated by the internal field present at graphene/metal nanoparticle interface and 

thus contribute to the photovoltaic effect. However, local generation of hot carriers can also 

result in electronic temperature gradients thus leading to an enhanced thermoelectric effect. A 

complete understanding of how the plasmon induced photocarriers contribute to the 

photocurrent in graphene devices remains topical.  

To facilitate the design and engineering of high speed graphene based optoelectronic devices, 

a deep understanding of their optical properties and ultrafast carrier relaxation dynamics is 

required. The goal of this thesis is to explore the interaction between graphene and plasmonic 

nanostructures with a particular emphasis on the optical properties of the hybrid devices, 

photocarrier generation processes and physical mechanisms enabling photocurrent. A few 

other challenges facing graphene based devices are explored along the way including 

graphene transfer and device fabrication, each with the end goal of maximising electronic and 

structural properties of the graphene material. First, a transfer process and device fabrication 

techniques are developed in order to preserve the high quality of the graphene layer. Then 

plasmonic nanostructures are combined with graphene layers with and without an insulator 

barrier (hBN) to facilitate the study of hot carrier dynamics in the hybrid system. Finally, 

asymmetric plasmon-nanobar electrical contacts are designed to investigate the role of 

plasmon-induced carrier heating on the photocurrent generation in a graphene photodetector.  

1.2 Thesis overview 

Chapter 2 gives a general survey of literature related to the work presented in the thesis. We 

review optical properties of plasmonic nanoparticles with a special emphasis on hot carrier 

generation. Then the optoelectronic properties of graphene are discussed with a particular 

focus on carrier dynamics and photocurrent generation mechanisms. This is followed by 

review of the literature concerning the techniques used for the formation of graphene, its 

transfer and quality assessment. Particular attention is given to Raman spectroscopy that is 

utilized in this thesis as a major technique for graphene quality assessment.  

The experimental methods used throughout this thesis for the sample fabrication and 

characterization are discussed in Chapter 3. Here, the techniques used for graphene quality 

assessment are introduced in detail. Then, time-resolved measurement methods are examined 
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in the context of the carrier dynamics study. Finally, the use of numerical calculations for 

plasmonic applications is presented. 

In order to achieve high quality devices based on CVD graphene, a transfer method that 

preserves or even enhances the material quality is required. As such, Chapter 4 examines 

various parameters of the transfer technique and their influence on the graphene quality 

focusing on concentration of induced defects and extrinsic dopants during this process. In 

particular, the source of charge impurities in graphene is discussed by analysing the effect of 

polymer residues and surface states of the substrate. Finally, by utilizing a hBN layer as a 

spacer between graphene and PMMA, a novel transfer method is developed and 

demonstrated to facilitate large area graphene transfer and encapsulation resulting in devices 

with enhanced electrical properties and environmental stability.      

As graphene based optoelectronic devices suffer from low intrinsic absorption, the 

combination of graphene with light focusing plasmonic nanostructures is considered as a 

promising way to strongly enhance graphene’s photoresponse. In Chapter 5 the properties of 

graphene/plasmon-nanoparticle (NP) hybrids are studied with special emphasis on the 

absorption enhancement mechanism. The structural properties and doping variation in these 

complexes are analysed using SEM, AFM, KFM and Raman spectroscopy techniques. Time 

resolved differential reflection (DR) spectroscopy is employed to characterize the ultrafast 

carrier dynamics first of bare graphene and then of the graphene/NP structures. By analysing 

samples with graphene/hBN/gold and graphene/gold interfaces, it is established that 

enhanced absorption in graphene originates from direct photoexcitation by the strong 

electromagnetic fields surrounding plasmonic NPs, while a contribution from charge transfer 

from the gold, debated in the literature [41,42], is found to be minimal. Furthermore, an 

observed nonlinear anisotropy of the graphene/NP system is explained by a highly localised 

hot carrier population in graphene that suggests the presence of strong electronic temperature 

gradients over nanoscale dimensions.  

With the demonstration of plasmon-induced electronic temperature gradients in graphene, 

Chapter 6 is an experimental study of the effective application of this phenomenon in a 

photodetector device. Formed of two electrical contacts, one bare and one decorated with 

plasmon-nanobars, this asymmetric device generates a significant electronic temperature 

gradient under plasmon excitation across the graphene channel. Numerical modelling is used 

to design and optimize the device structure. Scanning photovoltage microscopy is employed 
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to analyse the photoresponse of plasmonic and nonplasmonic contacts with a particular focus 

on the mechanism of photoresponse generation. Pump-probe measurements are utilized to 

study the response time of the device and thereby estimate the hot carrier temperature 

generated in the structure.  

Finally, Chapter 7 summarizes the findings of the thesis and discusses impact of the results 

on the field of graphene photodetection. Furthermore, based on the results of this work, future 

potential studies of hybrid structures based on combination of 2D materials and plasmonic 

elements are proposed. 
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2 Literature review  

This chapter provides an overview of the literature related to the work reported in Chapters 4 

to 6. Firstly, the optical properties of plasmonic nanoparticles are presented. This is followed 

by a discussion of the optoelectronic properties of graphene including carrier relaxation 

dynamics and photocurrent generation mechanisms. The second part of this chapter 

(Sections 2.4-2.7) has a slightly different focus and concerns literature review on 

experimental techniques used for graphene formation, transfer and quality assessment. Since 

Raman spectroscopy is a major technique for graphene characterization and greatly used 

throughout this thesis, the literature review is covered here in depth with special emphasis on 

spectral data interpretation.   

2.1 Localised surface plasmon resonance 

Optical properties of plasmonic nanoparticles. 

Under optical excitation, metal nanoparticles (NPs) can exhibit collective oscillations of 

conduction electrons known as localised surface plasmon resonances (LSPRs) [43]. The 

resonant behavior leads to strong light matter interaction with the formation of 

subwavelength high intensity electromagnetic hot spots at the NP surface. This results in 

enhanced absorption and scattering of light. Typically, plasmonic NPs are made of gold and 

silver that exhibit strong LSPRs in the visible range of light. The optical properties of NP 

ensembles can be analysed using conventional far-field extinction spectroscopy. For 

sufficient spacing, the interaction between NPs is weak resulting in the optical response of 

the ensembles to be similar to the LSPR of an individual particle [44,45]. Therefore, for the 

purpose of this thesis, it is possible to limit our discussion to optical properties of a single NP. 

To simplify the discussion, we consider a spherical NP with a size much smaller than the 

wavelength of light (ܴ ≪  In this case, the electromagnetic normal mode of the sphere can .(ߣ

be obtained using electrostatic equations rather than a full set of Maxwell’s equations [46]. In 

other words, in the small particle limit, the electrostatic approximation is valid and only the 

lowest dipolar order of the modal expansion of the scattered fields has to be considered. 

Therefore, for spherical metal NPs surrounded by the non-absorbing medium of dielectric 

constant �௠, the NP polarisability � can be expressed as following:  
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� = Ͷ�ܴଷ � − �௠� + ʹ�௠, (2.1) 

where �ሺ߱ሻ is the dielectric response of the metal. From this equation, it is clear that the 

magnitude of polarisability can be resonantly enhanced at a specific frequency, when the 

denominator approaches zero. This corresponds to the resonance condition given  

by �ሺ߱ሻ = −ʹ�௠, that becomes ܴ݁ሺ�ሻ = −ʹ�௠ for small values of ݉ܫሺ�ሻ. This relationship 

is known as the Fröhlich condition and can only be fulfilled when ܴ݁ሺ�ሻ is negative, which is 

the case for metals. As an example, dielectric properties of gold are presented in Figure 

2.1 (a,b). At long wavelengths (ߣ > ͸ͲͲ ݊݉), the large negative real part of permittivity 

determines the optical response of gold material. The conduction electrons screen the external 

electromagnetic excitation result in high reflection. At shorter wavelengths (ߣ < ͸ͲͲ ݊݉), 

interband transitions in gold can occur resulting in an increase of the imaginary part of 

permittivity.  

 
Figure 2.1. (a) Permittivity of gold with real (ܴ݁ሺ�ሻ) and imaginary (݉ܫሺ�ሻ) parts. 

Experimental data is compared to Drude (red line) and Drude-Lorentz (blue) models. (c) 
Experimental extinction cross section of 50 nm gold NPs in water (green) compared to 

theoretical calculations performed with the Drude (red) and Drude-Lorentz (blue) models. 
(d) Electromagnetic field distribution for the 50nm gold NP at resonance wavelength of 

535nm. Reprinted with permission from [47]. Copyright 2011 American Chemical Society. 

The resonant electromagnetic behavior of metal NPs is due to high electron confinement that 

under optical excitation produces a dipolar field outside the particle (Figure 2.1 d). This leads 

to a strongly enhanced near field in the immediate vicinity of the particle surface, as well as 

to enhanced absorption and scattering cross sections for electromagnetic waves that can be 

clearly observed in an extinction spectrum (Figure 2.1 c). For larger particles, the spectral 

response is modified due to the excitation of higher-order modes and retardation effects. In 
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fact, the LSPR broadens and shifts to longer wavelengths providing an effective way to tune 

the resonance position.  

In general, the spectral position and strength of the LSPR of single metal NPs strongly 

depend on the NP characteristics (material, size, geometry), as well as on the dielectric 

function of the surrounding host. The medium dependence can be easily seen from the 

resonance condition (Equation (2.1)). Since the absolute value of �ሺ߱ሻ for metals decreases 

as ߱ increases, the resonance frequency also decreases, as �௠ increases. This results in the 

LSPR shift to longer wavelengths. The shift can be explained in terms of the buildup of 

polarization charges on the dielectric side of the interface that causes the total restoring force 

to weaken. The shift to the near-infrared part of the spectrum for higher refractive indices of 

the surrounding material can be used to effectively tune the LSPR position.  

Hot carrier generation 

In nanostructures, plasmon decay can occur radiatively through emission of a photon or non-

radiatively through electron-hole excitation during Landau damping [48]. The branching ratio 

of these two effects determines the amount of energy captured by the carrier system in the 

NPs. The ratio is related to the radiance of the plasmon mode that can be significantly altered 

and even suppressed for the structures supporting dark plasmon modes such as Fano 

resonances [49]. Landau damping is expected to occur on a timescale of 1-100 fs [48] and 

results in excitation of strongly out-of-equilibrium carriers, as illustrated in Figure 2.2 (b). 

The carrier distribution is determined by properties of the plasmonic nanostructure including 

the NP size, the density of states and electronic properties of the material and the supported 

plasmon energy [50]. 

Typically, the generated hot electrons have energies ranging from the Fermi level ܧி up to ܧி +  �߱�ௌ௉ோ, where �߱�ௌ௉ோ is the LSPR energy that is lower than material’s work 

function [39]. Therefore, under these conditions the hot electrons cannot be emitted into the 

vacuum and are bound to the NP. After photoexcitation, the hot carriers rapidly decay 

through carrier-carrier interactions such as Auger transitions [50] to form the hot carrier 

distribution that can be described by the Fermi–Dirac function with a large effective electron 

temperature ௘ܶ (Figure 2.2 c). The thermalization process can occur on a timescale of 100 fs 

to 1 ps [51,52]. Next, the equilibration with the lattice takes place through electron-phonon 

interactions that is characterized by a longer timescale of several picoseconds [53]. Finally, 
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the heat can be further transferred from the nanostructure to the surrounding media (Figure 

2.2 d).  

 
Figure 2.2. Localised surface plasmon excitation and relaxation. (a) Optical illumination 

results in plasmon excitation that modified the flow of light (Poynting vector) towards the 
NP. (b) After Landau damping, the out-of-equilibrium carriers decay radiatively through 
emission of photons or nonradiatively through carrier multiplication due to carrier-carrier 
interaction.  (c) The hot carrier distribution is formed. Subsequent decay occurs through 
carrier-phonon interactions to equilibrate the carrier and lattice temperatures. (d) Heat 

conduction results in heat transfer to the NP surroundings. Reprinted by permission from 
Macmillan Publishers Ltd: [39], copyright 2015. 

Hot carriers can be extracted from the NPs utilizing the Schottky barrier formed between 

metal and semiconductor material. However, the timescales determine significantly the 

efficiency of the extraction process, since the hot carrier decay results in a decrease of 

transferring probability. There are successful device geometries that have been explored for 

the hot carrier harvesting [54–57], suggesting that the timescales for the charge transfer 

processes are faster than timescales for carrier cooling. Efficient hot carrier capture has been 

reported for the graphene/plasmonic nanostructure complexes [41,42]. This is perhaps 

surprising, since graphene material does not form a Schottky barrier with the metal making 

the backward carrier flow to be of same efficiency. The interaction of graphene with 

plasmonic nanostructures is discussed in more detail in Section 2.3.    
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2.2 Optoelectronic properties of graphene 

2.2.1 Electronic properties of graphene  

Graphene is a one atom thick allotrope of carbon with the atoms arranged in a two-

dimensional (2D) honeycomb structure [58,59]. Graphitic materials of all other dimensions 

can be obtained from graphene (Figure 2.3 a): 0D fullerenes C60 can be described as 

wrapped-up graphene, 1D carbon nanotubes as graphene rolled along a given direction and 

3D graphite as stacked graphene. The various types of carbon allotropes are produced 

through the different interaction between carbon valence electrons. The four valence 

electrons occupy the 2s and 2p orbitals in elemental form (Figure 2.3 b). In crystal form, one 

of the 2s electrons is excited to the 2pz orbital and new hybrid orbitals are formed due to the 

interaction between the 2s and 2p orbitals of neighboring carbon atoms. Multiple types of 

hybridization define the capability of carbon to form various allotropes. 

 
Figure 2.3. (a) Carbon allotropes: graphene (top left), graphite (top right), carbon nanotubes 

(bottom left) and fullerenes C60 (bottom right). Adapted with permission from Ref. [60]. 
Copyrighted by the American Physical Society. The electron arrangement in (b) elemental 

carbon and (c) graphene. (d) Illustration of the orbitals in graphene [61]. 

In graphene, three sp2 hybrid orbitals are formed due to interaction between the 2s orbital and 

the 2px and 2py orbitals (Figure 2.3 c). The sp2 hybridization leads to a formation of three 

ı-bonds, which are responsible for the robustness of the lattice structure in all allotropes. The 

ı-bonds connect carbon atoms into a trigonal planar structure with a separation of 1.42 Å. 

While the electrons in the ı-bonds are localised along the plane of the lattice, the remaining 

2pz electrons form covalent π-bonds with the electron cloud distributed normally to the plane 

(Fig. 1d). The ı-bonds form a deep valence band as they have a filled shell due to the Pauli 

principle.  In contrast, the π-bonds are half filled due to one extra electron and these electrons 

are relatively delocalised due to a weak binding with the nuclei. The electronic properties of 

graphene are generally determined by these delocalised electrons. 
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The graphene has a honeycomb lattice that can be seen as a hexagonal lattice with a basis of 

two atoms per unit cell [61]. The primitive unit cell can be considered as an equilateral 

parallelogram with a side of 2.46 Å. The lattice vectors as defined in Figure 2.4 (a) can be 

written as ܽଵ = ௔ଶ (͵, √͵), ܽଶ = ௔ଶ (͵, −√͵), where a=1.42 A is the carbon-carbon distance 

[60]. Fig. 2a (right) shows the graphene reciprocal lattice, that is a hexagonal lattice rotated 

90˚ with respect to the direct lattice. The reciprocal lattice vectors are ܾଵ = ଶ�ଷ௔ (ͳ, √͵), ܾଶ =ଶ�ଷ௔ (ͳ, −√͵).  

 
Figure 2.4. The honeycomb lattice of graphene (a) and corresponding Brillouin zone (b). 

Electronic dispersion in the honeycomb lattice: energy dispersion as a function of the wave-
vector components kx and ky (c) and zoom in of the energy bands close to one of the Dirac 

points (d). Adapted with permission from Ref. [60]. Copyrighted by the American 
Physical Society. 

As we have discussed, in each carbon atom three electrons form ı-bonds, while the 

remaining electron forms a π-bond. It has been demonstrated [62] that π-electrons are 

responsible for graphene electronic properties at low energies and energy bands for ı-

electrons are located far away from the Fermi energy. Figure 2.4 (b) shows the energy 

dispersion for the π-electrons obtained using the tight-binding approximation [63]. Here, two 

bands can be clearly observed. The lower band, the π or valence band, is completely filled, 

while the upper band, the π* or conduction band, is completely empty. Therefore, the Fermi 

energy is located at the K-points, called Dirac points, where the π band touches the π* band. 
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At these points the band structure has a linear dispersion (Figure 2.4 d) and the density of 

states approaches zero indicating that the carriers behave as massless Dirac fermions.  

2.2.2 Graphene phonon dispersion 

Next, the phonon dispersion of graphene is discussed. In general, the phonon dispersion of a 

crystal can be determined theoretically using ab-initio density functional theory (DFT) or 

experimentally using inelastic X-ray scattering (IXS) or Raman spectroscopy measurements. 

Figure 2.5 shows calculated graphene phonon dispersion from DFT (lines) and experimental 

IXS measurements on graphite demonstrating excellent agreement [64]. The phonon 

dispersion of graphene consists of six branches: three acoustic (A) and three optical (O) 

branches [64,65]. Two phonon branches are perpendicular to the graphene plane, i.e. out-of-

plane (o), and four phonon branches are parallel to the graphene plane, i.e. in-plane (i) [65]. 

Longitudinal (L) or transverse (T) phonon branches are determined as the parallel or 

perpendicular vibrations with respect to the direction of the A-B carbon-carbon atoms (Figure 

2.4 a) [65]. The active Raman modes in graphene are the iLO and iTO phonon branches, as 

discussed in detail in Section 2.6. 

 
Figure 2.5. Theoretical and experimental phonon dispersion of graphene showing the iLO, 

iTO, oTO, iLA, iTA and oTA phonon modes. adapted with permission from Ref. [64]. 
Copyrighted by the American Physical Society.  

 





Chapter 2 Literature review  
Section 2.2 Optoelectronic properties of graphene 

 

 

29 
 

A single layer of graphene can absorb a significant fraction (2.3%)  of incident light across 

the infrared and visible range, while reflectance remains remarkably low in the visible region 

(<0.1%) [68]. Transmittance of white light decreases with number of graphene layers, as each 

layer absorbs additional 2.3% (Figure 2.7 a). Using Fresnel equations in the thin-film limit, 

one can derive the transmittance of a freestanding graphene, ܶ = ሺͳ + Ͳ.ͷ��ሻ−ଶ ≈ ͳ − �� ≈ͻ͹.͹%, where � = ݁ଶ/ሺͶ��଴�ܿሻ = ଴/ሺ��଴ܿሻܩ ≈ ͳ/ͳ͵͹ is the fine-structure constant [68]. 

Here, ܩ଴ = ݁ଶ/Ͷ� ≈ ͸.Ͳͺ × ͳͲ−ହΩ−ଵ is a fixed universal optical conductance [69]. A single 

graphene layer has almost constant absorption over quite a broad range of wavelengths from 

300 to 2,500 nm (Figure 2.7 b) [70]. The only peak is observed in the ultraviolet region 

(270 nm), where there is a van Hove singularity present in the density of states. However, 

multilayer graphene can exhibit other absorption properties due to interband transitions [71].  

 

Figure 2.7. (a) Photograph of a 50-mm aperture partially covered by graphene and its bilayer. 
The line scan profile shows the intensity of transmitted white light along the yellow line. 

(Inset) Transmittance of white light as a function of the number of graphene layers. Adapted 
from [68]. Reprinted with permission from AAAS. (b) Optical absorbance of a monolayer 

graphene calculated from dispersion model values of n and k. Reprinted from [70], with the 
permission of AIP Publishing. 

