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Investigation of new fabrication techniques and materials properties are necessary to 

overcome power and cost constraints facing contemporary electronics as well as 

enabling new functionality. In this thesis, several experiments to investigate directed 

self-assembly and the unique properties of plasmons in graphene are described. We first 

introduce a method to reduce the inherent trade-off in dimension vs geometry present 

in block copolymer self-assembly. Next we show that the electronic properties of 

graphene vary from sample to sample and develop a dry transfer technique to reduce 

the effect of water at the substrate interface. We apply these techniques to investigate 

the dispersion of confined graphene plasmons in the far-IR. Using self-assembly we 

extend the frequency of the graphene plasmons into the mid-IR where we directly 

measure the losses due to phonon coupling and also observe an induced transparency. 

Finally we present measurements of the performance of a molybdenum disulphide 

photodetector. These experiments have contributed to our ability to fabricate nanoscale 

structures, improve the controllability as well as our understanding of the properties of 

new two dimensional materials.       
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CHAPTER 1 

INTRODUCTION 

It is arguable that modern electronics is dominated by silicon technology mainly because 

of the silicon to silicon dioxide interface[1]. This interface can be formed at reasonable 

cost and supports a high mobility while allowing electrostatic control of the transistor 

channel. The second enabler was the ability to create controllable geometries out of 

silicon and to scale the fabrication infrastructure as well as the device dimensions with 

time therefore achieving better performance in terms of density, speed and cost[2]. 

There are several challenges to continued scaling of silicon technology. 

 

The fundamental limitation to continued scaling is power[3]. In the past constant field 

scaling and now general scaling have kept power in check as feature sizes have shrunk 

by scaling the threshold voltage correspondingly. In order to preserve the on off ratio of 

cmos devices, the threshold voltage is limited by the sub-threshold swing which is 

60mV/dec. The second issue is as the channel length shrinks, the gate has to be brought 

closer to the channel to compensate for the loss of electrostatic control. Ignoring gate 

leakage, the gate dielectric thickness is limited by the distance of the charge centroid 

from the interface due to the triangular well confinement of the 2DEG. Lastly as feature 

sizes has shrunk, there has been diminishing returns in terms of transistor speed since 

the mean free path of carriers in silicon is approximately 10nm. Hence the recent focus 

on applying strain to silicon such that more electrons occupy the valleys with lower 
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effective mass. If the gate length cannot be scaled anymore then density scaling will 

eventually be limited by the minimum drain source overlap.  

 

Our ability to define features at the nanoscale is limited by cost. The main limiting tool 

used to define geometry at nanoscale is optical lithography, which is a parallel write 

technique. To resolve smaller dimensions, light of smaller wavelengths has to be used. 

Currently, extreme ultraviolet (EUV) light with a wavelength of 13.5nm is proposed for 

further CMOS scaling[4]. Since the electrons generated by photons inside the 

photoresist have a diffusion length, there is a lower limit to the resolution that can be 

achieved lithographically. The light source for euv lithography does not have the output 

power necessary to be economical. The other candidate to further scaling is multiple 

patterning, however the cost of multiple patterning is high and has very strict overlay 

requirements. Furthermore as devices get smaller process variations begin to dominate 

the electrical characteristics of each device. The threshold voltage is particularly 

sensitive to process variation due to short channel effects. For all these reasons, there is 

an incentive to examine materials and technologies, which may complement cmos 

and/or enable new devices.  

 

Chapter 1 discusses self-assembly, a technology which enables us to produce dense 

nanoscale feature over large areas at low cost. The trade-off is that self-assembly is 

limited to very specific geometries. We apply orthogonal chemistry to self-assembly to 

reduce this trade-off since the design rule space will be severely restricted otherwise. 
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We demonstrate using our technique two different feature sizes on the same layer as 

well as the ability to perform additive and subtractive patterning. 

 

In the following chapters we examine graphene, which is the first two-dimensional 

material isolated experimentally in 2004. It is difficult to identify and produce new 

materials with any combination of desired properties which among others included a 

high intrinsic mobility, a direct band gap and optical transparency hence the intense 

efforts in the following years by industry and academic research groups into ways to 

produce graphene, fabricate devices and investigate the mechanisms behind the device 

operation. Graphene is not suitable for conventional CMOS electronics. We know that 

in materials increasing the orbital overlap shall reduce the effective mass while 

decreasing the bandgap so most materials sit on a line with mobility inversely 

proportional to the bandgap. This is true for graphene as well, attempts to engineer a 

band gap into graphene for digital electronics have resulted in lower mobility than 1000 

cm2/Vs. Graphene mobility comes from the pi-bonds on its surface while a high 

capacitance comes from the dielectric polarization, so it is difficult to realize high 

mobility in the high field region. The contact resistance of graphene is very high, limited 

by current crowding as well as the low density of states near the Fermi level. 