Due to high graphene absorption, even a single layer with a thickness of only 0.34 nm can be 

observed on a SiO2/Si substrate using optical microscopy. This is the result of interference 

with SiO2 acting as a spacer. In general, the adjustment of the SiO2 spacer thickness can 

maximize the optical image contrast [72,73]. For the naked eye observation, a SiO2 thickness 

of ~90 nm and ~290 nm is commonly used. These conditions provide a contrast peak of 

around 560 nm (green) where the spectral sensitivity of the human eye is also maximal. 
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2.2.4 Carrier relaxation process in graphene 

In the following, we discuss the ultrafast dynamics of the photocarrier generated in graphene 

after the interband transition. The generated photocarriers undergo a very complex process of 

relaxation, as presented in Figure 2.8. The photocarriers in graphene exhibit two distinct 

properties significantly different from conventional semiconductors: strong carrier-carrier 

interaction and slow electron-phonon cooling [74]. The first effect arises from enhanced 

Coulomb interaction due to reduced screening and quantum confinement of the low 

dimensional materials [74].  Strong electron-electron interaction can lead to an Auger process 

of carrier multiplication giving technological promise of graphene based energy harvesting 

[75].  The second effect, slow electron-lattice relaxation, stems from the high optical phonon 

energy and large velocity mismatch between the electrons and the acoustic phonons [23].  In 

fact, the strong carbon-carbon bonds result in an unusually high optical phonon energy of ℏ߱௢௣ ≈ ʹͲͲ ܸ݉݁ [65,76]. Therefore, optical phonons can mediate cooling only for very hot 

electrons and this channel becomes quickly suppressed [24]. For electrons with energy below ℏ߱௢௣, the cooling occurs through emission of acoustic phonons. However, this cooling 

pathway is inefficient due to a large mismatch in Fermi velocity of carriers and sound 

velocity of acoustic phonons (ݒி/ݏ ≈  ͳͲͲ). Furthermore, additional requirements due to 

momentum conservation restrict the energy of emitted acoustic phonons to several meV 

resulting in an extremely inefficient cooling process with cooling times exceeding 

300 ps [77]. However, the momentum restriction can be lifted by disorder mediated acoustic 

phonon emission, so-called supercollision, with relaxation times of 1–10 ps comparable to 

experimental results [78]. Strong carrier-carrier and slow carrier-phonon interactions result in 

thermal energy being primarily distributed among electronic charge carriers leading to the 

thermal decoupling of the carrier and lattice systems. There are numerous reports indicating 

that hot carriers dominate graphene’s intrinsic optoelectronic response [25,26,28–30]. 

Therefore, it is crucial to understand hot carrier dynamics in graphene to facilitate 

development of optoelectronic devices. 

After photoexcitation with photon energies ܧ௣ℎ >  ி, high-energy electron hole pairs formܧʹ

an outlying distribution of carriers in the conduction and valence bands high above and below 

the Fermi energy, respectively (Figure 2.8 a) [23]. The high-energy carriers relax through 

scattering with ambient carriers within tens of femtoseconds [19,20], during which optical 

phonon emission can also occur (Figure 2.8 b,c). The amount of energy captured by the 
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electronic system in the fast thermalization process depends on the competition between the 

rates for carrier-carrier scattering and optical phonon emission. Due to the high carrier 

density typically present in doped graphene and the large phase space available for carrier-

carrier scattering, this process is expected to dominate over optical phonon emission [23]. 

Indeed, recent experimental results confirm this concept demonstrating that more than 50% 

of the photon energy remains in the electronic system [79]. The hot carrier distribution 

subsequently cools down by the emission of acoustic phonons to the lattice through both the 

normal momentum-conserving process and the disorder-assisted supercollision process 

(Figure 2.8 d, e). 

 

Figure 2.8. Schematic illustration of carrier dynamics in graphene. (a) Photoexcitation results 
in highly energetic electron-hole pair generation. (b) Part of the carrier energy is transferred 

to a carrier system via scattering processes. (c) Emission of strongly coupled optical phonons 
(~ 200 meV) results in the energy transfer to the lattice. (d) The hot carriers cool down 
through normal momentum-conserving process of low energy (≈ several meV) acoustic 

phonon emission. (e) The hot carrier cooling is facilitated by a disorder-assisted 
supercollision process that relaxes momentum restrictions enabling faster cooling through 

emission of high-energy (∼kBT) acoustic phonons. 

Several authors remark the importance of the hot phonon (HP) bottleneck effect on the 

cooling dynamics of the hot carriers in graphene [22,80,81]. It the HP model, thermalized 

carriers relax primarily by emission of optical phonons. The generated phonons can transfer 

energy back to the carrier system resulting in a slower cooling process. The carrier and 

optical phonon systems reach a quasi-equilibrium ( ௘ܶ ≈ ௣ܶℎ) and their dynamics become 
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Boltzmann’s constant (Figure 2.9). Importantly, for intraband transitions ( ܧ௣ℎ <  ி), whereܧʹ

the carrier density must remain conserved, the increase in electron temperature is 

accompanied by a lowering of the Fermi energy [84]. This effect comes from graphene’s 

electronic density of states being linearly dependent on energy ܦሺܧሻ = ଶ�ℏమఔಷమ  ,Therefore .|ܧ|

an increase in electron temperature would result in an increase of carrier density in case of 

constant Fermi energy. However, for interband transitions, generation and recombination of 

carriers influences the overall carrier dynamics. While some authors still suggest using 

temperature dependent Fermi energy [20,85], the carrier density is no longer constant due to 

recombination processes that occur on the time scales ranging from less than a picosecond to 

more than hundreds of picoseconds [86,87]. Furthermore, recent ARPES work has 

demonstrated that following initial carrier inversion, single carrier distribution is established 

characterised by constant Fermi energy [19]. 

Figure 2.9 (b) shows the evolution of electronic temperature in graphene after photoexcitation 

with a pump laser energy of 0.95 eV [20]. The electronic temperature is extracted from the 

time- and angle-resolved photoemission spectroscopy (TR-ARPES) measurements performed 

on hydrogen-intercalated so-called quasi-free-standing monolayer graphene (QFMLG) on 

SiC [20]. The temperature relaxation clearly demonstrated two distinct time constants ߬ଵ~ͳͷͲ ݂ݏ and ߬ଶ~͵ͲͷͲ ݂ݏ, that can be assigned to processes involving optical phonons and 

acoustic phonons, respectively. As discussed above, the rapid thermalization of hot carriers is 

accompanied by optical phonon emission which raises the temperature of the optical phonon 

subsystem ( ௣ܶℎ) (Figure 2.9 b solid blue line). During the second part of the relaxation 

process the carrier and phonon temperatures are in quasi equilibrium  ௘ܶ ≈ ௣ܶℎ. This is in 

good agreement with previous results by Graham et al. demonstrating that the graphene’s 

transient optical response at room temperature is well described by both the SC and HP 

models [83]. The carrier relaxation and thus the temperature decay are well described by a 

biexponential model  ܶሺݐ߂ሻ~�ଵ݁−ሺ∆௧ሻ/�భ  + �ଶ݁−ሺ∆௧ሻ/�మ. The amplitudes correspond to the 

initial (�ଵሻ and secondary (�ଶ) decay components which are directly related to the peak hot 

carrier and hot phonon temperatures, respectively. Therefore, the amplitude ratio �ଵ/�ଶ 

being proportional to ௘ܶ/ ௣ܶℎ can be considered as a useful qualitative parameter related to the 

fraction of energy lost to the phonon bath during the cooling process. 
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Differential transmission (reflection) spectroscopy of graphene 

Differential transmission (reflection) spectroscopy is a widely used technique to analyse 

relaxation dynamics of optically excited carriers. Graphene has been extensively studied 

using a degenerate [88] and a dual colour optical pump probe experiment [21,80,89], an 

optical-pump infrared-probe experiment [90–92], an optical-pump THz-probe experiment 

[86,93] and a THz-pump optical-probe experiment [94]. 

In a pump-probe experiment, the sample is typically excited with a strong pump pulse 

introducing changes in the carrier population, while a time-delayed weaker probe pulse is 

used to monitor temporal change in the carrier population (Figure 2.10 a,b). Typically, both 

beams are focused on the same spot on the sample. However, experiments with one fixed 

beam have been recently suggested to study hot carrier diffusion processes [95,96]. As 

previously discussed, optical pumping results in a nonequilibrium distribution of carriers that 

rapidly thermalizes into a hot carrier distribution. When the excited carriers are present at the 

relevant energies, the probe pulse demonstrates increased transmission due to Pauli blocking. 

Therefore, in the pump-probe experiments, a typical measured value is the differential 

transmission (DT): ∆ܶ/ ଴ܶ = ሺܶ − ଴ܶሻ/ ଴ܶ, where ܶ and ଴ܶ are transmission with and without 

optical excitation, respectively. A positive change of transmission is equivalent to a negative 

change of absorption.  In the case of opaque substrate, the reflection geometry can be used. In 

this case, the measured value is the differential reflection (DR), ∆ܴ/ܴ଴. It should be noted 

that interference of the underlying substrate can affect the measured values, as will be 

discussed in detail in Section 5.3. 

Figure 2.10 (c) shows a typical DT signal of a graphene layer at various probe energies from 

88 to 138 meV close to the Fermi energy. The DT traces exhibit characteristic biexponential 

decay with an initial fast component followed by a slower secondary component consistent 

with the earlier discussion of carrier temperature evolution due to optical and acoustic 

phonon emission. Interestingly, the sign of DT signal changes for the probe pulses with lower 

energy. This effect can be explained by relative changes in carrier distribution during the 

heating process (Figure 2.10 d): after optical excitation, the transient occupation probability 

becomes larger (smaller) for the areas above (below) the Fermi energy. Therefore, at photon 

energies below ʹܧி, the DT signal switches from positive to negative sign. Since this 

transition is abrupt, by varying the probe energy the Fermi energy of the graphene can be 

identified. 
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free graphene leading to the formation of a band-bending area that is typically ∼100−200 nm 

from the end of the metal pad to the metal-free graphene channel [31]. Such band-bending 

effects can be controlled by changing the doping level of the contact-free region of the 

graphene using a back gate [34]. In contrast, the doping of graphene over the metal pads 

remains unaffected due to Fermi level pinning [102]. The presence of a band-bending region 

enables the photovoltaic process in graphene-metal devices, since it results in an internal 

electric field. Meanwhile, the thermoelectric contribution is enhanced by the strong spatial 

dependence of the Seebeck coefficient near the graphene/metal interface. Here, we discuss 

these two major contributing effects in more details. 

2.3.1 Photovoltaic effect 

Photogenerated electron–hole (e–h) pairs in graphene can be separated by a built-in electric 

field at the junction between differently doped areas leading to photovoltaic (PV) 

photocurrent generation (Figure 2.11) [18,32,34]. To produce an external electric field, a 

source–drain bias voltage can be additionally applied, but this leads to a large dark current 

due to the semimetal nature of graphene and, thus, this technique is undesirable. An 

alternative approach is based on the creation of local chemical [103] or electrostatic doping 

[29,104] or on the work-function difference between graphene and a metal contact 

[18,32,34].  

 
Figure 2.11. (a) Schematic representation of the photovoltaic mechanism where electron–hole 

(solid and open circle) pairs are separated by an internal electric field. (b, c) Photocurrent 
response of a graphene transistor: scanning photocurrent image (b) and peak photocurrent 
magnitude around source and drain contacts as a function of the gate bias (c). The incident 

excitation laser power is about 30 µW, and the wavelength is 632.8 nm. Adapted with 
permission from [34]. Copyright 2009 American Chemical Society. 

At the graphene-metal interface, the generated photocarriers can be separated by the band-

bending region close to the metal contact creating an electric field that drives currents outside 

the excitation region towards the contacts [25]. The direction of the built in electric field 

determines the direction of the photocurrent in graphene leading to an opposite sign when 
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going from p–n to n–p or from p–p+ to p+–p and similar for other doping regimes (Figure 

2.11 b). The PV contribution is directly proportional to the electric field and can be estimated 

by ܫ௉�~ߤ݊ݍξ, where ξ is the electric field, ݊ is the steady state photo-induced carrier density 

and μ is the carrier mobility [25]. At steady state, the photo-induced carrier density ݊ depends 

on its non-equilibrium carrier temperature ௘ܶ and the chemical potential [33]. Since the 

carrier concentration of graphene over the metal is pinned, the band-bending conditions can 

be tuned by a monotonic sweep of gate voltage which changes the doping of the graphene 

channel. In fact, the photovoltaic current will be initially cancelled due to band flattening and 

then will reverse sign due to the change of electric field direction (Figure 2.11 c). Note that 

the point of vanishing photovoltage is usually quite different from the Dirac point for the 

graphene channel material. It is primarily controlled by the metal induced doping and thus 

changes for electrodes made from different metals [32]. This has been previously utilized to 

break the mirror symmetry of the built-in potential profile [18]. It should be noted that the 

photovoltaic response is characterized by a single sign reversal that is in contrast to the 

photothermoelectric effect [25]. 

2.3.2 Photo-thermoelectric effect 

Recent studies have demonstrated that hot carriers in graphene play a key role in its 

optoelectronic response [25,30]. In graphene, as discussed in Section 2.2.4, photoexcited 

carriers can remain “hot” compared to the lattice for many picoseconds due to the quenching 

of electron-lattice energy relaxation known as the hot phonon bottleneck effect [77]. This 

results in a thermal decoupling of the carriers from the crystal lattice and, thus, the energy 

transport in the system is mainly governed by hot carriers [25]. See detailed discussion of the 

carrier relaxation in Section 2.2.4. 

The hot carrier contribution to the photocurrent is captured by the photothermoelectric (PTE) 

effect that results from local heating of graphene junctions with materials of different Fermi 

energies [30]. The Seebeck coefficient is a measure of the induced thermoelectric voltage due 

to a temperature gradient and strongly depends on the Fermi-level according to Mott’s 

formula [105]: 

ܵ =  − �ଶ݇஻ଶܶ͵ݍ ͳ�  ி , (2.2)ܧ݀�݀
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photothermoelectric voltage generated in the channel (PTE-ch) of ௉்ܸா−௖ℎ =  ܵଵ߂ ௘ܶ, where ܵଵ is the Seebeck coefficient of the graphene channel and ߂ ௘ܶ is the electron temperature 

difference between the contacts. It is clear, that this photovoltage will have only one 

vanishing point, namely at the Dirac point, when the Seebeck coefficient switches sign. This 

behaviour is reminiscent of the typical thermoelectric effect, where experiments confirm 

polarity reversal at the Dirac point for both optical [30,35] and electrical heating [105,106]. 

Table 2.1 presents a summary of the points where different effects are cancelled.  

Effect Flat band Dirac point 

PV ✕ ✓ 

PTE-j ✕ ✓ 

PTE-ch ✓ ✕ 

Table 2.1. Summary of contributing effects: ✓ – the effect is active and ✕ – the effect is 
cancelled. 

Both PTE effects can be described simultaneously by using a more accurate calculation of the 

current IPTE [25,29,33]: ܫ௉்ா = − ͳܴܹ ∬ ߲ܶሺݔ, ݔሻ߲ݕ ܵሺݔ,  (2.3) ,ݕ݀ݔሻ݀ݕ

where ܴ and ܹ are the device resistance and channel width, respectively; ݔ is the direction 

along which the current flows; ܶ is the excitation induced electronic temperature increase and ܵ is the spatially varying Seebeck coefficient in the graphene device. It should be noted that 

the spatial temperature profile is required to perform these calculations. 

2.3.3 Sensitivity enhancement by plasmonics 

A single layer of graphene can absorb a significant (2.3%) fraction of incident light across the 

infrared and visible range [68]. While this is remarkable for an atomically thin material and 

beneficial for some devices in flexible and transparent optoelectronics, it is still highly 

desirable to increase graphene’s absorption efficiency, especially for photodetection 

applications. To enhance light-matter interactions, plasmonic nanostructures can be used. The 

first use of plasmonic nanoparticles in combination with graphene was demonstrated for 

surface-enhanced Raman scattering [107] and to investigate strong field enhancements within 

subnanometre gaps [108]. To improve graphene based photodetectors, plasmonic 

nanostructures near the contacts were utilized resulting in a significant improvement of 

performance [38,40]. In Ref. [38] a 20-fold increase in the efficiency has been mainly 
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dominated by direct photoexcitation through the intense electromagnetic fields [109] (See 

Section 5.3).  

While the mechanism of plasmon induced carrier generation is still debatable, it is also 

unclear how the generated photocarriers contribute to the photocurrent. Since the 

photocarriers generated at the graphene-nanoparticle interface are in the region of a potential 

gradient characteristic for a pn junction, they can be effectively separated by the internal field 

contributing to the photovoltaic effect. However, the presence of plasmonic nanostructures 

also results in a strong electronic temperature gradient [109], thus, enhancement of the 

thermoelectric effect can also be anticipated. We return to this question in Chapter 6 utilising 

regimes set out in Table 2.1 to isolate the various contributions to the photovoltage 

generation.  

2.4 Graphene formation techniques 

Recent progress in graphene synthesis has proven the possibility to synthesize graphene in 

various ways and on different substrates [110–115]. Nevertheless, graphene synthesis in large 

quantities and of high quality remains challenging. At the moment there is no reliable method 

for a controllable synthesis of graphene with well-defined size, shape, and edge structure that 

are crucial for investigation of graphene fundamental physical properties and for 

development of graphene based devices. 

The production of graphene with required properties is essential for the market of graphene 

applications. Currently, there are numerous methods developed to prepare graphene material 

of various dimensions and quality that define the range of potential applications, see Figure 

2.14 and Table 2.2. It is possible to distinguish two main strategies for graphene synthesis: 

exfoliating graphite towards graphene (top-down) and building up graphene from molecular 

building blocks (bottom-up) [111].   

The mechanical exfoliation of graphite developed by the Manchester group [58,59] was the 

first successful technique resulting in single layer graphene. This is a quite simple and low-

budget technique that can produce high quality graphene flakes of a several-micron size. 

However, this technique lacks controllable size and shape of graphene flakes as well as 

precise positioning of the flakes. Therefore, this method is mainly used in research of the 

fundamental graphene properties and is considered to have a limited relevance to commercial 

high-end electronic applications. 
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Figure 2.14. Summary of methods for graphene production with estimated quality and price 

indicated for possible applications. Reprinted by permission from Macmillan 
Publishers Ltd: [116], copyright 2012. 

The graphitization of hexagonal SiC crystals is a representative of bottom-up techniques for 

graphene synthesis. Annealing of hexagonal 4H- and 6H-SiC crystals has been demonstrated 

to result in single layer and few layer graphene [112,113]. During the annealing process the 

top layer of SiC crystal decomposes, Si atoms desorb from the substrate and the remaining 

carbon atoms rearrange to form epitaxial graphene layers. In this method the reactor pressure 

and the type of gas atmosphere are crucial parameters, which define the quality and structure 

of the resulting graphene. The growing process is generally slow due to the fact that three 

bilayers of Si and C atoms correspond to only a single graphene layer. The resulting graphene 

layers are usually electron doped (∼1012 cm−2) and have areas of different thickness, which is 

undesirable in device applications. However, graphene grown on semi-insulating SiC can be 

used without transfer to another insulating substrate [117]. 

One of the most popular bottom-up techniques for graphene synthesis is chemical vapour 

deposition (CVD) from C-containing gases on catalytic metal surfaces. At the moment Cu is 

generally used for this process [114]. Due to low solubility of C in Cu the graphene growth 

occurs by a surface adsorption process rather than a precipitation process observed for Ni 

[115]. It has been demonstrated that graphene growth on Cu is self-limiting and practically 

stopping after a single layer is formed [114]. The quality of the copper foil is one of the most 
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crucial factors affecting the number of layers and the quality of the resulting graphene. It is 

well known that copper grain boundaries serve as graphene nucleation sites favouring 

multilayer growth. In this case the resulting graphene is of a multidomain structure due to the 

rotational disorder between domains and the many grain boundaries. The effect of the grain 

boundaries strongly limits the electrical transport properties of CVD graphene comparing to 

those of exfoliated graphene flakes. Therefore, it is desirable to use single crystal Cu with an 

atomically smooth surface and an absence of grain boundaries. 

Method 
Crystalline 
size (µm) 

Sample 
size 

(mm) 

Charge carrier 
mobility (300K) 

(cm2V-1s-1) 
Applications 

Mechanical 
exfoliation 

>1,000 >1 
>2x105 and >106 

(at low 
temperatures) 

Research 
 

CVD 1,000 1,000 10,000 

Photonics, nanoelectronics, 
transparent conductive 

layers, sensors, 
bioapplications 

SiC 50 100 10,000 
High-frequency transistors 
and other electronic devices 

Table 2.2. Properties of graphene material obtained by different fabrication methods. Adapted 
by permission from Macmillan Publishers Ltd: [116], copyright 2012. 

In this work, we utilize CVD graphene material on copper due to its large area, uniformity 

and commercial availability. However, the fact that the underlying substrate is copper means 

that transfer to a dielectric surface is required to facilitate photodetector development. At the 

moment, the transfer process is quite complicated and minimizing damage to the graphene 

film remains challenging. Since this process is crucial for the control of graphene’s film 

quality, we perform a detailed study of the various transfer techniques affecting graphene’s 

properties with the aim to develop an improved transfer method that will retain material 

quality (Chapter 4). 

2.5 Graphene transfer technique overview 

Due to recent progress in chemical vapour deposition (CVD) technique, graphene sheets of 

30 inch have become available bringing graphene research one step closer to industrial 

application [118]. To facilitate most of practical applications CVD-grown graphene should be 

transferred from the growth metal-foil substrate onto various desired substrates and this step 
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remains challenging. Structural defects and chemical contamination are usually introduced 

during the transfer step significantly limiting the electrical properties of graphene. 

Since CVD-grown graphene is located on the metal-foil substrate, most of the transfer 

methods include the chemical etching of the underlying growth substrate. However, this step 

can introduce defects as well as chemical doping into the graphene layer [119]. It has been 

demonstrated [120–122] that the use of exfoliation/peeling transfer methods allows the 

avoidance of the etching process entirely. In this method special carrier film with “glue” 

qualities (polystyrene substrate with linker molecules or an epoxy layer) [120,121] is attached 

to the graphene followed by the peeling of graphene from the growth metal (Figure 2.15). In 

[122] the process was improved using hot deionized (DI) water that penetrates 

graphene/copper interfaces and separates them. The major advantage of these methods is that 

graphene is not exposed to any chemicals preventing the degradation of the electrical 

properties. Additionally, the growth metal substrate can be reused without significant quality 

degradation resulting in almost identical graphene layers. However, there is still a challenge 

in removing the “glue substance” [120,121]  and improving the uniformity of the transferred 

graphene layer [122].  

 
Figure 2.15. (a-c) Schematic illustration of the transfer procedures used in [120–122], 
respectively. (d) Optical image of the transferred CVD graphene grown on Cu [122]. 

(a) Adapted with permission from  [120]. Copyright 2012 American Chemical Society. 
(b) Adapted with permission from [121]. Copyright 2012 American Chemical Society. 

The most common approach is a polymer-assisted transfer, utilising a polymer layer 

(typically PMMA) deposited directly on top of the graphene/copper foil to provide 
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mechanical support after removal of the copper. The PMMA/graphene stack is generally 

released from the growth substrate using a wet chemical etchant (such as ammonium 

persulfate (NH4)2S2O8) followed by thorough rinsing in deionized (DI) water [123,124]. In 

the wet transfer process, the PMMA/graphene film is scooped out of the DI water using the 

target substrate (so-called wet transfer). Notably, this technique is inappropriate for water-

sensitive substrates [125] and substrates with cavities [123] where freestanding graphene is 

easily broken by surface tension during the drying process. Furthermore, trapped DI water 

between the graphene and substrate is unavoidable, leading to wrinkles, cracks [126] and 

doping from residual water molecules [127]. Dry transfer techniques that avoid direct 

contact of the target substrate with water have been reported by several groups [123,124,128]. 

In this case, additional layers (such as polydimethylsiloxane (PDMS) stamps, polyimide tape 

or thermal release tape) are placed on top of the PMMA/graphene stack to provide sufficient 

mechanical support enabling sample pick up and placement. Micro-patterned PDMS stamps 

have been demonstrated as a means of lithography-free pattern transfer [129], however, 

mechanical defects (tears, cracks etc.) can be introduced during stamp-substrate separation. 

This drawback is largely eliminated by using a frame-like support structure as discussed 

below [123,128]. 

To facilitate the dry transfer technique, a special holder is generally placed on top of the 

graphene or polymer/graphene stack. Substantially thick PDMS can be used as a stamp 

providing “pick-and-place capability” [52].  PDMS has quite low surface energy providing a 

considerable advantage during graphene transfer. When the PDMS/graphene stack is brought 

into contact with the target substrate, graphene prefers to adhere to the substrate with 

relatively higher surface energy. Furthermore, to improve this method graphene can be 

covered with an appropriate thin polymer that usually has a work of adhesion with the PDMS 

stamp smaller than that between the graphene and the target substrate acting as a “self-release 

layer” [124]. The presence of the self-release layer significantly improves the quality of 

transferred CVD graphene (Figure 2.16 a). PDMS can be also used in frame shape to support 

PMMA/graphene stack [123]. In this work CVD graphene was dry transferred on perforated 

substrates (Figure 2.16 b), where freestanding graphene can be broken by surface tension 

during drying of the liquid trapped in the wells. The use of a frame support was also 

demonstrated by Petrone et al. [128]. In this study the PMMA/graphene/Cu stack was 

adhered from the Cu side to a small window cut in polyimide tape (Figure 2.16 c) providing 

mechanical support for PMMA/graphene film suspended across the window. Using this 
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method CVD graphene crystals were successfully transferred both on SiO2 and on hexagonal 

boron nitride (h-BN), which is known to minimize substrate-induced scattering [12]. The 

graphene grain transferred on h-BN showed carrier mobility ranging between 27 000 and 45 

000 cm2 V−1 s−1, comparable to that of exfoliated graphene. The dry transfer techniques allow 

reduction of the trapping of impurities present in DI water and facilitates precise placement of 

graphene on the target substrate. However, in these methods the graphene layer is still 

covered with a protective polymer that may leave residues on the graphene surface increasing 

the doping level of the material.  

 
Figure 2.16. (a) Schematic illustration of the PDMS stamp method in combination with the 

self-release layer. Optical images of successful and failed transfers with and without the self-
release layer, respectively. Reprinted by permission from Macmillan Publishers Ltd: [124], 
copyright 2013. (b) Schematic illustration of PDMS frame method. SEM image of single 

layer graphene suspended over 2 μm deep well with 5.1 μm diameter. Adapted with 
permission from [123]. Copyright 2011 American Chemical Society. (c) Schematic 

illustration of the polyimide tape frame method used by Petroneet. al. Optical image of large-
grain CVD graphene transferred on SiO2. Adapted with permission from [128]. Copyright 

2012 American Chemical Society. 
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In both wet and dry transfer techniques, a post-transfer heating step is required to promote 

uniform adhesion of the graphene film to the substrate via polymer relaxation [130] (see 

Figure 2.17). This step is essential since the PMMA/graphene film conforms to the relatively 

rough surface morphology of the copper foil growth substrate [123,130]. Finally, the PMMA 

layer has to be removed. This is currently the most significant obstacle towards achieving 

clean high quality CVD graphene: incomplete dissolution in solvents such as acetone and 

toluene leave polymer residues ~1−2 nm thick on the graphene surface [131,132]. High-

temperature annealing (350–500°C) in an Ar/H2 atmosphere [133,134] or in high-vacuum 

[135] can be used to remove such residues, but leads to heavy p-doping and mobility 

degradation of graphene on SiO2 substrates [127,133] and is further incompatible with heat 

sensitive substrates (e.g. pre-patterned, plastic or organic substrates). 

 

 
Figure 2.17. The optical microscopy images of graphene films wet transferred on SiO2/Si 
using PMMA as supportive polymer with and without double coating [130]. adapted with 

permission from [130]. Copyright 2009 American Chemical Society. 

The entirely polymer-free methods have been recently demonstrated by Regan et al. [136] 

and Lin et al. [137]. In [136] CVD graphene was transferred using holey amorphous carbon 

transmission electron microscopy (TEM) grids (Figure 2.18 a). The contact between 

graphene and the target grid was achieved using IPA that during evaporation brings graphene 

and the grid together into intimate contact. However, this process results in the transfer of 

relatively small graphene areas of a few tens of micrometres (Figure 2.18 a). Lin et al. has 

presented the polymer free method for CVD graphene transfer using a special graphite holder 

and a mixed solution with reduced surface tension (Figure 2.18 b). The transferred graphene 

was free of organic residues that are typically found on polymer supported graphene.  The 

carrier mobility of graphene transferred on h-BN was as large as 63 000 cm2 V-1 s-1. 

However, the optical microscopy and atomic force microscopy results have not been 

discussed in the study leaving the large scale quality of the transferred graphene film 

questionable.  
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Figure 2.18. (a) Schematic illustration of the polymer-free transfer process used in Ref. [136]. 

Optical images of the transferred CVD graphene. Scales are 10 µm and 0.5 µm. Adapted 
from [136], with the permission of AIP Publishing. (b) Schematic illustration of the polymer-

free transfer process used in Ref. [137]. STM image of the transferred graphene on 
the Si (1 1 1) substrate. Adapted with permission from [137]. Copyright 2014 American 

Chemical Society. 

The electrical properties of graphene devices are strongly influenced by the substrate 

characteristics. While SiO2/Si substrates provide a straightforward layer structure for 

electrostatic gating and a necessary optical contrast for graphene visualization, the carrier 

mobility in graphene/SiO2 structures is generally limited by charged surface states and 

impurity scattering [138–140], surface optical phonons [140,141] and substrate roughness 

[131,142,143]. SiO2 surface passivation techniques such as SAMs or hBN buffer layers have 

been demonstrated to improve the electrical properties of CVD graphene [12,144–146]. In 

particular, CVD graphene on an hBN layer has been recently reported with electrical 

properties comparable to those of exfoliated graphene demonstrating low temperature 

mobilities up to 50 000 cm2 V-1 s-1 [128,147]. It is important to emphasise that exfoliated 

hBN was utilized in Ref [128,147]. In contrast, CVD hBN buffer layers have been reported to 

provide much lower mobilities of only 3100 cm2 V-1 s-1 [148] and 2560 cm2 V-1 s-1 [146], 

which is mainly related to transfer-induced polymer residues between graphene and hBN 

layers. 
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While surface engineering can be used to improve the electrical properties of graphene, 

control of the graphene/dielectric interface is crucial to provide large-area continuous 

graphene films. In general, exfoliated graphene has poor adhesion to the SiO2 substrate 

leading to small sizes of transferred flakes, which can be easily detached from the substrate 

during the subsequent device fabrication processes [149]. The size of exfoliated graphene 

flakes is significantly improved by O2-plasma treatment demonstrating the stronger 

interaction between graphene and the O2-plasma-treated SiO2 surface [150]. During the wet 

transfer process of CVD graphene, adhesion is provided by the evaporation of trapped liquid 

between the graphene and underlying substrate, which draws the graphene film into intimate 

contact with the substrate [151]. However for the dry transfer processes, this adhesion 

mechanism is no longer present, resulting in poor robustness of the graphene film to 

subsequent processing steps such as solvent treatment. In this case, additional surface 

engineering, such as the use of O2-plasma treatment, SAM modification and hBN deposition, 

is needed in order to provide good graphene adhesion. 

2.6 Raman spectroscopy of graphene 

Raman spectroscopy is a fast and non-destructive method, which is widely used for the 

characterization of structural and physical properties of materials [152]. This technique is 

especially appealing for graphene analyses, since almost all the incident wavelengths are 

resonant due to the absence of a band gap in graphene. Raman spectroscopy allows 

identifying the presence of graphene and a number of layers in the structure. Furthermore, 

Raman spectrum contains information about graphene atomic structure and electronic 

properties. Using this technique it is possible to analyse doping, defects, strain, disorder and 

chemical modifications in graphene [153]. 

Single layer graphene has three acoustic and three optical branches in the phonon dispersion 

(Section 2.2.2). Since the unit cell of graphene contains two atoms, there are six normal 

modes present at the Brillouin zone centre Γ [154]: A2u, B2g, E1u and E2g (Figure 2.19 a), 

where E2g and B2g are doubly degenerate. Unlike Raman and infrared inactive optical B2g 

phonons, the optical E2g phonons are Raman active and define main bands in the graphene 

Raman spectrum. 

 



Chapter 2 Literature review  
Section 2.6 Raman spectroscopy of graphene 

 

 

50 
 

 
Figure 2.19. (a) Γ-point phonon-displacement pattern for graphene. Empty and filled circles 

represent inequivalent carbon atoms. Red arrows show atom displacements. Atom 
displacements (red arrows) for the A1g mode at K. (b) Raman spectra of pristine (top) and 
defected (bottom) graphene. Adapted by permission from Macmillan Publishers Ltd: [153], 

copyright 2013. 
 

The typical Raman spectrum of single layer graphene consists of distinct bands (Figure 

2.19 b). The band in the 1500-1700 cm-1 region, the G band, is the first order Raman band 

that corresponds to high-frequency E2g phonons at Γ-point. The G band is characteristic of 

sp2-hybridised carbon-carbon bonds and is common for graphitic materials, where the 

detailed material structure defines the band position. All the other bands in graphene Raman 

spectrum are the result of double resonance processes that might be described in the 

following way (Figure 2.20): after excitation of an electron-hole pair two electron-phonon 

scattering events occur followed by electron-hole recombination [155,156]. The D band 

around 1350 cm-1 is defined by the breathing modes of six-atom rings (Figure 2.19 a) and 

represents an intervalley process, when one of the electron-phonon scattering events occurs 

elastically due to the presence of defects (Figure 2.20). This electron-phonon scattering 

process can also happen as an intravalley event resulting in the D’ peak appearance. The 2D 

and 2D’ peaks are the overtones of the D and D’ peaks, respectively. The 2D and 2D’ peaks 

are always present due to the momentum conservation satisfied by two phonons with 

opposite wave vectors (Figure 2.20) [155]. The band around 2,450 cm-1, frequently called the 

D’’ peak [157] (indicated as D+D’’ in Figure 2.19 b), is detected in defected samples and 

might be assigned to a combination of a D phonon and a phonon from the LA branch [153]. 
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Figure 2.20. Electron and phonon interactions responsible for the common peaks in graphene 

Raman spectrum: (a) intravalley one-phonon G peak, (b) defect-assisted intravalley one-
phonon D’ peak, (c) intravalley two-phonon 2D peak, (d) defect-assisted intervalley one-
phonon D peak, and (e)intervalley two-phonon 2D peak. Vertical solid arrows represent 
interband transitions accompanied by photon absorption (upward arrows) or emission 

(downward arrows) (the photon wave vector is neglected). Dashed arrows represent phonon 
emission. Horizontal dotted arrows represent defect scattering. Reprinted with permission 

from [155]. Copyright 2009 by the American Physical Society. 
 

Determination of the number of graphene layers 

As we have discussed, the graphene Raman spectrum contains information about the 

electronic structure and electron-phonon interactions. Therefore, any variation of electronic 

properties significantly affects positions, widths and intensities of the Raman peaks enabling 

easy detection of single, bilayer and few-layer graphene. 

The 2D peak has been reported [158,159] to significantly change its shape and intensity 

depending on the number of graphene layers (N). The sharp 2D peak with the full-width at 

half maximum of ∼30 cm-1 is typically observed for undoped single layer graphene, while 

bilayer graphene has been demonstrated to have a much broader 2D peak of ∼60 cm-1 (Figure 

2.21). With an increasing number of layers (N > 5) the spectrum becomes barely 

distinguishable from bulk graphite. It should be noted that the 2D peak for bilayer graphene is 

quite different comparing with both single layer graphene and bulk graphite. The 2D peak in 

bulk graphite can be approximated with 2 Lorentzian components, whereas for bilayer 

graphene 4 components are present. The 2D peak evolution can be explained by the splitting 

of the electronic bands (Figure 2.21 d) due to the interaction of the graphene planes. 

The effect of the number of layers on the G peak has also been described [158,159]. In 

contrast to the behaviour of the 2D peak, the full width at half maximum of the G peak 

remains almost unaltered, while the integrated intensity of the G peak monotonically 

increases with the number of layers. Since the integrated intensity of the 2D peak changes 

only slightly, the ratio between two peaks can be used as an indicator of the number of 
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graphene layers (Figure 2.21 b). For undoped single layer graphene the ratio is typically ∼0.3 

and increases almost linearly from one to four layers and saturates for N > 5. However, 

caution should be taken when identifying the number of graphene layers through the peak 

ratio only as the G peak intensity is highly affected by the doping level of graphene. 

Therefore, one should always analyse the full width at half maximum of the 2D peak along 

with the ratio of the integrated intensities for G and 2D peaks. 

 
Figure 2.21. (a) Comparison of Raman spectra at 514 nm for bulk graphite and graphene 

(scaled to have similar height of the 2D peak) [158]. (b) Evolution of the ratio of the 
integrated intensities for the G and 2D peaks at 532 nm with the number of layers [159].(c) 

Evolution of the 2D peak at 514 nm with the number of layers [158]. (d) Phonon wave 
vectors corresponding to the 2D peak in BLG [158]. (e) Combination modes close to the G 

peak as a function of the number of layers [160,161]. (a,c,d) Adapted with permission 
from [158].Copyright 2006 by the American Physical Society. (b) Adapted with permission 
from [159]. Copyright 2007 American Chemical Society. (e) Adapted by permission from 

Macmillan Publishers Ltd: [153], copyright 2013. 

An alternative approach to probe the number of graphene layers is based on the analyses of 

out-of-plane vibrations [160,161]. The activation of out-of-plane modes A2u and B2g (Figure 

2.19 a) has been reported for few-layer graphene, where additional peaks located around 

1500 and 1700 cm-1were detected. These peaks can be assigned to the combination of the E2g 

phonon and the B2g phonon of the layer-breathing modes. The peak positions strongly depend 

on N enabling determination of the number of graphene layers up to N=8. Since the 
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activation of out-of-plane vibrations is not restricted to graphene, this approach might be 

applicable to other layered materials.  

Defects and disorder analysis 

Analysis of defects and disorder in graphene is crucial to the understanding of the graphene 

properties. It is an important step in any device fabrication and these parameters can be used 

to compare different samples as well as different parts of the same sample. Raman 

spectroscopy provides an easy approach for the defect probing in graphene using defect-

activated peaks. As we have discussed, the D and D’ bands appear in the spectrum in 

presence of defects. These bands originate from intervalley and intravalley scattering 

processes, where defects provide the missing momentum satisfying the momentum 

conservation rule in the Raman scattering process [155,156]. 

A three stage classification of disorder has been proposed recently [162] for carbons to 

describe the Raman spectrum evolution from graphite to amourphous carbon: (1) graphite to 

nanocrystalline graphite; (2) nanocrystalline graphite to low sp3 amorphous carbon; (3) low 

sp3 amorphous carbon to high sp3 amorphous carbon. Since stages 1 and 2 are the most 

relevant in the study of graphene, they are summarized here. 

The evolution of the Raman spectrum during the transition process from single layer 

graphene to nanocrystalline graphene (stage 1) can be described as a following set of steps 

[162,163]: (a) a D peak appears and I(D)/I(G) increases; (b) a Dʹ peak appears; (c) all peaks 

broaden; (d) the D + Dʹ peak appears; (e) at the end of stage 1, the G and Dʹ peaks widen 

resulting in a single, upshifted, wide band at ~1,600 cm–1 (Figure 2.22 a samples with LD = 

24, 14, 13, 7, 5 nm). In stage 2 the spectrum evolves in the following way [162,163]: (a) the 

G peak position shifts from ~1,600 cm–1 towards ~1,510 cm–1; (b) the I(D)/I(G) ratio 

decreases towards 0; (c) the G peak position becomes strongly dispersive with the excitation 

laser energy getting stronger with higher disorder; (d) second order peaks lose their sharp 

feature becoming a broad modulated bump between ∼2300 and∼3200 cm-1 (Figure 2.22 a the 

onset of stage 2 is the sample with LD = 2 nm). 
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Figure 2.22. (a) Raman spectra of five ion bombarded single layer graphene measured at 

514.5 nm. The respective ID/IG and LD values are indicated for each spectrum. 
(b) Amorphisation trajectory ܧ�ସ[ܫሺܦሻ/ܫሺܩሻ] as a function of LD for different excitation 
energies EL. The dashed blue line is obtained from the empirical model [164] . The solid 

black and red lines are LD
−2 and LD

2 dependences, respectively. The shaded area accounts for 
the upper and lower limits given by the 30% experimental error. (c) Full width at half 
maximum of G peak as a function of LD. (a-c) Adapted with permission from [163]. 

Copyright 2011 American Chemical Society. 

It has been demonstrated [162,163] that the intensity ratio of D and G peaks I(D)/I(G) 

increases with a decreasing average interdefect distance ܮ஽ reaching a maximum at ܮ஽∼3 nm 

followed by a decrease toward zero for ܮ஽< 3 nm (Figure 2.22 b). In stage 1 I(D) is 

proportional to the defects probed by the laser spot and increases due to the contribution from 

each defect that sums independently. In this regime I(D)/I(G) is proportional to ͳ/ܮ஽ଶ . 

However, the defect contributions stop adding up independently when the distance between 

two defects becomes smaller than the average distance an electron-hole pair travels before 

scattering with a phonon, which can be estimated as ݒி /߱஽ ~ 3.5 nm, where  ݒி ∼ 106 m/s is 

the Fermi velocity at the Γ-point. In this regime (stage 2) I(D) is proportional to the number 

of 6-fold rings in the laser spot and decreases with higher disorder. For the stage 2 a new 

relation has been established I(D)/I(G)∼ܮ஽ଶ . Using the fitting functions to the experimental 

data it is possible to estimate the defect density ݊஽: 

• ݊஽ଶ ሺܿ݉−ଶሻ =  ͹.͵ × ͳͲ−9ܧ�ସሺܸ݁ସሻ ூሺ஽ሻூሺீሻ for the low defect density regime (stage 1 with ܮ஽  > 10 nm) and  

• ݊஽ଶ ሺܿ݉−ଶሻ =  ହ.9×ଵ଴భరா�రሺ௘�రሻ [ூሺ஽ሻூሺீሻ]−ଵ
for the high defect density regime (stage 2, with ܮ஽ < 3 nm), where ܧ�  =  �߱�  is the laser excitation energy in eV. 