 

The THz region of the electromagnetic spectrum is of interest for sensing since many 

compounds exhibit a unique fingerprint in this region. One potential route is via 

plasmonics using high mobility materials. Plasmons allow strong confinement of light 

and this can be observed by comparing the dispersion curve of plasmons in different 
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materials to the dispersion of light in vacuum, for a given frequency the wavenumber 

of the plasmon is usually higher than the wavenumber of light in vacuum. Specifically, 

we investigate graphene plasmonic devices including how to fabricate them, their 

damping mechanisms and how to extend them into the mid-ir region. Previously 

plasmonic devices were made from metals, which have a low mobility and hence small 

damping time. Graphene plasmonics have a high mobility as well as tunability via 

electrostatic or chemical doping. In chapter 2 we introduce the material properties of 

graphene and techniques we use to fabricate and measure graphene plasmons. In chapter 

3 we examine graphene plasmons in the far-ir and show that confined plasmons do not 

obey the bulk plasmon dispersion curve and introduce a drude model that more 

accurately describes the experimental data. We also show that the coupling of plasmons 

in graphene structures is significant. Finally in chapter 4 we put everything together by 

applying self-assembly to fabricate graphene plasmon resonators operating in the mid-

ir and examine their damping due to phonon coupling. 
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CHAPTER 2 

DIRECTED SELF-ASSEMBLY 

2.1 Introduction 
 

As discussed in the previous chapter, optical lithography is limited by the wavelength 

of available light sources and the accompanying optics. The formula for the resolvable 

resolution is given by 𝐶𝐷 = 𝑘 %
&'

 where NA is the numerical aperture of the objective, 

k models the process such as proximity and photoresist and λ is the wavelength of the 

light source. Electron beam lithography on the other hand can exceed this limit since 

the wavelength of a high energy electron can be much smaller than the wavelength of 

an optical photon. However electron beam lithography is a sequential write technique 

and furthermore the tail of an electron is much longer than a photon typically in microns 

range, hence obtaining dense features is challenging. 

2.2 Directed Self-Assembly Process  
 

Self-organization has been suggested as a possible path to getting small dimensions 

where conventional optical lithography approaches break down[5,6]. We have explored 

BCP approaches which allow different periodic structural forms and dimensions 

between 5-50nm. Perpendicularly standing pore arrays of copolymer film are formed 

when the surface is energy neutral. This results in absence of preferential wetting from 

either block [7]. We graft the random copolymer to the substrate by annealing it in 

vacuum for 24 hours followed by rinsing with toluene to remove the excess random 

copolymers, forming a polymer brush on the surface. Polystyrene block co-methyl 
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methacrylate (PS(68k)-b-PMMA(33.5k)) is then spun coated at spin speeds from 1krpm 

to 5krpm onto the surface and annealed in vacuum at 180°C for 10 hours. Since toluene 

has a low vapor pressure, the concentration of the block copolymer solution is not stable 

and hence the thickness of the film varies. By spinning a range of thicknesses we can 

observe a trend using electron microscopy and determine the correct spin speed to obtain 

the thickness we want. Typically a trend can be observed as the film thickness varies 

unless the film dewets from the surface. In this instance the block copolymer film will 

form blobs and there will be no self-assembled pattern. If this happens the annealing 

oven and solution has to be investigated for contamination and the wafer surface as well 

as all labware has to be checked for cleanliness. A typical clean would be sonication in 

acetone and ipa followed by oxygen plasma. The raised temperature imparts mobility 

to the polymer. The polystyrene (PS) and poly(methyl methacrylate) (PMMA) blocks 

are covalently bonded to each other but are also immiscible to each other. In the 

presence of thermal energy, periodic array results from this repulsion. After the film has 

assembled we cross-link the PS and degrade the PMMA by deep ultraviolet exposure. 

The PMMA block can then be removed by rinsing in acetic acid. We now have a PS 

mask with a periodic array of holes.  

2.3 Order Parameters 
 

The periodic arrays have been analyzed in this effort to determine their order 

parameters. Figure 2.1 shows an example with areaSEM ≈3238.7 × areapore . If for some 

reason there are regions on the substrate where the surface energy is not neutral there 

will be preferential wetting by one of the blocks. First we wish to quantify how many 
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PMMA cylinders are aligned parallel instead of perpendicular to the substrate due to 

this preferential wetting and also the spread in the center to center distance or domain 

spacing between all pores. In order to find the spread in the domain spacing, we use 

triangulation to first identify all the edges between pores. Figure 2.2 shows a histogram 

of all the edges. To quantify the defects in our sample, e.g., the places where we observe 

cylinders parallel instead of perpendicular pores we plot pores which are connected 

(Figure 2.3). Finally we calculate the translational and orientation correlation lengths. 

We observe from the Fourier transform of the micrograph (Figure 2.1 inset) that the 

intensity forms a ring denoting a more isotropic than crystalline ordering. Hence we use 

𝑟) − 𝑟+  as our order parameter for translational correlation. We calculate the distance 

between all pairs of pores, histogram using a bin size of 4 nm and plot the normalized 

distribution as '○' in Figure 4. The order parameter for the orientation correlation is 

𝜓 𝑟 = 𝑒./0(2)  [8]. We calculate for all pairs of pores, 𝜓 𝑟) 𝜓4 𝑟+ 	   , ignoring 

dislocations with five or seven fold vertices and plot it in Figure 2.4 as ' '. Finally to 

determine the translational and orientation correlation lengths we fit the translational 

correlation to 𝐴𝑒72 89: + 𝐶  and the orientation correlation to 𝐴𝑒72 8<: . The 

translational correlation length, ξtr is 52.63nm and the orientation correlation length ξor 

is 113.64nm.  This points to largely a short range order.  