Since samples in stage 1 and stage 2 could have the same ratio I(D)/I(G), it is important to 

analyse other parameters of the spectrum that depend on the defect density. It has been 

reported [34] that the full width at half maximum of G peak FWHM(G) remains almost 

constant at ∼ 14 cm-1 during stage 1 and doubles for the onset of stage 2 when ܮ஽< 3nm. 
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Therefore, combining I(D)/I(G) and FWHM(G) allows easy identification of the stage of 

disorder in the sample. 

It should be noted that this analysis is limited to the Raman active defects contributing to the 

D peak.  There are number of “silent” defects that do not activate the D peak in the Raman 

scattering process, for example, perfect zigzag edges, charged impurities, intercalants, 

uniaxial and biaxial strain. For analyses of these defects other Raman signatures might be 

used. 

 

Doping level analysis 

The control of the doping level and the identification of different doping domains are crucial 

for the development of graphene devices. Raman spectroscopy has proven to be a powerful 

tool for probing the doping level in graphene [165–168]. 

The evolution of the Raman spectrum with carrier concentration has been investigated for 

intentionally doped graphene, where the Fermi energy was modulated in back gate and top 

gate configurations [165–168]. Here, we discuss only low doping levels below ∼3x1013 cm-2. 

The position of the G peak is highly sensitive to the doping and increases by up to 30 cm-1 for 

hole doping and up to 25 cm-1 for electron doping (Figure 2.23 a). The full width at half 

maximum of the G peak FWHM(G) significantly decreases for both hole and electron doping 

(Figure 2.23 b). The 2D peak shows a very different dependence on the gate voltage. The 

FWHM(2D) stays quite constant, while the position of the 2D peak decreases for electron 

doping and increases for hole doping (Figure 2.23 c). Therefore, the position of the 2D peak 

can be used to discriminate between electron and hole doping. The intensity ratio of the G 

and 2D peaks (I(2D)/I(G)) significantly decreases with higher doping (Figure 2.23 d), which 

is mostly connected with the vanishing of the 2D peak. 
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Figure 2.23. (a) Pos(G), (b) FWHM(G), (c) Pos(2D) and (d) I(2D)/I(G) as a function of 

electron and hole doping. Adapted by permission from Macmillan Publishers Ltd: [166], 
copyright 2008. 

The shift of the Fermi energy has two major effects in graphene [168]: (1) a change of the 

equilibrium lattice parameter leading to a phonon stiffening/softening, and (2) the 

nonadiabatic removal of the Kohn anomaly from the Г-point that changes the phonon 

dispersion. The Pos(2D) upshift for p doping and downshift for n doping originate from the 

first effect. The second effect results in Pos(G) sensitivity to the doping level. The decrease in 

FWHM(G) can be ascribed to the to the Pauli exclusion principle leading to a blockage of the 

decay channel of phonons into electron-hole pairs when the electron-hole gap becomes higher 

than the phonon energy (Figure 2.24 a) [165].The suppression of the 2D peak with doping 

occurs when the conduction band becomes filled at the energy probed by the laser (Figure 

2.24 b) [168]. By varying the excitation energy, it is possible to determine the energy when 

the 2D peak is observable (Figure 2.24 c) and, thus, assess the Fermi energy (EF) using the 

relation 
ଶாಷ� < ωL −  �osሺʹDሻ, where ωL is the laser frequency. 
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Figure 2.24. (a) One-phonon processes responsible for the G peak can be eliminated by 

doping, such as the one that is crossed out. (b) Schematic diagram of 2D Raman processes in 
doped graphene. (c) Raman spectra of highly doped graphene monolayer measured at 488, 

514 532, 561, 593 and 633 nm, normalized to have the same I(G) [168]. (a) Adapted by 
permission from Macmillan Publishers Ltd: [153], copyright 2013. (b) Adapted with 

permission from [168]. Copyright 2011 American Chemical Society. 

Strain analysis 

Due to graphene’s 2D nature, it exhibits a high level of flexibility. While this property is of 

high importance for a range of applications, in particular for flexible electronics, this also 

means that uncontrollable strain can be induced during various processes involved in the 

preparation of graphene films and devices. For example, CVD graphene is typically grown at 

high temperatures (in excess of 1000ºC) leading to thermal expansion of the underlying 

metallic substrate such as copper. However, the difference in thermal expansion coefficients 

means that during the cooling process compressive strain is introduced to graphene 

[169,170]. Furthermore, the strain can be induced during the transfer technique and post-

transfer treatment. In fact, it has been demonstrated that during annealing at 300 °C graphene 

on SiO2 substrate exhibits structural deformation forming sub-nm ripples with a lateral quasi-

period of several nm [127] indicating the presence of corrugation-induced strain [131]. 

Raman spectroscopy has proven to be a useful tool in strain characterization for crystalline 

and semi-crystalline materials, since changes in lattice constants typically affect the phonon 

frequencies [171]. Numerous studies have been performed to analyse strain-sensitivity of the 

Raman properties for graphene material [172–177]. Under mechanical strain, graphene’s 

Raman spectrum demonstrates several key changes: tensile strain causes phonon softening 

(red shift of the signature graphene Raman peaks), while compressive strain leads to phonon 

hardening (blue shift). Furthermore, the peak splitting is observed for both G and 2D bands.  
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As shown in Figure 2.25, the 2D peak also undergoes splitting under strain 

conditions [175,179]. The 2D peak generally contains two Lorentzian components that 

demonstrate different strain sensitivity [182,183]. This can be explained by the double 

resonance nature involving two photons that is the origin of the 2D peak [184]. Under strain 

the distorted lattice can allow new resonant conditions leading to a shift of the 2D band [179]. 

The dependence of the 2D peak position with increasing strain is presented in Figure 2.25 (b), 

where a clear linear trend is observed. The strain sensitivity of the 2D peak (
డఠమ�డ� ) is 

approximately double that of the G peak, with typical values of 63.1 cm-1/% and 44.1 cm-1/% 

for the 2D- and 2D+ sub-peaks respectively observed for uniaxial strain [175]. 

Typically strain-sensitivity experiments have been performed utilizing mechanically 

exfoliated graphene samples that are single crystal material with well-defined lattice 

orientation. However, in our study we employ CVD graphene where numerous domains with 

differing orientation are present. The domain nature of CVD graphene strongly influences its 

mechanical properties [185,186]. In fact, the presence of domain boundaries affects graphene 

smoothness causing deviations from an ideal flat surface due to inherent strain on the 

surrounding lattice [186]. Moreover, mechanical strain applied to polycrystalline graphene 

does not disperse homogeneously across the lattice, but defects that are present in the areas 

such as domain boundaries undergo significant strain [186]. Furthermore, as discussed above, 

the relative orientation of the strain and lattice is an important factor. However, in CVD 

graphene this cannot be controlled and the orientation of the domains and their boundaries 

can be considered random.  

The strong sensitivity of the G and 2D peaks to both strain and induced charges complicates 

independent determination of either effect that is crucial for graphene quality analysis. 

Recently, it has been demonstrated that strain and charge doping in graphene can be 

separated using correlation coefficients between the doping and strain-induced Raman shifts 

∆ω(2D) and ∆ω(G) [187].  The correlation between the G and 2D peak positions can be 

described as ∆ω(2D)  γ ∆ω(G), where γ is a correlation coefficient for the specific process.  

For the biaxially strained graphene, either compressive or tensile, a number of correlation 

coefficients have been reported in the range of γbiaxial ~ 2.25-2.8 both experimentally and 

theoretically [173,176,180,188]. For uniaxial stress, as discussed above, the direction of the 

strain with respect to the crystallographic axes of graphene is important due to the strain-

induced symmetry breaking that results in G peak splitting. In fact, for graphene strained 
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along the zigzag (arm-chair) directions, the correlation coefficients of 2.05 (1.89) and 2.00 

(3.00) have been observed for G-, 2D-
 and G+, 2D+ peaks, respectively [175]. In experiments 

where insufficient peak splitting is observed, the correlation coefficient can be approximated 

as an average of coefficients for G-, 2D-
 and G+, 2D+ peaks leading to 2.02 and 2.44 for stress 

applied along zigzag and arm-chair directions, respectively. Due to lack of control over 

native stress and the stress induced during exfoliation and subsequent contact with target 

substrate, the strain can be aligned along any direction between the zigzag and arm-chair axes 

of exfoliated graphene, but is still expected to lie in the range of 2.02–2.44. In the case of 

CVD graphene where domain orientation is randomly distributed, the correlation coefficient 

can be approximated as an average of coefficients for different strain/lattice orientations 

leading to γuniaxial  2.2. As discussed in the previous section, the effect of induced charges is 

more pronounced for the position of the G peak than the 2D peak. In fact, the correlation 

coefficient of 0.7±0.05 has been reported for hole doping [187]. Interestingly, the relative 

shift of ω(G) and ω(2D) with electron doping becomes quite nonlinear for high charge 

density which complicates correlation coefficient calculations. However, the CVD graphene 

used in the current study is known to exhibit predominantly hole-doping. Thus, we can 

concentrate only on hole-doping effects. 

With known correlation coefficients it is possible to extract the doping and strain 

contributions using a vector model, as depicted in Figure 2.26. The origin (O point) 

corresponds to intrinsic undoped and unstrained graphene and can be determined by 

analysing freestanding exfoliated graphene. The values for ω(G) ≈ 1581 cm-1 and ω(2D) ≈ 

2677 cm-1 have been reported for graphene suspended over a circular well with 7um in 

diameter and 5um in depth [187]. Freestanding graphene has been previously reported to 

have a residual charge density less than 2∙1011 cm-2 and thus can be considered charge-neutral 

[189]. While there is a probability of pretension in the suspended graphene, there are a 

number of evidences to consider it as strain free material [187]. It should be noted that the 

origin values are crucial for the vector model since they define absolute values of the strain 

and doping. Therefore, care should be taken while selecting the origin values. This is 

particularly important for dispersive second-order Raman peaks, such as the 2D peak. In this 

thesis, Raman spectroscopy measurements are performed with 532 nm laser excitation that is 

very close to the 514.5 nm laser excitation used in Ref. [187]. Therefore, the above-

mentioned values measured for the freestanding graphene can be directly used for the origin. 
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strain and in particular the strain sensitivity of ∆ω(G)/∆ε  -23.5 cm-1/% [175]. In the case of 

biaxial strain, the exact values are quite different due to higher average sensitivity factor of G 

peak shift of -69.1 cm-1/% [173,176,180].  

2.7 Kelvin force probe microscopy (KFM) of graphene  

Analysis of the local electronic properties of graphene can provide crucial information for 

understanding device functionality. Scanning measurement techniques, and in particular 

Kelvin probe force microscopy (KFM), are widely used for mapping of graphene’s surface 

potential. For example, KFM has successfully been used to distinguish between areas of 

single and multilayer graphene [190] and to study the effects of charge transfer from substrate 

to graphene [191].  

 
Figure 2.27. Back gate modulation of work function (a) and Fermi energy (c) for single layer 
(filled symbols) and bilayer (open symbols) graphene. (b) The energy levels for KFM tip and 
graphene samples. Adapted with permission from [192]. Copyright 2009 American Chemical 

Society. 

As discussed in details in Section 3.1.4, the KFM technique provides measurements of the 

surface contact potential difference, ݁∆ ஼ܸ௉஽  =  ௧ܹ௜௣  −  ௦ܹ௔௠௣௟௘ , where ௧ܹ௜௣ and ௦ܹ௔௠௣௟௘ 

are work functions of the tip and sample, respectively. With a known work function of the tip 

it is possible to extract the work function of the material. In the case of the scanning 

technique, information on local variations of work function can be obtained. Figure 2.27 

demonstrates the application of KFM to characterise the electronic structure of graphene 

under back gate conditions [192]. A successful modulation of graphene’s work function is 
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observed. The variation of work function can be explained by the change of ܧி in graphene 

devices, since ௦ܹ௔௠௣௟௘  ≈  ∆ ௔ܹ  + ௚ܹ௥଴  −  ி, where ௚ܹ௥଴ is the intrinsic work function ofܧ 

undoped graphene and ∆ ௔ܹ is the offset of the work function due to the adsorbate dipole 

layer formation present under ambient conditions. As the adsorbate layer is similar over the 

whole of the graphene film, the local fluctuations of work function can also be related to the 

local changes in ܧி due to charge fluctuations [193].   
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enhancement (FastStone Image Viewer) is used to provide even better contrast conditions 

(Figure 3.1 b).   

3.1.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a common technique used to study the sample’s 

surface topography and composition. The method is based on scanning the surface with a 

focused electron beam that interacts with the material producing secondary electrons, back-

scattered electrons, characteristic X-rays and light (cathodoluminescence) [194]. The 

secondary electrons being emitted very close to the sample surface typically carry 

information about the surface topography.  Detection of the secondary electrons is performed 

using an Everhart-Thornley detector consisting of a scintillator and a photomultiplier. A 

scintillator converts the electrons into photons that are detected by the photomultiplier tube 

and converted back into electrical signal. The output voltage from the photomultiplier tube is 

brightness intensity that forms an image of the sample surface. Resolution of the SEM 

technique is not diffraction limited and typically depends on an electron beam spot that is 

determined by the electron wavelength and the electron-optical system. Furthermore, the 

resolution is limited by the interaction between the sample and the beam, since the secondary 

effects can significantly increase the sampling volume. The typical resolution of SEM 

systems is between 1 and 20nm.      

SEM images presented in this thesis are taken using Raith E-line system with 10keV 

acceleration voltage and a 30 µm aperture. It should be noted that graphene is sensitive to 

electron beam exposure [195,196]. Therefore, low accumulation time is used whenever 

possible.      

3.1.3 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a powerful surface analyses technique providing 

information on micro- and nanoscales. AFM facilitates surface imaging in real-space and can 

be used to analyse surface topography and additional surface properties such as adhesion, 

stiffness, magnetic properties, conductivity and many more [197]. 

The operating principles of an AFM are described in Figure 3.2. An AFM probe, that 

typically consists of a cantilever (100 to 200µm long) and a sharp tip (less than 10nm across), 

is scanned over a sample, while tip/surface interactions are used as feedback mechanisms to 
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work functions of the tip and the sample, respectively, and e is the electronic charge [200]. 

The difference of material work functions lead to a charge reassembling upon an electrical 

contact as depicted in Figure 3.3. The external bias equal to VCPD can be applied to cancel the 

tip-surface electrical force and thus the measurement of CPD is performed. It should be 

noted, that the KFM technique is a relative measurement method due to its physical origin. 

Therefore, initial calibration of the tip work function is required to extract absolute values 

from these measurements. 

 
Figure 3.3. Schematic of electronic energy levels for the sample and AFM tip for three 
different cases: (a) tip and sample are not interacting due to distance d and no electrical 

contact, (b) tip and sample are brought in electrical contact, and (c) external bias (Vdc) is 
applied between tip and sample to cancel the contact potential difference and thus the tip–

sample electrical force. Adapted from [200]. 

KFM measurements are performed in lift mode. In this regime, two-pass technique is used 

with AFM and KFM measurements performed alternative Firstly, tapping mode AFM is 

applied to determine the surface topography. Then, the tip retraces the topography at a set lift 

height from the surface (10nm is used in our measurements) while detecting VCPD. During 

KFM scan mechanical oscillations are switched off and instead an electrical driving signal 

(an AC voltage VAC plus a DC voltage VDC) is applied to the tip. VAC creates oscillating 

electrical forces between the AFM tip and surface, while VDC is used to cancel these forces in 

a similar way as described above [200].  

3.1.5 Raman spectroscopy 

Raman spectroscopy is a widely used technique to study structural properties of materials 

[201]. The technique is based on analysis of inelastically scattered light from the medium that 

contains information on vibrational and rotational states of the system. The shift in energy 

between the excitation photons and the scattered photons reflects interaction of light with the 
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out-of-focus light. In the WiTec Alpha300 system, the core of the multi-mode fibre (100 μm) 

acts as a pinhole for the confocal microscopy. 

Spatial Raman measurements are performed by scanning the sample in x and y direction that 

is facilitated by a piezo-electric scan table with 3nm positioning accuracy in the lateral 

direction. The spatial resolution of the technique is determined by a diffraction limited laser 

spot. Therefore, the maximum resolution is given by the Rayleigh criterion ∆ݔ = Ͳ.͸ͳߣ/ܰ�, 
where ȟݔ is the smallest distance between two resolved points, ߣ is the wavelength and NA is 

the objective’s numerical aperture. For our measurement conditions, the spatial resolution of 

360 nm is expected. 

In this thesis, Raman spectroscopy measurements on graphene are performed using 532 nm 

with 1 mW laser power to avoid laser induced heating of graphene samples [201]. All the 

measurements are carried out at room temperature under ambient conditions. Typical 

integration time of 0.5s is used. To provide sufficient statistical description of the overall 

graphene quality, areas of 15×15 µm (unless stated otherwise) are mapped out and analysed. 

3.1.6 Electrical transport measurements 

Electrical characterization is a crucial technique for graphene quality assessment, since it 

provides information on carrier mobility and extrinsic doping concentration. Two terminal 

transport measurements are performed using the 2636B SourceMeter instrument. Two-

channel source-measurement unit (SMU) instrument allows to simultaneously source and 

measure both voltage and current. To perform field effect transistor (FET) characterization, 

two probe graphene devices are connected in the way displayed in Figure 3.5 (a). The SMU 

instrument is used to apply Source/Drain and Source/Gate bias, while detecting Source/Drain 

and Source/Gate currents. The latter is recorded to observe the leakage current through SiO2 

dielectric. The applied Source/Gate voltage mostly drops over the substrate dielectric (here 

SiO2) due to low resistance of heavily doped Si substrate. Since the backgate Si and the 

graphene form a plate capacitor, charge carriers can accumulate in the graphene as a function 

of the applied bias. Thus, electrical properties of graphene can be effectively tuned 

demonstrating ambipolar behaviour (Figure 3.5 b). 
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photoresist can be left in the developed regions. Therefore, O2-plasma treatment (30s 100W with 

20sccm) is required to facilitate additional cleaning and improve adhesion between the metal 

layer and the substrate. Next, the metal lift off is performed. To facilitate high efficiency of 

residual metallization removal and protection of underlying film, two step lift off is used. 

During the first step, acetone dissolves S1805 layer for 2h and thus provides lift-off for 

residual metal. During the second step, 1165 removes all residual polymers from the surface.  

3.2.2 Electron beam lithography 

Electron beam lithography (EBL) is a widely used technique for high resolution patterning. 

This method utilizes a focused electron beam to selectively expose an electron-sensitive resist 

film. EBL can be used to fabricate patterns at the sub-5nm scale [206]. Unlike diffraction 

limited techniques, EBL resolution is determined not by the beam size but by the electron 

beam interaction with the resist [207]. During EBL process, the electron beam can excite 

secondary electrons, phonons, photons and plasmons that can further transfer energy in the 

resist resulting in an increase of the feature size [207]. Although, EBL technique facilitates 

controlled fabrication of the nanostructures, the method is characterised by low throughput 

due to low writing speed.  

The nanostructures discussed in this thesis are fabricated using Raith e-Line system using the 

following recipe. After substrate cleaning (Section 3.2.1), a layer of positive tone 

polymethylmethacrylate (PMMA A4 950K) resist is deposited using spin coating at 3500 rpm 

for 60s followed by annealing at 180ºC for 5 mins. The desired patterns are exposed using 

dosage of 200 µC/cm2 with 2 nm step size. The exposed PMMA is developed in solution of 

Methyl Isobutyl Ketone (MIBK) and IPA (IPA:MIBK~3:1) for 60s accompanied with gentle 

stirring. Next, the sample is placed in IPA for 30s and then dried with compressed nitrogen. 

Similar to photolithography process, residual PMMA can be left in the exposed regions. 

Therefore, additional cleaning is performed with O2-plasma treatment before the metal 

deposition. At this step, the O2-plasma treatment can be used to remove exposed graphene layer. 

The lift off step is done by emerging the sample in Acetone overnight followed by IPA wash and 

drying with compressed nitrogen. It should be noted that in presence of graphene layer the sample 

is left to dry naturally to avoid the graphene damage.  
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3.2.3 Metal deposition 

Resistive thermal evaporation is a popular technique for vapour deposition mainly due to its 

simplicity. As presented in Figure 3.7, a material of interest is heated to reach its evaporation 

point by passing electrical current. The created vapour then travels towards the substrate 

where it forms a thin film. The vacuum quality inside the chamber determines the quality of 

the deposited film. For instance, presence of oxygen molecules in the chamber can result in 

film oxidation. Furthermore, collisions with gas molecules can lead to modification of 

deposition direction that significantly deteriorates the film coverage. 

 
 

Figure 3.7. Schematic diagram of a resistive thermal evaporation system. SM – Sample 
Mount, S – Sample, Sh – Deposition Shutter, GM – Growth Monitor, CM – Crucible Mount, 

C – Crucible, M – Material. Adapted from [208].  

The Au and Cr film deposition is performed using Angstrom A-mod at vacuum pressure of 

~1×10−7 Torr. The deposition rates of 0.2 and 2 Å/s are used for Cr and Au deposition, 

respectively.  

3.3 Scanning photocurrent microscopy 

The spatial optoelectronic properties of the devices are characterized using a scanning 

photocurrent (photovoltage) microscopy set up (Figure 3.8). The sample is fixed to a piezo-

stage that provides scanning capabilities with 20µm travel range. Laser light is focused onto 

the sample using a microscope objective (typically Nikon 40x, 0.6NA, CFI S Plan Fluor 

ELWD). The laser spot is scanned across the device and the resulting photoresponse 

(photocurrent or photovoltage) is recorded to form a 2D spatial map. Reflected light from the 

sample is collected by Si photodiode (ThorLabs DET10M) to provide a simultaneous 

reflectivity image of the device. Therefore, the location of photo-induced signal is determined 

through correlation of reflection and photocurrent (photovoltage) maps.  The laser power is 
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changed by a piezoelectric stage, while the scattered light is simultaneously recorded. The 

resulted map shows the spatial variation of the intensity of the scattered light. In this way, the 

structures of interest can be easily identified. By positioning the microscope’s collection 

point over the structure of interest, the scattering light of a single nanostructure can be 

recorded. Furthermore, the light can be directed into a spectrometer (Princeton Instruments 

Acton SP2500) with a CCD camera (Princeton Instruments Pixis 100) to analyse extinction 

spectra of the scattering object. Since the collected spectra are affected by the spectrum of the 

illumination light, the normalisation is required by ܫ௡௢௥௠ =  ,௥௘௙ are the spectra of the sample and the reflective standard surface (Labsphere WS-1)ܫ ௦௔௠௣௟௘ andܫ ௥௘௙ , whereܫ/௦௔௠௣௟௘ܫ

respectively. 

3.6 Fourier-transform infrared (FTIR) spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is a widely used technique to study matter 

interaction with near-, mid and far- infrared illumination resulting in absorption or reflection 

spectra. The technique is based on two main components: a Michelson interferometer and 

Fast Fourier Transform (FFT) calculations. Figure 3.1 shows a schematic of the Michelson 

interferometer that typically consists of a beam splitter with a pair of mirrors, where one 

mirror is fixed and the other is mobile. The displacement of the mobile mirror induces a path 

difference ʹݔ leasing to interference of the two beams. Therefore, the resulting beam 

registered by a detector is modulated with its intensity expressed as ܫሺݔሻ = ܵሺߥሻcos ሺʹ�ݔߥሻ, 

where ߥ is the wavenumber of the excitation light and ܵሺߥሻ is the source spectrum. The 

maximum is reached when ʹݔ = ߣ݊ =  with ݊ being an integer value. For a broadband ߥ/݊

source, the resulted signal intensity is an integral of the previous expression over available 

frequency range at different values of the mirror displacement. The measured data is called 

an interferogram and contains information across the entire frequency range. A reverse 

Fourier transform is used to yield a spectrum, hence the term Fourier Transform Infrared 

spectroscopy. Since the measured spectrum is affected by the spectrum of the light source, 

normalisation on a reference spectrum is required. In case of reflectance, the reference 

spectrum is typically measured for a metal (gold) mirror that corresponds to 100% reflection 

baseline. Compared to traditional dispersive instruments, FTIR spectroscopy simultaneously 

collects data over a wide spectral range that results in much faster data acquisition. 
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FTIR measurements reported in this thesis were performed using FTIR microscope (Bruker 

Hyperion 2000) coupled to a FTIR bench (Bruker Vertex 70). The nanoparticle arrays were 

selected using an aperture inserted in the back focal plane. Spectra in the visible range were 

taken with a Si diode, while a Peltier-cooled InGaAs detector permitted measurements in the 

near-infrared region.  In both cases, a quartz beam splitter and a tungsten lamp were used. 

  
Figure 3.11. Schematic of a Michelson interferometer. Adapted from [50]. 

3.7 Finite-difference time-domain (FDTD) calculations  

Modelling the optical properties and electromagnetic field distribution for nanostructures is a 

crucial step for the system optimization. The Finite-Difference Time-Domain (FDTD) 

method is a widely used technique in the field of plasmonics owing to the fact that results for 

a wide range of frequencies may be obtained with a single run of the simulation [211,212]. 

The method is based on discretization of time and space, when all spatial and temporal 

derivatives in the Maxwell equations are replaced by finite difference variables. The space 

discretisation is typically performed following a Yee cell arrangement [212] with a Cartesian 

volume element of sides ∆ݕ∆ ,ݔ and ∆ݖ,while ∆ݐ time step is used for the time discretisation 

[211]. The calculation starts with injection of the illumination such as plane wave at initial 

time. The new field components are computed using the central difference approximation based 

on the field components from the previous time interval. In fact, the electric field components 

are calculated at a given time, then the magnetic components are calculated at the next time 

point and the process repeats until the steady-state solution is reached. The simulation volume 

is typically limited leading to field reflection from the simulation boundaries. To avoid this 

effect, perfectly matched layers (PML) are implemented to absorb fields at the boundaries. 

Since the calculations are performed in the time domain, the dispersive properties of the 
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materials have to be specified over a wide range of frequencies using approximation with 

permittivity models as opposed to using experimental values. As a result, strong dispersion 

can lead to the method instability. The optical response in the frequency domain is restored 

using a Fourier transformation of the time domain signal. Although the FDTD method is 

extremely versatile with geometries and system complexity, the method suffers from high 

computational cost due to calculations being performed in every point of the simulation 

volume. 

The calculation results presented in this thesis are performed using Lumerical FDTD 

Solutions software. The periodic boundary conditions are used in x- and y- directions, while 

PMLs are set for z-direction. The mesh size of 3 nm is used to take into account rapidly 

changing electromagnetic fields close to the plasmonic structures. The structure is illuminated 

with a plane-wave source, while reflection is recorded by the monitor above the structure. 

The near-filed distributions for plasmonic nanostructures are registered by the horizontal 

monitor located at the half height of the structure. The wavelength dependency of 

electromagnetic field is usually captured by a single-point monitor in close proximity (3 nm) 

to the nanostructure.  
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4 The effect of transfer process on graphene 

properties 

In this chapter, the quality of graphene material is carefully analysed for different transfer 

techniques, post-transfer treatment and device fabrication. Firstly, the quality of 

commercially acquired 2D materials is discussed. Next, the influence of extrinsic dopants on 

graphene is analysed by considering PMMA and substrate induced charge impurities.  

Finally, an improved transfer method is proposed. The novel technique is based on hBN-

assisted transfer method that is utilized to prevent direct contact between the graphene and 

polymer support permitting the fabrication of encapsulated graphene structures 

(hBN/graphene or hBN/graphene/hBN). The encapsulation effect is studied by analyzing 

stability of graphene based FET devices.     

4.1 Sample fabrication 

4.1.1 Wet and dry transfer techniques 

In this thesis, we utilize CVD grown two-dimensional materials (graphene and hBN) on Cu 

foils. The materials are purchased from commercial sources: Graphenea and Graphene 

Supermarket for graphene and hBN layers, respectively. Since the 2D materials are on Cu 

substrates, a transfer process is required to deposit them on target substrates. As discussed in 

Section 2.5, the transfer technique is crucial for the optimization of graphene based device 

performance. In this chapter, most of the samples are fabricated following a conventional 

transfer technique whereupon the graphene is protected by a layer of polymethylmethacrylate 

(PMMA). The alterations of this technique are discussed in each section separately.  

Figure 4.1 presents a schematic of the conventional wet/dry transfer technique. The process 

starts by spin coating of PMMA (A4 495K) layer at 3500rpm for 60s on the hBN/Cu or 

graphene/Cu foils. At this stage, care should be taken to avoid PMMA leakage on the bottom 

side of the Cu foil. Furthermore, high porosity spin coater chucks are required to avoid 

mechanical deformations of the thin 25µm Cu foils. After the spin coating, the sample is left 

to dry at room temperature overnight. Next, the 2D material from the bottom side of the Cu 

foil is removed using O2-plasma treatment at 100W for 2 mins. Then the Cu foil is etched 

using ammonium persulfate solution (15 g/L) followed by a thorough rinse in deionized (DI) 
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4.1.2 Effect of contact fabrication technique on graphene properties  

To analyse the graphene’s quality, transport measurements can be performed. Using this 

technique, carrier mobility and charge neutrality point are typically analysed providing the 

information on extrinsic dopant concentration as well as an estimate of the defect density. 

These are crucial parameters for electrical device performance. However, contact fabrication 

is required to facilitate transport measurements. 

Due to graphene’s low density of states, small charge fluctuations significantly change the 

material properties. Polymer residues are a major source of charged impurities in graphene 

films that introduce local doping variations as well as scattering centres [213]. Typically, 

photolithography is used to facilitate fabrication of graphene field effect transistor devices 

that are necessary to characterize graphene’s electrical properties. However, photoresists 

introduce additional polymer impurities that as discussed below can significantly limit device 

performance. Moreover, while comparing different transfer method, these additional doping 

can fully mask the results. Therefore, careful consideration is required while choosing a 

contact fabrication method. 

Shadow masking 

Shadow masking is a common technique of metal contact deposition that utilizes a metal 

mask, as described in Figure 4.2 (a). During the deposition process, the target substrate is 

mechanically pressed towards the mask to provide the contact. However, typically the gaps 

between the substrate and the mask are unavoidable leading to shading region formation that 

increases with higher gap size (Figure 4.2). Despite this disadvantage, a shadow masking 

technique prevents exposing the graphene to additional polymer residues, for example during 

a photoresist or e-beam resist step, thus facilitating isolation of extrinsic doping induced by 

the transfer method alone. Additionally, shadow masking improves graphene quality by 

avoiding removal and delamination that occurs during photolithography lift off process [214]. 

However, the shading effect limits the size of the devices to large scales (of the order of 

100 x 1000 microns in our case). At these length scales the highest mobility, defect free 

value, cannot be reached due to the typical defects present in CVD graphene (such as 

multilayers, grain boundaries, wrinkles and occasional tears), but the mobility value can still 

provide a useful measure of the defect density. Submicron devices would be necessary to 

reach the intrinsic mobility.  













Chapter 4 The effect of transfer process on graphene properties  
Section 4.3 PMMA influence on the graphene quality 

 

 

88 
 

wave like wrinkles in graphene layer that are reminiscent of the Cu foil morphology 

previously observed (Figure 4.6 (b)). Both layers show high density of polymer impurity that 

significantly increase the surface roughness and can be seen in the AFM images as small 

islands of about 100 nm with height reaching 10nm. The discussion of post-transfer polymer 

cleaning will be presented in Section 4.4. 

4.3 PMMA influence on the graphene quality 

Due to its two dimensional nature, graphene is highly sensitive to the presence of extrinsic 

doping.  The source of doping can be charged impurities incorporated during polymer 

supported transfer or the charged surface states of the target substrate. To understand the 

influence of both types of impurities, we first consider techniques to reduce polymer residues 

and then discuss the influence of the substrate engineering.   

In general, polymer-assisted transfer methods provide an advantage in the form of 2D 

material protection from mechanical damage and facilitates easy handling and processing. 

However, the residual surface contamination is a significant problem limiting the device 

performance. To facilitate CVD graphene without organic residues, polymer-free transfer 

methods can be utilised [136,137]. Here, we perform PMMA free transfer of graphene to 

provide a quality benchmark in terms of polymer residues. In contrast to the conventional wet 

transfer method, the graphene film was not protected with PMMA layer during the transfer 

process. To decrease the probability of mechanical damage a kapton tape frame was applied 

to the graphene/Cu foil. Furthermore, the liquids in the beaker were gently replaced using 

syringes that provide higher control over the liquid movement. The polymer free transfer is 

compared to PMMA supported wet transfer after different time of Acetone treatment and to 

commercially available transferred graphene (Graphenea). All the films are transferred on 

SiO2/Si substrate. 
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material demonstrates a mixture of tensile and compressive strain (-0.05% – 0.05% for 

biaxial). This can be an indicator of possible surface engineering of the substrate, but the 

exact technique used during commercial transfer is unknown. 

 
Figure 4.9. Correlation between the G and 2D peak positions for PMMA free (black), PMMA 

supported after 5h Acetone treatment (green) and 24h Acetone treatment (blue) and 
pretransferred graphene (orange). The solid lines of different slope indicate trajectories of 
equal strain (black and red are used for uniaxial and biaxial strain, respectively) and equal 

hole doping (see Section 2.6). The indicated doping levels are in cm-2. The O point represents 
suspended exfoliated graphene. 

As the next step we compare the dopant concentration in the films. Consistently with 

previously observed trends of 2D and G peak intensity ratio (Figure 4.8), the position of G 

peak clearly indicates that PMMA free transfer resulted in the graphene with low charge 

impurity density. However, compared to freestanding exfoliated material, this graphene film 

still exhibits extrinsic carrier concentration of about 2.5-5x1012 cm-2. The possible source of 

these charge impurities can be the surface states of SiO2 substrate [150] and the trapped 

liquid molecules [128] due to wet transfer technique used. PMMA supported transfer 

introduces additional charge impurities from polymer residues with the density of about 

8.5x1012 cm-2 for 5h acetone treatment. Extensive Acetone treatment significantly reduces 

dopant concentration to about 6x1012 cm-2. Interestingly, the commercially available 

transferred graphene exhibits very high charge concentration on the order of 11x1012 cm-2. 

This again indicates the possible surface engineering that can potentially increase the amount 

of charge states on SiO2 surface. 
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evidence of an increased contact between the monolayer graphene and the underlying 

substrate. This is in a good agreement with previous observations of exfoliated graphene 

flakes deposited on SiO2/Si substrate, where the height of freshly cleaved flake decreased 

from 0.6-0.8 nm to 0.4 nm after annealing in vacuum at 300ºC for 3h [133]. 

The effects of thermal treatment on electronic properties of graphene are further studied using 

KFM technique. As discussed in the Section 2.7, the contact potential difference is typically 

extracted during these measurements. The relative changes inside of the graphene film with 

same amount of layers typically correspond to the local changes of the work function due to 

the shift of Fermi energy position with regard to Dirac point. 

The results of the KFM characterization of the graphene film before and after annealing are 

presented in Figure 4.11 and Figure 4.12. Surface potential maps (Figure 4.11 (b,e)) reveal 

predominantly single-layer graphene with occasional multilayer areas which is in good 

agreement with optical microscopy and Raman spectroscopy studies of this graphene 

material. After thermal annealing, the graphene film demonstrates much higher density of 

small wrinkles (~1nm height) forming cellular like structure in the KFM map. In contrast, in 

the original material the occasional large wrinkles are present with height in the range of 5-

15nm, while the rest of the film stays unperturbed. This can be explained by mechanical 

deformations of graphene films during thermal annealing. It has been previously reported that 

annealing at 300ºC results in drastic structural deformation of exfoliated graphene flakes 

[127]. In fact, sub-nm high ripples with lateral separation of several nm have been observed. 

As previously discussed, in CVD material the induced strain is accumulated over the grain 

boundaries [186], therefore, it is possible to suggest that in our case the wrinkle formation 

might predominantly happen over the grain boundaries. 

Since an identical AFM tip has been used to characterise both samples, the surface potential 

values can be directly compared. The difference in VCPD can be explained by the shift of the 

Fermi energy in graphene material after annealing. In fact, surface potential changes 

from -23.3±1 meV to -53.3±3 meV after annealing, that corresponds to EF shift of 

VCPD(before) - VCPD(after) = EF (before) - EF (after) ≈ 28.7±3 meV. The positive shift is due 

to a decrease of the Fermi energy level with respect to the Dirac point that is an evidence of 

increased p-doping. This finding is in a good agreement with the annealing activated concept 

of hole doping, where increased graphene coupling to SiO2 facilitates diatomic oxygen sites 

to accept charge carriers [127]. 
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slightly decreases tensile strain and introduces compressive strain resulting in the material 

with higher strain variations in the range of about -0.025 – 0.05% for biaxial strain. While 

similar trends have been observed for exfoliated graphene, thermal annealing at 300ºC and 

400ºC typically results in a complete removal of tensile strain and introduction of 

compressive strain [187]. Different behaviour of thermally induced strain in CVD graphene 

can be explained by higher adhesion to the SiO2 substrate after wet transfer compared to 

graphene after mechanical exfoliation. This adhesion might reduce the level of strain relief 

that is typically associated with graphene slippage effect caused by the differences in thermal 

expansion coefficients of graphene and underlying SiO2 [221,222]. Next, we compare the 

dopant concentration in the films. The shift of G peak position clearly indicates thermally 

induced p-doping. In fact, the thermally annealed film exhibits extrinsic carrier concentration 

of about 9.5x1012 cm-2 compared to its initial 7.5x1012 cm-2. This result can be interpreted as 

the Fermi energy shift of 40 meV that is consistent with the results of KFM measurements. 

 
Figure 4.13. Correlation between the G and 2D peak positions for graphene before (black) 
and after thermal annealing in vacuum for 5h at 350ºC. The solid lines of different slope 
indicate trajectories of equal strain (black and red are used for uniaxial and biaxial strain, 

respectively) and equal hole doping (see Section 2.6). The indicated doping levels are in cm-2. 
The O point represents suspended exfoliated graphene. 

4.5 Substrate influence 

As discussed in Section 2.5, the substrate plays a crucial role for graphene based devices. The 

substrate surface charge states can introduce extrinsic graphene doping and act as scattering 

centres thus significantly limiting carrier mobility. On the contrary, surface engineering can 
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SAM layer and is in good agreement with previous results for graphene transferred on SAM-

modified substrates [144]. In contrast, Gr/hBN/SiO2 sample shows lower I(2D)/I(G) ratio 

compared to the sample on untreated substrate Gr/hBN. This observation confirms that 

polymer residues left on the hBN surface after the transfer introduce additional extrinsic 

doping that can be even higher than doping introduced by substrate surface states. 

Interestingly, thermal annealing partially improves the I(2D)/I(G) ratio as shown for 

Gr/hBN(TA)/SiO2 sample. However, bimodal distribution additionally appears for this 

sample. This effect will be discussed in more details below. The lowest average I(2D)/I(G) 

ratio is observed for Gr/SiO2 (O2-plasma) sample suggesting increased external doping from 

the substrate to graphene. This result can be considered consistent with an increase in density 

of silanol groups, since the silanol group is bipolar with positive side oriented towards 

graphene and therefore can introduce additional positive charge in the material [150].     

 
Figure 4.16. Correlation between the G and 2D peak positions for graphene transferred using 

a wet transfer technique on untreated SiO2 (black), SiO2 after O2-plasma treatment (red), 
SAM modified SiO2(green) and hBN covered SiO2 with (orange) and without thermal 

annealing (blue). The data is separated in two graphs to avoid overlaps. The solid lines of 
different slope indicate trajectories of equal strain (black and red are used for uniaxial and 
biaxial strain, respectively) and equal hole doping (see Section 2.6). The indicated doping 

levels are in cm-2. The O point represents suspended exfoliated graphene. 

Sample Doping, cm-2 Biaxial strain, % 

Gr/SiO2 5x1012 0.01 – 0.06 

Gr/SiO2 (O2-plasma) 8x1012 0.00 – 0.05 

Gr/SAM/SiO2 4x1012 0.00 – 0.04 

Gr/hBN/SiO2 5x1012 -0.01– 0.01 

Gr/hBN(TA)/SiO2 6x1012 0.01 – 0.06 

Table 4.1. Graphene film properties based on Raman spectroscopy data  
presented in Figure 4.16. 
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characterization, such as electrical measurements, is required for a thorough analysis of the 

films.  

4.7 Electrical and aging properties of graphene samples 

In this section, electrical and aging properties of graphene films are analysed. The AT-

hBN/Gr sample resulted from the novel AT-transfer method is compared to the graphene 

films transferred using wet transfer technique on the substrates with/without surface 

treatments: WT-Gr/SiO2, WT-Gr/SiO2 (O2 plasma), WT-Gr/SAM and WT-Gr/hBN. The 

discussion of Raman spectroscopy results for the selected samples can be found in Sections 

4.5 and 4.6 for WT and AT samples, respectively.  

As discussed in details in Section 3.1, a field-effect transistor (FET) geometry can be utilized 

to analyse the electrical properties of the transferred graphene films. To avoid contact with 

polymers, a shadow mask technique is used to create top-contact Cr (5nm)/Au (40nm) 

electrodes directly on graphene films. However, for hBN encapsulated sample (AT-hBN/Gr), 

a two-step photolithography process is required to access the graphene layer by creating 

edge-contact [227]. The shadow mask technique typically results in large area devices (of the 

order of 100 x 1000 microns in our case). At these length scales, CVD graphene films contain 

multiple defects such as multilayers, grain boundaries, wrinkles and occasional tears. 