 

The reason the PMMA block may have toppled over could be because it is too thick as 

the influence of the brush decays exponentially normal to the surface or that the brush 

did not anchor properly on the substrate at those points. We observe that with reference 

to the mean distance in Figure 1 the grain size is approximately 5-6 times the domain 
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spacing. The correlation length in BCP films grow with time under annealing due to 

topological defect annihilation at the grain boundaries causing the grain sizes to grow 

according to 𝜉 𝑡 ∝ 𝑡@ , where the growth exponent γ is dependent upon molecular 

mobility [9]. By increasing the annealing time or by using techniques such as chemically 

pre-patterning the substrate, the grain sizes could be extended to several micro-meters, 

it has been argued that this approach reduces the annealing time as well because the 

molecules are oriented locally and do not have to move much [10]. We conclude that 

our BCP film is suitable for fabricating a device which is periodic over a distance of 

approximately 200nm and has a smallest dimension of around 20nm.     

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: SEM picture of self-assembled PS-b-PMMA film, the black dots are the 
removed 36nm PMMA domains and the lighter region is the PS scaffold. The inset is a 
fourier transform of the SEM image indicating short range order. 
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Figure 2.2 Histogram of center to center distance of two PMMA domains with mean 
50.6nm and sigma of 6.8nm calculated by forming Delaunay triangulation and 
averaging over the edge lengths. 
 
 

 

 

 
 
 
 
 
 
 
 
 
Figure 2.3: Histogram of connected pores indicating number of defects in the film 
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Figure 2.4: Plot showing the translation and orientation order parameters, obtained by 
averaging over all pairs of pores. The translation correlation length is 52.63nm and the 
orientation correlation length is 113nm. 
 
The ability of self-assembly to form nanoscale structures beyond lithographic limits at 

low cost is of great interest, however there is a significant trade-off because block 

copolymer lithography is constrained to certain periodic geometries such as shown in 

the figure 2.5. 
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Figure 2.5: Phase transition diagram of diblock copolymers showing morphology as a 
function of florry huggins interaction parameter on the y-axis and volume fraction of 
the different blocks on the x-axis 
 
In terms of the feature sizes, the sizes are bounded from below by the florry huggins 

interaction parameter and bounded from above by the mobility of the polymer chains as 

their molecular weight becomes large. The expression for feature size is given by[11]: 

(2.1)    	  𝐿) ∝ 𝑎)𝑁D/F𝜒+// 

where a0 is the monomer length usually around 0.7nm, N is the degree of polymerization 

and Chi is the florry huggins interaction parameter which depends on the block 

copolymer. We plot the feature size vs molecular weight in the figure 2.6. 
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Figure 2.6: Plot of feature sizes as a function of molecular weight of the block 
copolymer chain 
 

2.4 Overcoming the trade-off between Geometry and Dimensions 
 

One way around the trade-off of restricted geometries is via orthogonal chemistry. 

Usually solvents are divided into polar and non-polar solvents and by tuning the degree 

of polarity we can ensure that both blocks of the block copolymer are miscible in the 

solvent for spin-coating.  However by utilizing the functional group of the solvent in 

this case fluorine we are afforded a third degree of freedom in the form of 

hydroflouroethers (HFE)[12]. Combining hydroflouroethers with photoresists (OSCoR) 

miscible in them allows us to perform subtractive and additive patterning on block 

copolymer films. The process is summarized in the figure 2.7: 
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Figure 2.7: Process flow for orthogonal processing of block copolymers: 1) Deposit first 
block copolymer (BCP1), solvent anneal, crosslink 2) Deposit semi-fluorinated resist 
(OSCoR) on BCP1 3) Expose OSCoR to ultraviolet irradiation (λ=365nm), 4) Develop 
and remove unexposed OSCoR with fluorous solvent, 5) Etch underlying BCP1 with 
O2 plasma to expose SiO2 substrate, 6)  hexamethyldisilazane (HMDS) vapor prime to 
restore OSCoR solubility to previously exposed regions, 7) Spin coat second block 
copolymer (BCP2), 8) Lift off OSCoR, solvent anneal BCP2.[13] 
 

The challenge with this approach is that during the initial experiments a change in 

morphology was observed after removing the photoresist film as shown in the figure 

2.8. 

 

 

 

 

 

 

Figure 2.8: AFM phase image showing change in morphology of PHOST-b-PMMA 
from spherical to cylindrical after exposure to HFE rinse. 
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The origin of this change has to do with the polarity of the HFE solvent which was used 

to remove OSCoR. One way to rationalize this is if block A was more miscible than 

block B in a solvent then the stability of the film will be shifted more in the direction of 

A and the effective volume of A would be increased causing a resulting shift in the 

position in the phase diagram. HFE with different amount of IPA dissolved was used to 

test this hypothesis as shown in figure 2.9. 