Therefore, the extracted carrier mobility does not reflect defect free intrinsic values that 

typically require submicron devices. Nevertheless, the obtained mobility in these large area 

devices can still be considered as a useful parameter, since it provides direct comparison of 

additional extrinsic defects introduced by the transfer techniques. 

The dependence of the two-terminal conductivity on the gate voltage is presented in Figure 

4.21 (a). The different samples show significant variation in the charge neutrality point, or the 

Dirac point (VD), that is generally defined as position of the conductivity minimum (Table 

4.2). It should be noted that in two terminal measurements the contact resistance influences 

the absolute value of the conductivity minimum making it less informative. The sample WT-

Gr/SAM demonstrates VD at lower gate voltages compared to WT-Gr/SiO2 suggesting 

reduced p-doping that is in agreement with the passivation effect of SAM layer on the SiO2 

surface. Interestingly, modification of SiO2 surface with the hBN buffer layer results in a 

negative effect with a VD upshift compared to WT-Gr/SiO2 sample indicating an increased p-

type doping that is consistent with extrinsic doping introduced by the polymer residues 





Chapter 4 The effect of transfer process on graphene properties  
Section 4.7 Electrical and aging properties of graphene samples 

 

 

105 
 

of the carrier mobility reaching 3000 cm2 V-1 s-1  has been demonstrates for graphene on an 

ODTS layer by Lee et al. [144], while Cernetic et. al observed only a slight improvement in 

the mobility (2500 cm2 V-1 s-1 ) [202]. Furthermore, there are reports of significant 

improvements that can be obtained after additional thermal annealing due to removal of the 

trapped DI water between graphene and the underlying SAM  covered substrate [145,231]. 

We stress that due to a hydrophobic nature of used SAM layer, delamination can be observed 

for graphene films transferred using WT method caused by high contact angle between DI 

water and the substrate. This can result in formation of macro-cracks limiting the overall 

device mobility. Interestingly, the WT-Gr/SAM sample exhibits a lower hole to electron 

mobility ratio of µh/µe ~ 2.2 that is consistent with the screening effect of ODTS layer on 

charge states present in the SiO2. For the WT-Gr/hBN sample, although quite high hole 

mobility is observed at approximately (~ 700 cm2 V-1 s-1 ),  the hole/electron mobility 

imbalance is much stronger with µh/µe ~ 9 that clearly confirms the presence of polymer 

dopants on the hBN surface. Finally, a three-fold increase in both electron and hole mobilities 

is revealed for the AT-hBN/Gr/SiO2 sample compared to the standard WT-Gr/SiO2 sample. 

However, the hole/electron mobility ratio remains high (µh/µe ~ 3.7) that is likely due to 

direct contact of the graphene film with the SiO2 substrate. 

sample Dirac point 

as prepared 

(V) 

mobility as prepared 

(cm2 V-1 s-1) 

Dirac point 

after 1 month 

(V) 

mobility after 1 month 

(cm2 V-1 s-1) 

hole electron Hole electron 

WT-Gr/SiO2 18 1069 331 26.5 872 301 

WT-Gr/hBN 26 718 79 32.5 415 -- 

WT-Gr/SAM 12 380 170 30 288 95 

AT-hBN/Gr 7 3105 836 9.6 1529 639 

Table 4.2. The position of the Dirac point and hole/electron mobility for graphene transistors 
measured after preparation and after 1month of storage in ambient conditions. 

To examine the long term stability of the samples, the electrical properties were analysed 

again after one month of storage in ambient conditions (Figure 4.21 b). As mentioned earlier, 

the absolute conductivity values are considered to be less informative, since they additionally 

capture changes in contact resistance. Therefore, we concentrate our attention on changes of 

VD and mobility.   The unprotected samples WT-Gr/SiO2, WT-Gr/SAM and WT-Gr/hBN 

demonstrate significant degradation of the electrical properties as confirmed by an upshift of 

VD position and decrease of carrier mobility (see Table 4.2). Interestingly, WT-Gr/SAM 

sample exhibits the most significant VD increase. This is perhaps surprising, as the 
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hydrophobic SAM layers are generally expected to be less susceptible to water or oxygen 

adsorbents and, thus, anticipated to provide higher stability. However, to the best of our 

knowledge there are no reports on aging characteristics of graphene/SAM complexes. As 

expected, a high stability with a slight increase of the VD (only 2.6V) is observed the 

encapsulated AT-hBN/Gr/SiO2 sample. These findings are consistent with previously 

reported negligible environmental sensitivity of fully encapsulated exfoliated graphene 

samples [232]. However, although the change in doping is negligible, the degradation of the 

carrier mobility is still observed. This can be explained by direct contact of the graphene film 

with the underlying SiO2 that is known to attract dipolar adsorbates and, thus, facilitates 

sample aging [127]. Therefore, a complete encapsulation using AT method is anticipated to 

result in further improvements in mobility and aging characteristics. 

4.8 Conclusions 

In this chapter, the influence of transfer methods and post processing treatments on graphene 

quality has been discussed. Firstly, the impact of PMMA layer on graphene quality has been 

studied in terms of extrinsic doping. It has been demonstrated, that using PMMA layer 

introduces additional extrinsic doping on the order of ~3x1012 cm-2. Although thermal 

annealing in vacuum results in PMMA removal, the extrinsic doping generally increases by 

~2x1012 cm-2 due to higher graphene/SiO2 interaction. Therefore, this method is considered to 

be unsuitable for the sample cleaning when graphene is in direct contact with SiO2 surface. 

Next, the substrate engineering, namely O2-plasma treatment, SAM and hBN layer coating, 

has been confirmed to provide improved adhesion of the graphene layer, while modifying its 

carrier density. The lowest extrinsic doping has been observed for SAM layer (ODTS) 

consistent with the screening effect of the charged states present on SiO2 surface.  

Interestingly, hBN layer has been shown to result in higher extrinsic doping likely due to 

polymer residues left on the surface after material transfer. Thermal annealing of the hBN 

layer prior to graphene transfer decreased the injected dopant concentration in graphene layer 

that supports previous suggestion about the doping source. The highest extrinsic doping has 

been observed for O2-plasma treatment technique that can be explained by increased density 

of silanol groups on SiO2 surface. Finally, a novel hBN-assisted transfer method has been 

presented. The improved technique enables a polymer free transfer and subsequent 

encapsulation of CVD-grown large-area graphene. We have demonstrated that this transfer 

method results in much lower doping concentration and improved carrier mobilities 



Chapter 4 The effect of transfer process on graphene properties  
Section 4.8 Conclusions 

 

 

107 
 

compared with the results of the conventional wet transfer method for untreated SiO2, SAM-

modified and hBN covered SiO2. Moreover, the encapsulation effect of the top hBN layer 

resulted in greater stability to ambient exposure. It is stressed that the novel transfer 

technique can be applied to other CVD-grown 2D materials enabling the preparation of van 

der Waals structures with polymer-free interfaces. 
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5 Graphene-plasmonic nanoparticle hybrids 

This chapter considers the properties of graphene/plasmon-nanoparticle (NP) hybrids. Firstly, 

we discuss the structural properties and doping variation in these complexes analysed using 

SEM, AFM, KFM and Raman spectroscopy. Then we introduce time resolved differential 

reflection (DR) spectroscopy, which has been employed to characterize the ultrafast carrier 

dynamics of bare graphene. We show that the amplitude and sign of the DR signal is 

influenced by both the doping and the structure of the supporting substrate. After this the 

chapter moves on to discuss the measurements performed on the hybrid graphene/NP 

structures including the absorption enhancement and hot carrier generation processes. Finally, 

preliminary results are presented demonstrating that DR spectroscopy can be used as a 

mapping characterisation tool providing complementary information to Raman spectroscopy 

and KFM techniques. 

5.1 Sample fabrication 

5.1.1 Sample design and structural properties 

The main samples explored in this chapter are graphene/plasmonic nanoparticle (NP) hybrids. 

Figure 5.1 shows the three main layered structures considered in this chapter. This first is 

simply graphene deposited on NP arrays on a Si/SiO2 substrate with 300 nm of SiO2 after O2-

plasma treatment (Gr/NP/SiO2). The other two are hybrid structures combining plasmonic 

NPs with both hBN and graphene layers; in one sample the NPs are sandwiched by the hBN 

and graphene layers (Gr/NP/hBN/SiO2), and in the other, both 2D layers are on top of the 

NPs (Gr/hBN/NP/SiO2). The samples are made in the following way. Firstly, plasmonic NPs 

are fabricated on either a bare or hBN-covered Si/SiO2 substrate using electron beam 

lithography followed by thermal deposition of 40 nm thick Au. No adhesion layer is used to 

avoid plasmon resonance damping (see Section 6.3.2 for detailed discussion). Before metal 

deposition the substrate is cleaned by O2-plasma treatment at 50W for 20s. NP arrays with 

lattice periods (P) ranging between 400 and 1000 nm are patterned typically to extend over an 
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density of ~8x1012 cm-2 and ~1x1013 cm-2 for NP periods of 300 nm and 400 nm, 

respectively, where the doping density decreases with higher NP density.  There are two 

major effects that can potentially contribute to the observed doping reduction. Firstly, as 

confirmed by AFM and SEM results (Section 5.1), the graphene is partially decoupled from 

the substrate by being draped over the NPs, which would decrease substrate induced doping. 

This effect is typically observed for samples with suspended graphene film [123]. Secondly, 

under interaction with gold, charge transfer is expected between graphene and metal resulting 

in a modification of the doping level. There is a significant variation in the Au-induced 

doping of graphene reported in the literature. For instance, theoretical calculations suggest 

that interaction with gold can result in p-doping of the graphene layer [102], while there are 

also numerous reports of experimentally observed n-doping of graphene after gold deposition 

[234–236]. Special attention is paid to the work reported by Liu et. al where NPs deposited 

on graphene FET devices using a PMMA film resulted in n-doping of the underlying 

graphene film [40]. This device fabrication technique results in weak graphene/NP interaction 

that is similar to our work, since the graphene layer is transferred on top of the NPs. 

Furthermore, similar to Ref. [40] the samples reported in the current work are not exposed to 

high temperature treatments that are known to result in strong graphene-metal binding [237]. 

Therefore, it is reasonable to conclude that n-type doping is expected in the case of direct 

contact of graphene with Au NPs. This question is discussed in more details below where the 

influence of the hBN spacer layer is analysed. 

The discussion now moves to the strain properties of graphene films are discussed. Analysing 

Figure 5.6, it is clear that σPs significantly modify the graphene film’s strain due to expected 

mechanical deformation. The bare graphene film exhibits biaxial strain variations in the range 

of -0.037 – 0.075%. This is consistent with our previous results for the graphene on SiO2 

surface after O2-plasma treatment, where decreased tensile strain and increased compressive 

strain are observed (Section 3.7). In contrast, graphene/NP structures demonstrate 

significantly increased tensile biaxial strain in the range of 0.1 – 0.22% and 0.07 – 0.19% for 

300 nm and 400 nm period, respectively. Notably, the tensile strain increases with higher NP 

density. This result is consistent with increased mechanical deformation of the graphene and 

a higher probability of areas with suspended graphene.  
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Figure 5.6. Correlation between the G and 2D peak positions for bare graphene (black) and 

graphene/NP complexes with P=400nm (blue) and P=300nm (green). The solid lines of 
different slope indicate trajectories of equal strain (black and red are used for uniaxial and 
biaxial strain, respectively) and equal hole doping. The indicated doping levels are in cm-2. 

The O point represents suspended exfoliated graphene. 

Graphene/NP interaction with/without hBN spacer layer 

Next, the influence of hBN spacer layer on graphene/NP interaction is studied. Figure 5.7 

presents Raman spectroscopy results for the Gr/NP/SiO2, Gr/NP/hBN/SiO2 and 

Gr/hBN/NP/SiO2 samples.  The spatial variation of the G peak position and the 2D and G 

peak intensity ratio I(2D)/I(G) confirm the presence of continuous graphene films for both 

the substrate and NP array regions. Interestingly, compared to the Gr/NP/SiO2 sample, both 

samples with the hBN layer demonstrate low variations in the G peak position and I(2D)/I(G) 

ratio when on and off the arrays suggesting minimal change in the doping level of graphene 

over NPs. 

By analysing the statistical results of Raman spectroscopy data, the quality of the graphene 

film with/without NPs for various sample can be compared (Figure 5.8). The defect density, 

which is related to the I(D)/I(G) ratio, is significantly higher for graphene/NP structures 

compared to bare graphene for all samples. Notably, the presence of hBN layer only slightly 

reduces the defect density indicating that the graphene/metal interaction has negligible 

contribution to defect formation. This reinforces the assertion that defects are mainly induced 

due to mechanical modifications of the graphene layer in the presence of the NPs. 
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generation in the graphene/NP system. Initial DR measurements are performed on bare 

graphene to understand the influence of material doping and underlying substrate on the DR 

response. As discussed in Section 2.2.4, the time resolved DR response of graphene is highly 

sensitive to the Fermi level as the sign of the DR signal changes when the probe photon 

energy is close to twice the Fermi level. The origin of the sign change in the DR signal is 

primarily discussed in Section 5.3.1. The properties of the graphene/NP system are studied in 

Section 5.3.2. The results presented in this section are partially published in Ref. [109].   

5.3.1 Impact of substrate and doping on the differential 

reflection (DR) 

Experimental results. 

Optical pump-probe measurements are used to provide insight into the effects of substrate 

interactions and doping on the graphene carrier dynamics in the vicinity of the Fermi level. 

We study the ultrafast carrier dynamics of graphene using a pump pulse at a fixed wavelength 

of 830 nm at 2 mW with ~6 µm spot size (~45 μJ/cm2) and a probe pulse with tunable 

wavelength in the range of 1200 – 1600 nm at 100 µW with ~2 µm spot size (~4.5 μJ/cm2). 

Four additional samples were fabricated to compare with the results for the graphene/NP 

samples discussed earlier in this chapter. Details of the additional samples are summarized in 

the Table 5.1.  

Sample Substrate 
Substrate 

treatment 
Fermi energy* 

Gr/SiO2 quartz no 0.25±0.05 eV 

Gr/SiO2 (O2-plasma) quartz O2 plasma 0.4±0.05 eV 

Gr/SiO2/Si Si/SiO2 (300nm) no 0.25±0.05 eV 

Gr/SiO2/Si (O2-plasma) Si/SiO2 (300nm) O2 plasma 0.4±0.05 eV 

Table 5.1 Details of the samples discussed in this section including the substrate structure and 
treatment. The Fermi energy is extracted from Raman spectroscopy data (not shown). See 

Section 4.5 for detailed discussion of the doping induced by engineering of the 
substrate surface. 

The first two additional samples consist of CVD graphene deposited using a wet transfer 

technique on a quartz substrate with and without O2-plasma treatment, which are labelled as 

“Gr/Siτ2 (O2-plasma)” and “Gr/Siτ2”, respectively. The next set of additional samples 

(labelled “Gr/Siτ2/Si” and “Gr/Siτ2/Si (O2-plasma)”) is fabricated on typical back-gated 

substrates that consist of doped silicon, covered by a 300 nm thick layer of SiO2. Similar to 
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conditions, the interband contribution dominates the transient optical response of the 

graphene resulting in saturable absorption at the probe wavelength due to Pauli blocking of 

the optical transitions, as discussed in details in Section 2.2 and in Ref. [238]. After an optical 

pump pulse, the carrier relaxation results in the smearing effect when the transient occupation 

probability above (below) the Fermi energy becomes larger (smaller) compared to an 

unperturbed state (Figure 5.12 and Section 2.2). Therefore, a pump-induced change in probe 

transmission (differential transmission) is positive (negative) for probe transitions above 

(below) the Fermi energy. While the reflection from the graphene is a more complicated 

process, the sign change that would be observed in transmission is still preserved. These 

results are consistent with previous studies reported for graphene with tunable Fermi level 

and fixed probe energy [90,93] and graphene with fixed Fermi level and tunable probe energy 

[97,83]. 

 
Figure 5.12. Graphene conductivity following the pump pulse (T=600K) is compared to the 

equilibrium case. The optical probe position is indicated by vertical green arrows;  
the ‘‘-’’ and ‘‘+’’ indicators mark the sign of the resulting DT signal. Inset: the graphene 
band structure for a doped layer; probe excitation is indicated by the vertical red arrow.  

Theoretical results. 

In the following, we present a simple theoretical model to study the substrate interference 

effect on the transient optical response of graphene. Following photoexcitation, the excited 

photocarriers in graphene rapidly thermalize forming a hot carrier distribution that can be 

described by a quasi-equilibrium electronic temperature (Tel), greatly exceeding that of the 

lattice (Chapter 2.2.4 and Ref. [20]). The occupation of states in the extended tail of the hot 

carrier distribution results in a DR signal with the form, ܴ߂௠௔௫/ܴ଴  =  [ܴሺ ௘ܶሻ  − ܴሺ ௘ܶ଴ሻ]/ܴሺ ௘ܶ଴ሻ, where ௘ܶ଴ and ௘ܶ are the equilibrium ( ௘ܶ଴ = ͵ͲͲܭ) and the pump-induced 

electron temperatures in graphene, respectively. For finite temperature the conductivity of 
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temperature must steadily decay due to the equilibration process with the lattice, so it is 

expected that a given delay time corresponds to a carrier distribution at a specific electronic 

temperature. This can be compared with the theoretically predicted DR response versus 

temperature curve.  Providing the optical excitation conditions are preserved for each sample, 

it is also possible to study the occupation probability of the hot carrier distribution at specific 

electronic temperature ௘ܶ, as  function of probe energy [75]. Therefore, we extract DR points 

at a number of delay times (߬ = ͳ, ʹ, Ͷ ݏ݌) to compare to the calculated DR signal for varying 

carrier temperature in graphene (Figure 5.15). Surprisingly, there is a strong deviation from 

the theoretically predicted trend. This can be attributed to experimental uncertainties and, in 

particular, to the probe fluence control due to laser spot variation with different wavelength. 

Until the discrepancies between the experimental and theoretical results are fully understood, 

we will not be able to use DR spectroscopy as a characterization technique of the carrier 

temperature in graphene. 

 
Figure 5.15. Comparison of calculated and experimental results for Gr/SiO2 sample with 

O2-plasma treatment. Continuous lines present calculation results for different carrier 
temperature in the system after pump excitation. Experimental data points are extracted at 

varying delay time (1 ps – red, 2 ps – blue and 3 ps – green) from DR traces in Figure 
5.11 (b).                                              

5.3.2 Plasmonic induced carrier heating in the hybrid 

system 

σext, the influence of the plasmonic σPs on graphene’s carrier dynamics is studied. We 

investigate the relaxation dynamics of photocarriers in the graphene by distinguishing 
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graphene’s response from that of the σPs. To facilitate selective probing, two-colour pump-

probe spectroscopy is employed with widely separated wavelengths. The sample is optically 

excited with a near-IR pump pulse of 840 nm (~45 μJ/cm2), close to plasmon resonance 

wavelength of the NP array, and is probed with a 1300 nm probe pulse (~4.5 μJ/cm2). While 

the pump pulse resonantly excites the plasmonic NPs, the probe pulse selectively monitors 

the hot carrier dynamics in the graphene layer. 

Initially, DR measurements are performed on the NP array prior to graphene deposition. As 

discussed earlier, it is expected that the probe beam of 1300 nm does not interact with the NP 

array. Indeed, a negligible DR response is detected for the bare NP array, as shown by the 

green symbols in Figure 5.16 (b). Therefore, it is reasonable to suggest that any variations in 

the graphene’s response are a direct indication of the interaction between the plasmon mode 

and the graphene carrier system. The impact of the plasmonic NPs is analysed by direct 

comparison of graphene’s DR signal with and without resonant structures. The ΔR/R0 traces 

obtained with parallel pump/probe beams are presented in Figure 5.16 for the bare graphene 

and Gr/NP system with a period of 400nm for three samples Gr/NP/SiO2, Gr/NP/hBN/SiO2 

and Gr/hBN/NP/SiO2. The bare graphene and graphene/NP complexes exhibit a ΔR/R0 signal 

decaying on a similar time scale as discussed in the Section 5.3.2. Two characteristic time 

scales are observed with an initial fast decay of ߬ଵ ≈ ͳͺͲ ݂ݏ due to carrier-carrier scattering 

and optical phonon emission followed by a slower secondary decay of ߬ଶ ≈ ͳ.͹ ݏ݌ due to 

acoustic phonon emission (see Section 2.2.4 for more details on carrier relaxation in 

graphene).  

Interestingly, the Gr/NP/SiO2 sample shows a DR sign change for graphene regions with and 

without NPs, which is in contrast to Gr/NP/hBN/SiO2 and Gr/hBN/NP/SiO2 samples where 

both areas show positive DR response. In the Gr/NP/SiO2 sample, the negative signal is 

observed when the graphene is in direct contact with the Si/SiO2 substrate. This is most likely 

due to p-type doping following O2-plasma treatment, which is confirmed by Raman 

spectroscopy and KFM studies presented earlier (Section 5.2). Furthermore, the previous 

results indicate that in this sample the doping is significantly reduced in regions with NPs due 

to partial detachment of graphene from the underlying substrate. Therefore, the DR sign 

change can be attributed to doping variation in the graphene, which is consistent with the 

findings presented in Section 5.3.2.  
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spacer layer between graphene and NPs are considered. The graphene/hBN interface is 

characterized by a low electron tunneling probability ≈ 20% thus providing an effective 

barrier to carrier transfer [248]. Meanwhile, the thin hBN layer does not affect the σP’s field 

enhancement that influences light absorption in the graphene. Table 5.2 provides a summary 

of the peak DR signal (ܴ߂௠௔௫/ܴ଴), that is directly related to the peak carrier temperature. By 

comparing the average DR response ሺܴ߂ሺ∥ሻ/ܴ଴ +  ሺ⊥ሻ/ܴ଴ሻ/ʹ from the structures withܴ߂

and without a hBN barrier, almost identical signals are observed. This confirms that the hBN 

layer does not significantly reduce the σP’s field enhancement of graphene absorption and it 

is unlikely that any significant hot electron transfer occurs between the NPs and the graphene 

on the time scales considered here.   

Sample Area ΔRmax/R0 (%) A2 (%) A1/A2
* 

Gr/NP/hBN/SiO2 

Gr/NP (||) 0.154 0.043 1.52 

Gr/NP () 0.099 0.032 1.31 

Gr 0.049 0.021 1 

Gr/hBN/NP/SiO2 

Gr/NP (||) 0.151 0.062 1.52 

Gr/NP () 0.118 0.054 1.36 

Gr 0.047 0.029 1 

Table 5.2 Parameters for the DR response observed for the Gr/NP/hBN/SiO2 and 
Gr/NP/hBN/SiO2 samples obtained with parallel (||) and perpendicular () pump–probe 

polarizations. �ଶ is the amplitude of the secondary decay component. The ratio A1/A2
* is 

normalised to the bare graphene value extracted for each sample. 

Next, we use the amplitudes of the bi-exponential decay model to further characterize the 

heating process observed in the samples. As discussed in Section 2.2.4, carrier dynamics in 

graphene are well described by a biexponential model ܴ߂ሺݐ߂ሻ~�ଵ݁−ሺ∆௧ሻ/�భ  + �ଶ݁−ሺ∆௧ሻ/�మ, 

where the amplitudes corresponding to the initial (�ଵሻ and secondary (�ଶ) decay components 

are related to the peak hot carrier and hot phonon temperatures, respectively. Therefore, the 

amplitude ratio �ଵ/�ଶ being proportional to ௘ܶ/ ௣ܶℎ gives a qualitative parameter that 

describes the fraction of energy lost to the phonon bath during the cooling process. As 

evident from Table 5.2, the extracted ratio is increased for the Gr/NP structures, which 

indicates enhanced carrier heating efficiency in the presence of plasmonic NPs. Interestingly, 

the relative increase of the amplitude ratio is quite similar for both samples with and without 

the hBN layer. These observations indicate that hot carrier injection has only a minor 

contribution to plasmon induced carrier generation in graphene. Thus, it is possible to 
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conclude that direct photoexcitation in the graphene layer is the major mechanism of hot 

carrier generation for hybrid graphene/NP structures.  

The drastic near-field enhancement around the NPs (Figure 5.18 c) leads to a highly 

nonuniform spatial distribution of hot carriers in graphene, since local photoabsorption in 

graphene is directly proportional to electromagnetic field intensity. Therefore, the initially 

inhomogeneous spatial distribution of the hot carriers in the graphene can produce the 

observed anisotropic DR response. More precisely, the DR signal can be represented 

as ܴ߂௠௔௫/ܴ଴  =  [ܴሺ ௘ܶሺݔ, ሻሻݕ  −  ܴሺ ௘ܶ଴ሻ]/ܴሺ ௘ܶ଴ሻ, where ܴሺ ௘ܶ଴ሻ and ܴሺ ௘ܶሺݔ,  ሻሻ are theݕ

reflectance of the structure under equilibrium electron temperature ( ௘ܶ଴ = ͵ͲͲܭ) and the 

inhomogeneous pump-induced electron temperature in graphene, respectively. When the 

pump and probe are co-linearly polarized, the probe experiences the modified absorption of 

the hot electrons in the graphene. However, when cross polarized, the probe beam now 

experiences a much cooler hot electron distribution. As presented in Ref [109], the carrier 

temperature in close proximity to the plasmonic NPs can reach up to 1500K, while being 

close to equilibrium temperature only 400nm away from a σP’s surface. These strong 

electron temperature gradients can be exploited to drive an electrical current via the Seebeck 

effect, and this idea is explored in details in Chapter 6. 

5.3.3 DR mapping as a characterisation tool 

As discussed in Section 5.3.1, the DR spectroscopy technique is highly sensitive to Fermi 

level position in the graphene layer. Therefore, this technique can be used as a spatial 

mapping tool to characterize local variations of the carrier dynamics. Figure 5.19 shows the 

DR amplitude variation for bare graphene and a graphene/NP-array interface for Gr/NP/SiO2 

sample and Gr/NP/hBN/SiO2 sample, respectively. Clearly, the enhanced DR response of 

graphene in the presence of NPs is straightforward to resolve. Moreover, variations in DR 

signal for bare graphene are also quite apparent and can can be attributed to the local 

differences in the doping level due to the graphene/substrate coupling and due to the 

screening effect of multilayer areas consistent with previous reports [80,90,249]. In fact, the 

average size of regions with increased DR signal (~2-3 µm) is similar to multilayer areas 

present in CVD graphene film (Section 5.1 and 5.2). However, to generate a direct 

correlation, additional characterization measurements such as Raman spectroscopy of the 

same sample area are required. Furthermore, the DR mapping can be performed at various 

delay times to give insight into the carrier relaxation time in different regions of the sample 
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6 Graphene based plasmonic photodetector 

In this chapter, the optoelectronic response of CVD graphene is studied. Asymmetric 

plasmon-nanobar electrical contacts are employed to analyse the impact of plasmon-induced 

hot carriers on the device photoresponse. The devices are characterized using a scanning 

photovoltage microscopy technique. Time-resolved photovoltage measurements are further 

employed to analyse the timescale of photovoltage generation. 

6.1 Sample fabrication 

The devices explored in this chapter are fabricated in the following way. First, microscopic 

contacts are designed on SiO2(90nm)/Si substrates using photolithography technique as 

described in Section 3.2.2. Chromium-gold electrodes (5 nm Cr, 25 nm Au) are deposited by 

resistive thermal evaporation (Section 3.2.3). Next, electron beam deposition is used to define 

nanocontacts followed by evaporation of 40nm Au material. It should be noted that prior 

metal deposition the substrate was cleaned with O2-plasma treatment at 50 W for 20 s.  

Graphene is then transferred using the typical wet transfer method2 as discussed in Chapter 4. 

Since after the transfer process, graphene covers the vast majority of the substrate effectively 

shorting out all the devices, an additional photolithography step is utilized to pattern graphene 

with O2-plasma treatment at 100 W during 1min. The graphene nanostructuring is performed 

with electron beam lithography followed by similar O2-plasma treatment. As the final step, 

the substrate is cleaved and placed in chip carriers followed by wire bonding. 

6.2 Photoresponse in metal-graphene-metal devices 

To analyse the graphene photoresponse, a simple graphene transistor geometry is first 

considered (Figure 6.1). The device is analysed using scanning photocurrent microscopy, 

where reflection and photovoltage images are simultaneously recorded (Section 3.3). The 

obtained reflection image of the device shows distinct source and drain metal contacts in 

                                                 
2 Graphene/Cu layers are covered with PMMA A4 495 by spin coating at 3500 rpm for 60 s and curing at room 
temperature overnight. Graphene layer present on the bottom side of the foils is removed using an O2-plasma 
treatment at 100 W during 2 mins. The exposed Cu foil is then etched in an ammonium persulfate solution (15 
g/L) followed by a thorough rinse in DI water. The floating PMMA/graphene stack is then scooped out using the 
target substrate. After drying, the sample is annealed at 180 °C for 30 mins. Finally, the PMMA is removed in 
acetone followed by IPA rinse. 
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asymmetric plasmonic structure is adopted to break the mirror symmetry of the internal 

electric-field profile. The idea is based on our previous observations of effective carrier 

heating near plasmonic nanostructures where the carrier temperature of 1400K has been 

reached [252]. Therefore, we expect a strong temperature gradient in the proposed contact 

geometry that will facilitate an improved thermoelectric effect. Notably, a similar contact 

geometry has been previously utilized for hot carrier injection into MoS2 [253]. However, in 

our graphene-based system no significant hot carrier injection is expected under zero bias 

conditions [252]. 

 
Figure 6.2. Schematic of the graphene device with plasmonic ( ℎܶ௢௧) and nonplasmonic 

( ௕ܶ௔௧ℎ) contacts. 
 
 

6.3.2 Device design optimization 

To provide plasmonic enhancement, bar nanoparticles are integrated directly into the contact. 

However, due to the resolution of e-beam lithography, these particles are actually elliptical. 

This type of plasmonic nanostructures has been chosen due to the ease of fabrication and 

wavelength tunability. The resonant antennas support longitudinal (L) and transverse (TR) 

resonances typical for elliptical nanoparticles excited under different polarization of the 

illumination source [54,254]. In the suggested contact geometry, we utilize the longitudinal 

resonance, since it is not highly disturbed by the presence of the contact bar (Figure 6.3 a). To 

perform device design optimisation, the Lumerical finite-difference time-domain (FDTD) 

simulation software is utilized. Since carrier heating is strongly improved in the presence of 

high electromagnetic fields [252], the field enhancement, or intensity enhancement  

 near plasmonic nanoparticle (NP) is considered as a figure of merit for the ,(଴|ଶܧ|/ଶ|ܧ|)

structure design optimisation (Figure 6.3 b). 
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and minima for plasmonic and nonplasmonic contacts, respectively. It is clear that the 

photovoltage spectral response of the plasmonic contact closely follows the observed 

resonance measured by dark field spectroscopy. The photovoltage generated at the plasmonic 

contact is strongly enhanced compared to nonplasmonic contact. In fact, the maximum 

enhancement factor of ~5 times is reached at the plasmon resonance wavelength. Notably, the 

enhancement is facilitated by the presence of just 19 NPs that are integrated into the 

plasmonic contact. Considering the active area of the contact and the device resistance of 

1 kOhm, at the resonance wavelength a responsivity of 0.125 mA/W was reached that is only 

one order of magnitude lower than the best reported result for a metal-graphene-metal 

photodetector of 6.1 mA/W [1,18]. It should be noted that the best responsivity has been 

previously observed for exfoliated graphene that is known to be a single crystalline material 

with low defect density. Our device however utilizes large area CVD graphene that is suitable 

for mass production. The drawback of CVD material is its polycrystalline nature and the 

presence of defects due to the roll-to-roll production technique [118]. The mobility of our 

devices is measured to be in the range of 700-1000 cm2 V−1 s−1 using an FET measurement 

method, as discussed in Section 3.1.6. Additional limiting factors for the device performance 

are surface states in SiO2 and the PMMA residues introduced during the transfer. These 

charge impurities act as scattering centres further decreasing the carrier mobility. We note 

that significant improvement can be achieved by covering the substrate with exfoliated hBN 

[12,227] and using the hBN assisted transfer method to limit the PMMA residues, as 

discussed in Chapter 4. 

Next, we analyse the electromagnetic field distribution in the structure with parameters 

similar to the experimentally produced one (Figure 6.9 e,f). To replicate the illumination 

conditions, the electromagnetic field is integrated over an area of 1 µm corresponding to the 

laser spot width. Furthermore, the Gaussian intensity profile is incorporated through simple 

multiplication with ݁−ሺ௫−௫�ሻమ/ோ�మ
, where xL is the position of the laser spot and RL is the laser 

spot size. The calculation results demonstrate a good agreement with experimental 

photovoltage scanning measurements as well as with photovoltage spectrum. Therefore, the 

observed photoresponse improvement can be attributed to electromagnetic field enhancement 

around the plasmonic NPs. 
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like manner with 5 V resolution with a dwell time of 30 s for each step, as shown in Figure 

6.10.   

 
Figure 6.10. Typical gate dependent photovoltage measurements with gate bias ranging from 
-35 V to 0 V and step size of 5 V. Each bias value is applied for 30 s to let the measurement 

to settle down. 

Since all the measurements are performed in air and the graphene is in direct contact with 

SiO2, we observe typical hysteresis effects when cycling graphene back gating [257,258]. 

While this is detrimental to the performance of some devices, here we use this effect to 

effectively precharge the graphene and, thus, shift the Dirac point (see discussion of transport 

measurements in Section 6.3.7). From this point of view the hysteresis effect allows us to 

effectively increase the range of the back gate biasing. We start by performing the 

measurements from positive towards negative gate bias that is known to shift the Dirac point 

towards higher positive back gate values (Figure 6.11 a). We first compare the gate 

dependent photovoltage response for the plasmonic contact under longitudinal and transverse 

polarization.  While the overall shape of the photoresponse is preserved, there is a significant 

enhancement due to the longitudinal mode of the plasmonic resonance, which is in a good 

agreement with our previous measurements. 

We next compare the gate dependent photovoltage response for the nonplasmonic contact to 

the plasmonic contact under longitudinal polarization. As expected, a significant 

enhancement is observed for the plasmonic contact under longitudinal polarization; however, 

the photoresponse of the nonplasmonic contact is higher than that of the plasmonic contact 

under transverse polarization, which is in contrast with previous polarization dependent 

measurements (Figure 6.8). This can be explained by structural differences of the contacts of 
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Figure 6.12. Gate dependent photovoltage response of representative device 4 with 

nonplasmonic contacts under longitudinal polarization. The gate bias is tuned from positive 
voltage towards negative (black) and reverse (blue) as indicated by arrows. The photovoltage 

measurements are performed with elliptical laser spot at 700nm with 40uW power. 

6.3.7 Graphene transport measurements and Seebeck coefficient  

The electrical properties of a representative two terminal graphene device (dev4) are first 

characterized by recording the source-drain current under 1 mV bias by sweeping the gate 

voltage from -40 to 40 V with 1 V steps and 10 ms stabilization time (Figure 6.13 a). From 

this measurement the Dirac point is observed at ~28 V. Furthermore, under these 

measurement conditions, the hysteresis effect does not lead to a significant shift of the Dirac 

point. Next, the source-drain current is recorded for the gate voltage sweeping from -35 to 

35 V with 5 V step and 30 s stabilization time (Figure 6.13 b,c). These settings correspond to 

the photovoltage measurement conditions, as discussed in Section 6.3.6.  Interestingly, when 

the gate voltage is swept from positive to negative, the Dirac point is no longer reached. 

Furthermore, under reverse sweeping conditions, the Dirac point is only partially reached and 

is expected at ~ 40V, which is a significant positive shift compared to the ~28V obtained with 

10ms stabilization time. This result is in agreement with previous reports on the hysteresis 

behaviour of FET devices based on graphene/SiO2 [257,258]. In fact, it has been 

demonstrated that the magnitude of the Dirac point shift significantly increases with low 

sweeping rate of the gate voltage (݀ ஻ܸீ/݀[257] (ݐ. The hysteresis behaviour originates from 

charge trapping at the interface of the graphene and SiO2. Interface traps are populated 

continuously as the gate voltage is tuned. Typically, oxide traps are charged in the presence 

of gate fields above 0.03 V·nm-1[259], that corresponds to 2.7 V for 90 nm thick SiO2 used in 

our experiments. This additional charge introduces doping in graphene and thus shifts its 
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dependent contribution from the Seebeck coefficient in the graphene channel material and a 

small contribution from the graphene/metal interface. It has been previously demonstrated 

that the later contribution is negligible [30].  

As can be seen from Figure 6.15, the thermovoltage measured as a function of back gate bias 

demonstrates typical features previously observed for graphene devices [105]. The 

thermovoltage is characterized by nonmonotonic behaviour with peaks close to the Dirac 

point. Since the thermovoltage is directly related to the Seebeck coefficient of the channel 

graphene, the sign of the thermovoltage indicates the sign of the majority charge carrier. For 

both types of gate sweeping settings, the observed thermovoltage remains positive. This 

provides additional confirmation that the Dirac point is not reached under these measurement 

conditions.  

It is instructive to compare the thermoelectric voltage responsivity to induced photovoltage 

responsivity. For the peak position at 30 V gate bias the thermoelectric responsivity is about 

80 µV/W (Figure 6.15 a), while the photoresponsivity of our device is 112mV/W, which is 

three orders of magnitude higher. This result confirms that direct heating of the contact metal 

has a negligible contribution to the detected photoresponse. Additionally, it is possible to 

estimate the induced temperature difference between the contacts using the calculated 

Seebeck coefficients for sweeping conditions from negative to positive voltage. For these 

sweeping conditions, the peak thermoelectric voltage of ்ܸா ≈ 625 nV is observed at ௚ܸ = 15V (Figure 6.15 c).  Taking into account Seebeck coefficient of S = 42.5 µV/K, the 

temperature difference between the contacts induced by direct laser heating is estimated to be 

of 14.7 ~ ܶ߂ mK. 

To analyse the overall trends, the photoresponse is normalised to the maximum value and 

compared to the normalised thermovoltage (Figure 6.15 b,d).  It is evident that the gate 

voltage dependence of the photoresponse for the plasmonic contact demonstrates quite 

similar behaviour to the thermovoltage and, in particular, no sign change is observed for both 

gate sweeping conditions. In contrast, the photoresponse of the nonplasmonic contact 

indicates a clear polarity reversal at ~25 V, which is a much lower gate bias than the Dirac 

point position ~40 V. While these observations already suggest that the photothermoelectric 

effect due to a contact temperature difference is dominant for the plasmon enhanced 

photoresponse, we proceed with the analytical model in Section 6.3.9. 
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the point of vanishing photovoltage corresponds to the band flattening condition where the 

graphene doping levels above the metal contact and in the channel are equal. From the carrier 

density ݊ = �଴�ௌ௜ைଶ( ௚ܸ − ஽ܸ) ⁄ݐ݁ , where t is the oxide thickness, the Fermi level  ܧி = ℏ ߥிሺ�݊ሻଵ/ଶ 

can be derived to be 0.25eV and 0.4eV for graphene over the contact and SiO2, respectively. 

Higher p-doping in the graphene channel can be explained by SiO2 induced 

charges [150].  The doping values are in a good agreement with the estimates from the 

Raman measurements as discussed in the Section 6.3.4. Furthermore, at the band flattening 

point the Seebeck coefficients of two regions ܵଵ and ܵଶ should be equal meaning that  ܵሺݑ�/ݎܩሻ ≈ 19µV/K.  

To confirm that the PV and PTE-j effects only dominate for nonplasmonic contact, we 

additionally estimate the contribution of PTE-ch effect due to local heating by laser 

excitation. Previously, the temperature increase of 1 K has been estimated for room 

temperature measurements with 600 nm excitation at 40 µW and with 0.5 µm laser spot [29]. 

For our illumination conditions, the temperature increase of 5 mK is expected. Taking into 

account the peak Seebeck coefficient of 42.5 µV/K observed at 15 V back gate bias, the 

PTE-ch effect results in maximum voltage of ~0.2 µV, which is 8 times lower than the 

nonplasmonic contact photoresponse of 1.5 µV at this back gate bias. It should be noted that 

the PTE-ch current will typically result in a shift of the band flattening point.  However, as 

indicated above, this effect is expected to be low. 

Effect As prepared Flat band Dirac point 

VBG = 0 VBG = 25V VBG = 40V 

PV ✓ ✕ ✓ 

PTE-j ✓ ✕ ✓ 

PTE-ch ✓ ✓ ✕ 

Table 6.1. Summary of contributing effects under different gate bias: ✓ – the effect is active 
and ✕ – the effect is cancelled. 

The extracted Fermi energies and Seebeck coefficients for the graphene/metal junction and 

the channel graphene allow us to separate the contributions to the photovoltage described in 

Figure 6.16 and summarised in Table 6.1.  The modelled PV and PTE-j effects confirm the 

sign reversal at the band flattening point. Interestingly, the PTE-j changes the current 

direction again at ~0 V resulting in opposite direction compared to the PV current. Since only 

these two effects contribute to photoresponse of the nonplasmonic contact, these competing 
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currents can explain the experimentally observed significant decrease of photoresponse under 

negative bias. Meanwhile, the PTE-ch effect demonstrates a positive current over the whole 

range of tested back gate bias values, which is consistent with the photoresponse of the 

plasmonic contact seen experimentally. Therefore, it is possible to conclude that PTE-ch 

plays a dominant role in the photovoltage generation process of the plasmonic contact. 