Figure 2.9: AFM phase images of PHOST-b-PMMA showing morphology change as a 
function of hydroflouroether polarity. The solvent polarity increases in order from 
HFE7200 to HFE7600 to HFX. 
 
We see that as the solvent gets more polar the morphology of the block copolymer film 

changes from cylindrical to spherical. In order to overcome this we reduced the amount 

of cross-linking of the photoresist by reducing the exposure dose so that it could be 

removed by a less polar solvent while simultaneously increasing the polarity of the 

developer essentially shifting the contrast curve. Another issue observed was that the 

30s	  HFX	  and	  HFE7200	  1:1	  (wt)	   30s	  HFX

HFE	  7200	  (1:1	  wt) 30s	  HFX	  and	  HFE	  7600	  (1:2	  wt)	  	  
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photoresist was not soluble in HFE after processing, however this issue was resolved by 

performing a HMDS vapor prime and the final results are shown in the figure 2.10. 

 

 

Figure 2.10: The upper figure is the cleaved wafer showing two regions due to the 
different dielectric constant of the two block copolymer films. The bottom left and right 
figures are AFM phase images of the corresponding regions with cylindrical 
morphology for the blue region and spherical morphology for the grey region. 
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CHAPTER 3 

GRAPHENE PROPERTIES 

3.1 Electrical Properties 
	  
We first discuss the electrical properties of graphene which is approximated using the 

tight binding technique. The assumption in tight binding is that the electrons are tightly 

bounded to the nucleus. Further it does not take into account electron electron 

interactions. Its advantage is that in semiconductors it is useful for constructing 

analytical models by extracting the overlap integrals from a much more expensive 

density functional theory calculation. Here we summarize the tight binding approach 

applied to graphene.[14] 

 

Graphene is a 2d sheet of carbon atoms arranged in a honeycomb lattice. The crystal 

structure of graphene is a honeycomb bravais lattice with a 2 atom basis. The valence 

electrons of carbon are 2s22px
12py

1. In order to form a bond with its 3 nearest neighbours 

the s-orbital electron is first promoted to the pz orbital so we now have 2s12px
12py

12pz
1. 

Next hybridization of the 2s and 2 2p electrons result in 3 sp2 hybrid orbitals. Due to 

electrostatic repulsion between each other and out of plane repulsion by the remaining 

2pz orbital, these orbitals are separated 120 degrees apart in plane. The sp2 hybridized 

orbitals form sigma bonds to 3 neighbouring carbon atoms. An observation here is that 

since the sigma bonds are held in plane between two carbon atoms they are localized. 

The remaining pz orbital is overlapped with the pz orbitals of 3 other carbon atoms so it 

is delocalized. Hence these pz orbitals are responsible for the electrical conductivity of 

graphene. 
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Quantitatively we can minimize the coefficients of the final wavefunction wrt to energy 

to solve for the dispersion relation in graphene. We start with the real space basis vectors 

for the bravais lattice wrt to origin as: 

(3.1)    	  𝑎+ = 𝑎 F
D
𝑥 + +

D
𝑦 	  

(3.2)    	  𝑎D = 𝑎 F
D
𝑥 − +

D
𝑦  

 

where a is 2.46 Angstrom. Next we describe the hybridized orbitals: 
 

(3.3)  	  𝜑+ 𝑟 ≥ +
F
𝜙DM 𝑟 > + +

/
𝜙DOP 𝑟 > + +

D
|𝜙DOR 𝑟 > 

(3.4)  𝜑D 𝑟 ≥ +
F
𝜙DM 𝑟 > + +

/
𝜙DOP 𝑟 > − +

D
|𝜙DOR 𝑟 > 

(3.5)   𝜑F 𝑟 >= +
F
𝜙DM 𝑟 > − 2/3 𝜙DOP 𝑟 > 

The coefficients are obtained by the s-orbital being equally distributed, px and py both 

contribute by the proportion of their angular projections in plane which is cos(30) for 

the py orbital and sin(30) for the px orbital and then normalizing the sum to 1.  

 

Now define the basis vectors for the graphene atoms wrt to the bravais lattice as  

(3.6)     	  𝑑+ = − V
D F

𝑥	  

(3.7)     	  𝑑D =
V
D F

𝑥	  

and the nearest neighbours as 



 
	  

18 

(3.8)     	  𝑛+ =
V
F
𝑥	  

(3.9)    	  𝑛D =
V
F
− +
D
𝑥 + F

D
𝑦 	  

(3.10)    	  𝑛F =
V
F
− +
D
𝑥 − F

D
𝑦 	  

Applying Bloch’s theorem we write the trial wavefunction to the Schrodinger equation 
as 
 

(3.11) 	  𝜓X 𝑟 = YZ[\]

&^ 𝐶O_' 𝑘 𝑒.X`a𝜙O_' 𝑟 − 𝑅^ − 𝑑+ + 𝐶O_c(𝑘)𝑒.X`d𝜙O_c(𝑟 −
𝑅^ − 𝑑D)  
 