6.3.10 Time resolved photovoltage spectroscopy 

We finally use ultrafast pump probe measurements to characterize the photodetector’s 

ultimate speed limitations which are determined by the internal carrier dynamics. Following 

the method described in Section 3.4, two pulsed beams were overlapped at the same position 

on one of the device’s contacts. An optical chopper is used to introduce modulation of the 

probe beam and a lock-in amplifier to detect the resulting photocurrent. The measured signal 

thus can be considered as the probe-induced photovoltage that is sensitive to the presence of 

the pump. Previously performed time-resolved photocurrent studies of graphene devices 

typically utilize cross-polarized beam configuration to minimize interference near zero time 

delay point [78,209,210]. However, in our plasmon based photodetector cross polarization 

method is inapplicable due to polarization sensitivity of the plasmonic contact. To overcome 

this issue, we select a two-colour experiment configuration with wavelengths of 650 and 750 

nm to be on resonance with plasmonic nanostructures.  

We study the photovoltage response as a function of the time delay ݐ߂ between pump of 650 

nm and probe of 750 nm laser pulses for a fixed probe power of 100 µW and a range of 

incident pump powers. Figure 6.17 (a,b) shows the corresponding photovoltage traces with a 

subtracted baseline that is given by the signal far away from zero time delay point, where the 

two pump saturation effects are reduced. The pump pulse affects the probe-induced 

photovoltage response only near zero time delay point and results in a sharp photovoltage 

dip. The presence of the dip is due to saturation of the photocurrent generation with 

coincidence of the two pulses, within the time response of the device. In graphene the 

saturation regime is determined by Pauli blocking effect and is observed when the 

photogeneration rate is comparable to the rates of energy relaxation and 

recombination [264,265] (Section 2.2). Thus, increasing the pump excitation power is 

expected to result in higher saturation that is clearly observed in the experimental results 

(Figure 6.17 c). Furthermore, a higher saturation amplitude is reached for the plasmonic 

contact, which is in agreement with the higher responsivity observed for this contact.  
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response time of the photodetector increases slightly with increasing laser fluence, which is in 

agreement with previous observations [209,261] and can be explained by the higher 

saturation with increasing laser fluence indicating that more carriers accumulate in the high 

field region. 

 

6.3.11 Hot carrier temperature estimate 

As discussed previously, the PTE-ch effect dominates the photoresponse of the plasmonic 

contact. Furthermore, due to PV and PTE-j effects cancelled at gate bias of ܸ = 25V, the 

signal generated due to PTE-ch can be separately analysed. As discussed in Section 2.3, the 

PTE-ch effect arises due to the carrier temperature difference between two contacts and thus 

provides an opportunity to analyse the plasmon induced carrier temperature in graphene.   

The peak photovoltage generated by a single pulse can be restored taking into account laser 

duty cycle ௣ܸ௘௔௞ =  ௘ܸ௫௣ ߭଴߬⁄ , where ߭଴ is laser repetition rate of 80 MHz and Ĳ is the device 

response time (Figure 6.18 a). The time resolved photovoltage measurements demonstrate 

that the average response time of our devices is approximately ∼4 ps (Section 6.3.10).  

The hot carrier population established in graphene after photoexcitation can be described by a 

thermal distribution with a well-defined hot carrier temperature ஼ܶ [25,79]. Therefore, the 

voltage generated due to PTE-ch effect for plasmonic contact can be expressed as  

௉்ܸா−௖ℎ =  − ∫ ܵሺ ஼ܶሻ݀ ஼ܶ�்
బ்  , (6.2) 

where ஼ܶ and ଴ܶ are the carrier temperatures at plasmonic and nonplasmonic contact, 

respectively. Taken into account the hot carrier diffusion coefficient of 5500 cm2s-1 recently 

extracted for CVD  graphene [96] and the device response time of 4 ps, the estimated 

diffusion length is ~740 nm that is significantly lower than the distance between the contacts 

(5.5 μm). Therefore, the carrier temperature at nonplasmonic contact can be estimated as ଴ܶ ~ ௕ܶ௔௧ℎ ~ 300K. 
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extracted from the crystal lattice create CO2. Since this process significantly damages the 

graphene lattice, a reduction in the heat conductivity should be observed increasing the 

probability of further destruction. Simultaneous heating and lattice damage lead to an 

avalanche process of burning. Local burning of graphene can be potentially used to identify 

field enhancement in the presence of plasmonic nanostructures.  

6.4 Conclusions 

In this chapter, we have studied graphene’s optoelectronic properties, firstly, by analysing a 

typical metal-graphene-metal photodetector. The observed photoresponse has been confirmed 

to demonstrate high sensitivity to local inhomogeneities, such as doping variation and grain 

boundaries typically present in CVD graphene material. Next, a plasmonic contact has been 

introduced into the device to facilitate the study of plasmon-induced carrier heating and its 

impact on the device photoresponse. Incorporation of the plasmonic contact results in strong 

photoresponse enhancement that closely follows the spectral characteristic of the plasmonic 

resonance. Compared to a nonplasmonic contact, approximately 5 time increase in 

photovoltage is observed at the plasmonic contact under resonant illumination conditions. 

Furthermore, the peak responsivity of 0.125 mA/W is only one order of magnitude lower than 

the best reported result for the metal-graphene-metal photodetector of 6.1 mA/W [1,18]. 

Analysing the gate dependent photoresponse, we successfully unravelled the contribution 

from photovoltaic and thermoelectric mechanisms. In fact, our results demonstrate that the 

plasmonic enhancement of graphene photoresponse is primarily due to the increased 

thermoelectric effect over the device channel.  Using the measured device response time of 

4 ps, the ultrafast peak voltage was deduced from the measured average response facilitating 

analyses of ultrafast carrier temperatures. It has been demonstrated that carrier temperatures 

in excess of 1000 K can be reached in the presence of plasmonic structures even under low 

power densities.  In fact, carrier heating is expected to be 4 times more efficient in the 

presence of plasmonic nanostructures than for bare graphene. However, extreme local heating 

has been shown to result in graphene destruction. The detector responsivity could be further 

improved by utilizing high quality crystalline graphene that enables detector operation with 

higher Seebeck coefficients [25]. The demonstrated device is expected to facilitate the 

development of free space compact and ultrafast photodetectors for a range of wavelengths 

due to plasmon enabled spectral tunability. 
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7 Conclusions and future work 

This chapter summarizes the key findings of the thesis and discusses the implications with 

regards to the use of hybrid plasmonic structures in optoelectronic devices. Promising 

research projects based on results from the thesis are also discussed.   

7.1 Summary 

The primary goal of this thesis was to study the optical properties of graphene/plasmonic-

nanostructure complexes, explore the ultrafast carrier dynamics in hybrid systems and 

understand the generation mechanisms of hot carriers and their contribution to the 

photocurrent observed in the hybrid devices. The results presented in this thesis show that the 

strong electromagnetic fields generated in close proximity to plasmonic nanoparticles (NP) 

can strongly influence the optical response of graphene-based plasmonic hybrids. In 

particular, the observed absorption enhancement in graphene results in a local generation of 

hot carriers in the presence of the plasmon-induced near fields with minimal contribution 

from a charge transfer mechanism from the NPs at the graphene/NP interface. Furthermore, 

the spatial inhomogeneity in the hot carrier population leads to strong electron temperature 

gradients that effectively enhances the thermoelectric current in the device leading to the 

channel based photothermoelectric effect being the dominant process for the asymmetric 

graphene based plasmonic photodetectors studied here. 

To facilitate high efficiency CVD graphene based devices, an effective graphene transfer 

method from a metallic growth substrate to a target substrate is crucial with a major 

requirement to preserve properties of the graphene material. Therefore, the thesis begins with 

the investigation of effects of the transfer methods and subsequent device fabrication 

techniques on the electronic and structural properties of the resultant graphene films. 

Particular attention was paid to the study of the source of the extrinsic doping where polymer 

and substrate induced doping were analysed separately. The use of a polymethylmethacrylate 

(PMMA) supporting film was demonstrated to induce additional extrinsic doping on the order 

of ~3∙1012 cm-2. Although PMMA residues were removed by thermal annealing, the extrinsic 

doping did not reduce, but on the contrary increased by additional ~2∙1012 cm-2 due to higher 

graphene/SiO2 interaction. To study the substrate induced doping, various routes to surface 

engineering were considered including O2-plasma treatment, a self-assembled monolayer 
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(SAM) and an hBN layer coating. While the substrate engineering was demonstrated to 

significantly improve graphene’s adhesion to the substrate facilitating dry transfer methods 

and photolithography contact fabrication, the carrier density in the graphene layer was 

strongly modified. The SAM layer (ODTS) resulted in the lowest extrinsic doping of the 

graphene film consistent with the screening effect of the charged states present on the SiO2 

surface, while the highest extrinsic doping was observed for O2-plasma treatment due to 

increased density of silanol groups on the SiO2 surface. The hBN layer resulted in the higher 

extrinsic doping due to polymer residues left on the surface after material transfer. This effect 

was reduced by thermal annealing of the hBN layer prior to graphene transfer. 

To improve graphene quality during the transfer method, a novel hBN-assisted transfer 

technique was developed to avoid contact between the graphene and the polymer film [272]. 

This transfer method resulted in much lower doping concentrations and improved carrier 

mobility in the graphene compared with the results of the conventional wet transfer method 

for untreated SiO2, SAM-modified and hBN covered SiO2. Moreover, the top hBN layer 

facilitated large scale encapsulation of the graphene layer leading to greater stability during 

ambient exposure. It is anticipated that full encapsulation of the graphene layer with hBN 

layers will further improve its properties. Additionally, high resolution characterization, such 

as transmission electron microscopy, could provide additional information on the structural 

properties of the resulting van der Waals heterostructures with the possibility to analyse the 

density of induced defects created due to surface morphology mismatch of the stacked films. 

It should be stressed that the novel transfer technique can be applied to other CVD-grown 2D 

materials enabling the preparation of van der Waals structures with polymer-free interfaces.  

Following the optimised graphene transfer process, graphene/plasmonic-NP structures were 

fabricated and analysed. It was confirmed that the graphene layer created conformal contact 

with the underlying plasmonic nanostructures. However, the induced mechanical 

modifications of the graphene layer in the presence of plasmonic nanostructures resulted in a 

higher defect concentration and tensile strain compared to the relaxed graphene. Additionally, 

reduced doping concentration was observed for graphene/NP complexes, which was 

attributed to partial decoupling of graphene from the substrate.   

The thesis goes on to explore carrier dynamics in graphene and graphene/NP complexes 

using differential reflection (DR) spectroscopy. The sign of the DR signal was shown both 

experimentally and theoretically to be highly sensitive to the graphene doping variation and 
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substrate interference effects. Using this observation, spatial variation of the DR signal was 

used to identify local modifications in the graphene doping level by scanning DR imaging. 

Next, the plasmon induced hot carrier dynamics were studied in the graphene/NP complexes 

by analysing samples with and without an insulating hBN barrier between the graphene/gold 

interface. Hot carrier generation in the graphene was demonstrated to be significantly 

enhanced in the presence of the plasmonic NPs, as confirmed by increased amplitude of the 

DR signal. However, this effect can now be primarily attributed to the direct photo-excitation 

processes enhanced by the intense electromagnetic fields surrounding plasmonic NPs, with 

only a minimal contribution from charge transfer between gold and graphene. Furthermore, 

inhomogeneity of the plasmon-induced fields resulted in the generation of a highly localised 

hot carrier population in graphene, which was further confirmed by an observed nonlinear 

anisotropy in the DR signal. The next step of this work could be to study graphene/NP 

complexes with a vertical tunnel barrier of varying thickness (number of hBN layers) to 

precisely assess the contribution of the charge transfer process. Since CVD films are typically 

characterized by defects such as tears and holes, multilayer material will ensure that 

tunnelling properties of the CVD hBN layer are preserved. Additionally, the substrate 

interference would change in the presence of gold NPs and, thus, influence the overall DR 

signal observed for graphene/NP complexes. Therefore, development of a theoretical model 

to take into account one more layer partially filled with gold material (~20%) would be 

beneficial to fully understand enhancement of the DR amplitude.  

Finally, the thesis explores the strong electronic temperature gradients generated by the 

plasmon-induced highly localised hot carrier population in graphene in asymmetric 

photodetector device. For this purpose, a plasmonic contact with nanobars was introduced in 

metal-graphene-metal photodetector to facilitate inhomogeneous carrier heating. The 

plasmonic contact demonstrated a strong photoresponse enhancement closely following the 

spectral characteristics of the plasmonic resonance. Under resonant illumination conditions, 

the photovoltage was increased approximately 5 times compared to a nonplasmonic contact, 

corresponding to a peak responsivity of 0.125 mA/W. This value is only one order of 

magnitude lower than the best reported result for a metal-graphene-metal photodetector of 

6.1 mA/W [1,18]. The detector responsivity could be further improved by utilizing high 

quality crystalline graphene that enables detector operation with higher Seebeck 

coefficients [25]. It should also be noted that the suggested device geometry has an advantage 

of non-zero photoresponse under full illumination due to higher signal produced at the 
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plasmonic contact. The effect can be further enhanced using asymmetric metallization where 

different metals are used at source/drain electrodes [18].  

Next, the photodetection mechanism of the asymmetric plasmonic device was studied by 

separately analysing the gate-dependent photoresponse of nonplasmonic and plasmonic 

contacts. The observed results suggested that the plasmonic contact demonstrated a 

photoresponse with a dominant photothermoelectric effect originating from electronic 

temperature difference across the device channel. To further investigate the established 

carrier temperature profile in the device, the photovoltage generation could be measured at 

various points away from the injection plasmonic contact by using multiple detector leads or 

by studying devices with varying channel length. Theoretical model could be further 

developed to calculate the established carrier temperature profile. Additionally, plasmon-

enabled spectral tunability could be investigated by simply increasing the nanobar length. 

Twice longer (~350 nm) nanobar particles are anticipated to provide resonance conditions at 

telecom wavelength 1500 nm. 

Finally, the asymmetric plasmonic device was characterised with time resolved photovoltage 

spectroscopy to identify its response time. Using the extracted response time of 4ps, the 

ultrafast peak voltage was deduced from the measured average response facilitating analyses 

of ultrafast carrier temperatures. It was demonstrated that peak carrier temperatures in excess 

of 1000K can be reached in the presence of plasmonic structures even under low power 

densities.  It is estimated that the presence of plasmonic nanostructures results in a four times 

more efficient carrier heating compared to bare graphene. The asymmetric plasmonic devices 

developed in this thesis could be used to determine the carrier temperature and the cooling 

length for hot carrier propagation, which are key parameters for a variety of new devices 

relying on hot-carrier injection and transport. 

7.2 Outlook 

7.2.1 Imaging ultrafast hot carrier transport  

Imaging the motion of photoexcited carriers during their relaxation process is of high 

importance as it provides insight into carrier transport. The conventional time resolved 

techniques yield intrinsic carrier relaxation times in the material providing the upper bound 

on operational speed [74]. However, the actual device response time is determined by the 
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photo-carrier transient time that is crucial for ultrafast photodetector development. A spatial 

and time resolved photocurrent microscopy technique can be used to image the transit of 

ultrashort carrier pulses across photodetectors of various materials with planar contact 

geometry. In contrast with the conventional time-resolved pump-probe method previously 

used in this thesis, the modified technique utilizes independent control of the spatial position 

for both pump and probe laser beams. In this way, the physically separated probe can be used 

to monitor the evolution of carriers as they transit across the device (Figure 7.1). 

 
Figure 7.1. Conventional (left) and new (right) time-resolved scanning technique. Red dots 

represent plasmon-induced hot carriers.  

The novel technique can be used to visualize carrier transport in the asymmetric plasmonic 

photodetectors discussed previously. Of particular interest is the case when the device is 

under source-drain bias, since the external electric field is expected to influence a hot carrier 

pulse and potentially facilitate carrier injection from the plasmonic nanostructures. 

Furthermore, the effect of back gate bias on the carrier pulse is another important parameter 

to study, since it controls the relative contribution from photo-thermoelectric and 

photovoltaic mechanisms, as previously discussed. By using an optical cryostat, the influence 

of the bath temperature on the carrier transient times could be further analysed. This study 

would deepen our understanding of photodetection principles of graphene based plasmonic 

devices. 

7.2.2 Hot carrier injection 

As discussed in Section 2.1, plasmon decay can occur non-radiatively through electron-hole 

excitation [48]. Our studies demonstrated that hot carrier injection in the graphene layer from 

the metal is negligible under unbiased conditions (Chapter 5 and 6). Therefore, it is important 

to consider a device structure where external electric field can be applied to promote carrier 

injection. Figure 7.2 shows the device structure where an external bias can be applied 

between the graphene and plasmonic nanostructures that are separated by an hBN layer 
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recently demonstrated in presence of the graphene layer [274]. Of course efficiency of 

ejection of hot carriers from NPs to graphene has to be taken into account. Nevertheless, the 

suggested device geometry could be a successful controlled platform to study hot carrier 

photochemistry with a potential to directly control the hot carrier population. 

   

7.3 Publications or papers in progress related to work 

conducted during the Ph.D. project 

Direct Electronic Measurements of Plasmon Induced Hot Carriers in Graphene 

Shautsova, V.; Sidiropoulos, T.; Black, N. C. G.; Gilbertson, A. M.; Maier, S. A. et al. 
(in preparation) 
 

Time-resolved differential reflectivity studies of graphene-substrate interactions. 

Shautsova, V.; Sidiropoulos, T.; Gilbertson, A. M.; Maier, S. A.; Cohen, L. F. et.al. 
 (in preparation) 
 

Photoresponse of epitaxial graphene 

Shautsova V., Panchal V., Maier S. A., Cohen L. F., Kazakova O.; 
(in preparation) 
 

Photoresponse of graphene-porphyrin junctions 

Gehring P., Shautsova V., Maier S. A., Cohen L. F., Briggs A. D.; 
(in preparation) 

 

Hexagonal Boron Nitride Assisted Transfer and Encapsulation of Large Area CVD 

Graphene. 

Shautsova, V.; Gilbertson, A. M.; Black, N. C. G.; Maier, S. A.; Cohen, L. F.  
Sci. Rep. 2016, 6, 30210. 

 

Plasmon-Induced Optical Anisotropy in Hybrid Graphene–Metal Nanoparticle Systems 

Gilbertson, A. M.; Francescato, Y.; Roschuk, T.; Shautsova, V.; Chen, Y.; Sidiropoulos, 
T. et al.  
Nano Lett., 2015, 15 (5), pp 3458–3464 
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ݖ௬߲ܧ߲ = ݕ௫߲ܧ߲ ௫ܧ݇�± = ݕ௫߲ܧ߲ = Ͳ 
(7) 

௬ܪߤݓ� = ௫ܪߤݓ� ௫ andܧ݇�± = ௫ܪ ௬ (8)ܧ݇�∓ = ∓݊√�బఓబ ௬ܪ ௬ andܧ = ±݊√�బఓబ  ௫ (9)ܧ

Next, we write the boundary conditions, the requirements for the tangential components of 

the total vectors ܧ and ܪ on two sides of the interface to be the same: 

݊ × ଵܧ) − (ଶܧ = Ͳ =>  ܧଵ = ݊ ଶ (10)ܧ × ଵܪ) − (ଶܪ =  (11) ܧ�

In the equation (11), � is the graphene’s conductivity function.   

݊ × ଵܪ) − (ଶܪ = | ݔ̂ ݕ̂ Ͳݖ̂ Ͳ ͳܪ௫ ௬ܪ |௭ܪ = ௬ଶܪ−)ݔ̂ + (௬ଵܪ + ௫ଶܪ−ሺݕ̂ + ௫ଵሻܪ +  ሺͲሻݖ̂

 

(12) 

௬ଶܪ− + ௬ଵܪ =  ௫ (13)ܧ� 

Matching E-fields at z=0: ܧ଴ + ଴ܧݎ = ଴ (14) ͳܧݐ + ݎ =  (15) ݐ

Matching H-fields at z=0: −ܪ௬ଶ + ௬ଵܪ =  ௫ (16)ܧ� 

 

Based on equations (9) and (16), we can obtain: 

݊ଵሺͳ − ሻݎ = ݐ ቌ݊ଶ + �√�଴ߤ଴ቍ (17) 

Finally, using equation (15), reflection and transmission coefficients are given by: 

ݎ = ݊ଵ − ݊ଶ − �√�଴ߤ଴݊ଵ + ݊ଶ + �√�଴ߤ଴
 (18) 
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