Substituting this into the schrodinger equation and making nearest neighbor 

approximation, we obtain  

(3.12) 	  𝐸O𝐶O_' 𝑘 − 𝐶O_c 𝑘 𝑉OOg 𝑒.Xha + 𝑒.Xhd + 𝑒.Xhi = 𝐸 𝑘 𝐶O_' 𝑘  

(3.13) 𝐸O𝐶O_c 𝑘 − 𝐶O_' 𝑘 𝑉OOg 𝑒.Xha + 𝑒.Xhd + 𝑒.Xhi = E 𝑘 𝐶O_c 𝑘 	  
	  

Finally we can solve for E(k) to get 

(3.14)  	  𝐸 𝑘 = 𝐸O ±	  𝑉OOg(𝑒.Xha + 𝑒.Xhd + 𝑒.Xhi) 

Now if we modify the previous two equations to include the overlap integral matrices 

then we obtain 

(3.15) 	  𝐸O𝐶O_' 𝑘 − 𝐶O_c 𝑘 𝑉OOg 𝑒.Xha + 𝑒.Xhd + 𝑒.Xhi = 𝐸 𝑘 𝐶O_' 𝑘 [1 −

𝑠 𝑒.Xha + 𝑒.Xhd + 𝑒.Xhi ] 

(3.16) 𝐸O𝐶O_' 𝑘 − 𝐶O_c 𝑘 𝑉OOg 𝑒.Xha + 𝑒.Xhd + 𝑒.Xhi = 𝐸 𝑘 𝐶O_' 𝑘 [1 −
𝑠 𝑒.Xha + 𝑒.Xhd + 𝑒.Xhi ]	  
 

We plot the resulting E(k) diagram in figure 3.1. 
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Figure 3.1: Electron dispersion in graphene assuming nearest neighbor tight binding 
 

3.2 Mechanical Properties 
	  
Now we describe the phonon dispersion of graphene[15]. We apply Hooke’s law and 

take the 5 nearest neighbours, these neighbours can be found by plotting a circle with 

different radii around the A and B carbon atoms.  Further we assume small 

displacements around the equilibrium positions because we taylor expand around the 

potential energy minima up to second order terms. We expect six phonon branches since 

there are two atoms per unit cell in graphene and each atom has three degrees of 

freedom: three acoustic branches and three optical branches. In the acoustic branches 

the A and B atoms move in phase while in the optical branches the A and B atoms move 
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out of phase. The high thermal conductivity of graphene comes from the out of plane 

acoustic branch and is reduced on substrates due to scattering.  

3.3 Wetting properties 
 

Finally we discuss the wetting and surface energy of graphene[16]. This topic is often 

neglected but plays an important role in the electrical properties in terms of contact 

resistance and dielectric gating. Fowkes first investigated this issue using Ceylon 

graphite from Sri Lanka. Metal graphene interface is usually modeled using DFT 

approaches because the classical electrostatic band alignment approach does not take 

into account the bonding which may range from weak van der waals to strong bonds. 

Furthermore in graphene it has been observed that most of the charge injection happens 

at the edges and not in the bulk of the contact[17]. Secondly wetting of graphene by 

other materials such as dielectrics and water are important. There have been studies 

indicating that graphene is hydrophobic due to exposure in air and that graphene is 

hydrophilic because there is a pi-hydrogen bond, surface defects in graphene and partial 

wetting transparency. Since copper and oxide are both hydrophilic, graphene on these 

materials should be hydrophilic as well. 

 
In general graphene is not suitable for conventional electronics because despite its high 

mobility it has very low carrier density hence the RC time constant of electronics based 

on graphene will be higher than silicon.  

 

3.4 Processing of Graphene 
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Graphene can be produced by exfoliation, CVD growth or epitaxial growth. In graphene 

exfoliation a piece of graphite typically HOPG Graphite or Kish graphite. We have 

found that it is much easier to exfoliate Kish graphite than HOPG graphite this could be 

because HOPG is mostly bernal stacked and Kish is not. Furthermore since Kish is a 

byproduct of steelmaking it contains more impurities and is not suitable for spin devices. 

For our purposes we have mainly used Kish graphite and a scotch tape. The technique 

is described next. 

3.4.1 Graphene Exfoliation 
 

First a small flake of Kish graphite is put on one end of a scotch tape secured face up 

on a table. Another piece of tape is then brought on contact with the graphite and shifted 

perpendicular to the tape so that a row of flakes is obtained on one edge of the tape. In 

the next step the tape is shifted parallel to the tape and the row is repeatedly exfoliated 

and stamped until the whole strip is populated. We repeat this around 20 times using a 

new piece of tape each time to thin down the graphene flakes.  

 
The final piece of tape is then applied to a wafer coated with 90nm or 300nm of SiO2. 

However depending on the project other dielectrics may be used and the thickness of 

the dielectric needs to be calculated to maximize the contrast. The calculation is based 

on interference between the graphene film and the oxide film. A plot of the contrast vs 

wavelength is shown below. 

 

After applying the tape to the wafer, the back of a pen is used to gently rub the surface 

of the tape for a minute to loosen the single layer onto the substrate and let it adhere to 
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the substrate. Finally the tape is lifted up from the substrate at a very small angle to 

ensure that it does not break the flake and maximize the size of the transferred flake. 

Next using an optical microscope the positions of the flakes are recorded and raman 

spectroscopy is used to determine the number of layers of graphene. 

 
 

Figure 3.2: Visible contrast of graphene on SiO2 computed assuming graphene has 
permittivity of 3.1 and thickness of 0.84nm. Graphene gives a higher contrast at certain 
thicknesses due to interference in the reflected light.[18] 

3.4.2 CVD Graphene 
 
CVD graphene is obtained by surface absorption of methane on copper or nickel and 

nucleating a growth site. In our work we use copper because the solubility of carbon in 

copper is lower than in nickel allowing us to obtain single layer graphene[19]. Chemical 

vapor deposition is dependent on the cleanliness of the copper and the growth tube as 

well as the methane and hydrogen. In the past copper foils have been purchased from 
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Alfa Aesar and Nilaco. First the copper foils are cleaned in acetone followed by IPA 

followed by water and then acetic acid and rinsed in water followed by IPA and dried 

to remove the native oxide on copper. The acetic acid step should be at least 10 minutes 

to ensure that the native oxide is removed.  

 

Next the copper foil is transferred into a quartz tube and then annealed in hydrogen at 

1000C at 10-6 torr for an hour to further remove any contaminants. The temperature 

depends on the activation energy for the graphene growth and ranges from 700C to 

1100C which is close to the melting point of copper. A low vacuum pressure is 

important to ensure reduced number of contaminants, here the choice of a dry pump is 

necessary further since copper condenses on the pump during growth, it has a finite 

lifetime. The insulator for the heater is carcinogenic hence it would be helpful to be 

efficient in the number of growths per period. Now methane and hydrogen are flowed 

into the chamber at a ratio 100:1 sccm for larger grain growth and 36:2 sccm for smaller 

grain growth. During growth methane is first adsorbed on the copper surface and then 

dehydrogenation of methane occurs followed by diffusion of the carbon along the 

copper surface and finally the carbon is added to the graphene. In order to further slow 

down the growth and number of nucleation sites, the copper foil may be wrapped in 

another copper foil. The grain size of the graphene depends heavily on the number of 

nucleation sites which itself depends heavily on defects and impurities on the copper 

surface. Also at each nucleation site the graphene tends to be more than single layer e.g. 

bilayer or trilayer, hence a complete single layer growth is not possible. There is little 

literature on this issue except to minimize the number of sites but one explanation could 
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be that graphene solubility and surface energy at the nucleation sites promote growth of 

bilayer or trilayer graphene due to the presence of impurity or defects. 

 
During the course of this work there were several contamination issues. The Dresselhaus 

group at MIT has examined contaminants on copper using energy dispersive x-ray 

spectroscopy (EDX) and Auger spectroscopy (AES) and determined that the cause of 

contamination are metal particules such as Si, Ca, Pt, Ru.  The size of the particles range 

from nm to um and their density is typically on the order of 10um-2. In the case of copper 

contamination, electropolishing of copper was attempted however this necessitated 

finding the IV region where uniform polishing and not deposition occurs in an 

electrochemical cell. An alternative is to grow the copper expitaxially by sputtering 

copper onto a 111 sapphire wafer and then electroplating up to the required thickness 

which is 0.025mm. In this second case there is a careful interplay between being able to 

peel the copper off the sapphire wafer and making sure the copper adheres to the wafer 

during electroplating. For the case of chamber contamination, one route is to perform a 

growth on the tube itself. This coats the tube with carbon and reduces the evaporation 

of material from the tube onto the copper foil. 

 
Next we discuss graphene transfer. Before transfer the graphene has to be uniformly 

grown, if it is partially grown all the transfer techniques described here will have a much 

lower yield, around one in ten at best. In the wet transfer process, a layer of pmma is 

spun onto the graphene copper stack. In the next step the copper on the back of the 

graphene is etched away in plasma. The thickness of the pmma spun is as thin as possible 

to ensure easier removal but thick enough to not break up from the surface tension in 
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water and also able to protect the graphene from any leakage in plasma. Exposing pmma 

to plasma makes it harder to remove so nn alternative is to use a kitchen scrub and 

scratch the graphene off the back of the foil so that it can be etched in this way graphene 

is not exposed to plasma.  

 

The graphene is then etched in iron chloride FeCl3 or ammonium persulfate NH3PO4 

etchant. The etching mechanism of copper due to iron chloride is via reaction but 

persulfate etches via oxidation. Iron residue is a big cause of uncontrollable doping and 

impurity scattering after the copper etch partly because it diffuses into the pmma. 

Ammonium persulfate oxidizes the pmma as well making it harder to remove. In order 

to overcome this coating graphene with a layer of Au can be done before spin coating 

pmma. The Au can be removed using Au etch which does not contaminate graphene as 

much. In case persulfate is unavailable, a dilute RCA clean can remove the iron 

contaminants from iron chloride etchant. 

3.4.3 Graphene Dry Transfer 
 
For our work, we pursued a dry transfer technique which is much cleaner but also much 

less reproducible and there is an interplay between the graphene grown (e.g. grain size 

and coverage) and how successful the transfer is. The transfer hinges on the surface 

energy of graphene and the substrate. A graphene/pmma/pdms/glass slide is created and 

the stamp is pushed onto an oxide surface. If the van der waals force between the 

graphene and oxide is higher than the van der waals force between the pmma and pdms 

then the pdms will detach leaving behind graphene on the oxide surface with no trapped 

contaminants in between. After the stack is stamped onto the surface, it is placed on a 
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hotplate and then a tweezer is used to peel off the pdms. The reproducibility issue arises 

because we have poor control of the oxide and graphene surface energies. Further the 

graphene is not flat, the pmma retains some memory of the copper grains and folds, 

which is why the oven is necessary for relaxing the pmma on the substrate. Iron chloride 

etchant is used to etch copper for this transfer since persulfate oxidizes the pmma. One 

can usually obtain continuous graphene pieces ten times larger than exfoliated graphene 

around 100um2 using this technique and not continuous pieces around a centimeter in 

size. We summarize the dry transfer process in figure 3.3 and show some results in 

figure 3.4 

Figure 3.3: Summary of dry transfer process flow, from left to right; After spinning 
PMMA and attaching to PDMS/slide, after copper etching, applying the film stack on 
the substrate, after heating and removing the PDMS/slide 
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Figure 3.4: Graphene after dry transfer. The tears follow the grain boundaries of the 
copper which are raised, other tears come from the rippling in graphene film. The scale 
bar is calibrated using the focus plane of the microscope. 
 
After the graphene is transferred to substrate, we perform raman spectroscopy on the 

graphene to determine the whether there are significant defects and also whether it is 

single layer. We excite the sample with a 488nm laser and then filter out the reflected 

laser line using a notch filter and the remaining reflected light is sent to a grating which 

resolves the reflection angle of the light based on wavelength and sends it to a 

thermoelectrically cooled CCD detector. The wavelength of the photons arriving at the 

CCD is a nonlinear function of pixel location. To compensate for this the grating is 

motorized and a slit is put in front of the CCD so our spectrum is obtained by scanning 

over the wavelengths.  A typical raman spectrum of CVD graphene on SiO2 substrate at 

room temperature we obtain is shown in figure 3.5: 
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Figure 3.5: Raman scattering in the graphene film by shining 488nm laser on a 
transferred film through an objective. The small ratio between 2D peak at 2570cm-1 and 
G peak at 1580cm-1 indicates a high doping. The D peak at 1350cm-1 indicates that the 
sheet has defects likely due to the doping process since it intercalates the graphene. 
 
We will mention the features that are relevant to determine the quality and doping of 

the graphene sheet[20]. The G-peak at 1580cm-1 corresponds to the high frequency E2g 

phonon at the Gamma point, the D-peak at 1350cm-1 comes from TO phonons around 

the K point and requires a defect to activate. The 2D peak at 2690cm-1 arises from the 

D band overtone consisting of two phonons of opposite wave vector. The amount of 

defects in the graphene can be estimated by the intensity of the D peak while the amount 

of doping can be determined by the shift and intensity of the G-peak. During our work 

we discovered that the doping need not be from charged species to cause a shift in the 

G-peak, this is important for using raman spectrum to determine doping. 

3.4 Graphene FETs 
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In contrast to raman spectroscopy electrical characterization is a direct but destructive 

measurement of the electrical properties of graphene. Temperature dependent field 

effect measurements were performed on CVD graphene using a polymer gate NFC 

1400-3CP (JSR Micro, Inc.)[21]. We first perform a wet transfer as described 

previously, then spun the polymer on to the graphene. A lift-off is performed the form 

contacts to the graphene sheet and finally we apply a gate dielectric consisting of the 

NFC polymer and the hafnium oxide.   

 

Figure 3.6: Summary of process to fabricate a top gate on graphene. First a layer of NFC 
polymer is spun on graphene which serves as a precursor attachment site for ALD 
Hafnium Oxide 
 
We show a typical device characteristic in figure 3.7: 
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Figure 3.7: Drain current from sweeping the top gate of a graphene FET. The device is 
almost intrinsic since the minima is located near 0V   
 
The device is fit to the equation 3.17[22] 

(3.17)    	  𝑅p = 𝑅q +
rs

tYuvw hxdyhd
 

where Rs is the contact resistance, n is the modulated carrier concentration and n0 is the 

residual carrier concentration. For this device the extracted contact resistance was 

31.8kΩ, the mobility was 3052 cm2/Vs and the doping was 9×105 m-2. We also plot the 

distribution of the other devices on the chip in figure 3.8 showing that most of the 

devices have a mobility around 1000 cm2/Vs and that graphene devices show a very 

large variation due to their large surface area compared to conventional devices where 

the bulk dominates. 
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Figure 3.8: The mobility of all the devices on a single die from a 1inch by 1inch 
graphene sheet, devices which do not show any modulation are excluded. Most devices 
show mobility less than 1000cm-1 with 1 device showing mobility greater than 3000cm-
1. These statistics are representative of our samples. 
 
During electrical measurements of graphene devices there is always the presence of 

hysteresis even below 100K indicating that the hysteresis is not due to the presence of 

water. The hysteresis originates from the schottky contacts and also trapped charge in 

the region underneath the gate from adsorbed contaminants. Note that the hysteresis can 

be made to “disappear” by increasing the wait time during the measurement to a few 

RC constants of the largest capacitance in the circuit. Also the IV characteristic will 

appear steeper and result in a higher extracted mobility. Hence unusually high values of 

mobility reported in literature should be taken with a grain of salt. Another issue is the 

extracted mobility is heavily dependent on the thickness of the gate oxide and for 

graphene this is usually evaporated oxide since it is difficult to nucleate any sort of 
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dielectric on graphene as all the available bonds are saturated. Values of gate dielectric 

thickness read off the evaporator for example will give a different thickness than an 

ellipsometric measurement with fit of the dielectric constant using a Cauchy or Selmeier 

model. Our reported values here use a wait time of nanoseconds and an averaging time 

of microseconds. Some values reported in literature have used the steepest slope to 

extract mobility which is not accurate since the slope is nonlinear. 

In our measurements we used a top gate, however using a back gate is also possible. In 

the event of using a back gate, careful oxide growth needs to be undertaken. During our 

oxide growth, we observed that there was a micro masking effect and after stripping the 

oxide and performing AFM measurements we see pits. The origin of the micro-masking 

is not clear as it is independent of the furnace tube used and the wafer source. A 

precaution with respect to the wafer box is to remove the wafers and store them in the 

blue Teflon containers as soon as the box is opened because outgassing from the boxes 

could be a potential source. Also annealing the furnace tubes before growth is another 

precaution. Growing oxide at a lower temperature if possible would also help as it is 

possible that the high temperatures together with the HCL gasses corrode the pipes 

causing material to be deposited on the wafers. Finally the choice of wafer doping helps 

to ensure the dopants do not diffuse into the oxide causing a reduction in breakdown 

voltage and the thickness helps to prevent probe from breaking the oxide during 

measurement and shorting out the substrate. 

3.5 FTIR spectroscopy of graphene 
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Fourier transform infra red spectroscopy is used to study IR active compounds meaning 

compounds that can have an excited dipole and/or phonon modes that are IR active. 

Whether a phonon mode is ir-active or not is determined by the space group of its 

crystal, our current understanding is that graphene phonons are not ir-active. In order to 

study plasmons, ftir is useful to have because it allows access to IR wavelengths and the 

free space radiation couples into confined plasmons which are IR active.  

 

An FTIR consists of a light source, a Michelson interferometer and a detector. The light 

source is usually a globar that is cooled during idle time to increase its lifetime. A 

Michelson interferometer takes light from a source and splits it into two arms, one static 

and one movable then by recombining them with an optical path difference. An 

interferogram is the intensity at the detector plotted against this path difference and the 

spectrum is the fourier transform of the interferogram. The resolution of the scan is 

determined by the maximum travel of the mirror in the movable arm. The range of the 

spectrum is determined by the step size of the travel. Since graphene has a 2% 

absorption it is necessary to average over several scans and also the drude peak is close 

to the the water absorption peaks for 1um sized features, it is important to purge the 

chamber thoroughly. In the event drift is negligible we would perform few averages of 

long scans. The sources of error in the FTIR come from drift due to the light source and 

also from the travel motor especially for long measurements so we perform many 

averages of short scans. In order to setup a measurement we need to select an optical 

velocity and gain. The optical velocity is twice the mirror velocity or the speed of travel 

and the gain sets the amplification of the detector signal. Lastly, it is difficult to 
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determine a priori the position of the drude peak, hence we need to scan over a broad 

range of wavelengths. We use a nitrogen cooled MCT photodetector with a KBr 

beamsplitter for mid-ir measurements from 370-7800cm-1 and a silicon bolometer for 

far-ir measurements. Below we show a scan of a dry transfer sample as a function of 

temperature. 

Figure 3.9: Absorption spectra of graphene in the far IR showing drude peak at 3 
different temperatures. Due to the dry transfer there is no water trapped under the 
graphene which provides a route to temperature dependent measurements 
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CHAPTER 4 
 

GRAPHENE PLASMONS IN THE FAR-IR 
 
4.1 Introduction 

Plasmons are collective charge oscillations, which have applications in enhancing 

existing technologies by confining light to very small volumes. Examples of potential 

applications of plasmons being investigated are in increasing the efficiency of thin film 

photovoltaics by light trapping, reducing the write and read current of non-volatile 

memories by heating and for biological and chemical sensing by surface 

functionalization. In the past plasmons have been investigated in metals because the 

carrier density is high, however the damping time is small. Here we investigate 

plasmons in graphene because of its high mobility and the ability to tune the plasmon 

resonances by tuning the Fermi level.   

 

We first describe the optical absorption in graphene. In intrinsic graphene the optical 

absorption is due to interband transitions and from a golden rule view, since the 

frequency and the Fermi velocity cancel out in the product of the transition matrix 

element, the density of states and the photon energy, the absorption is independent of 

frequency. Hence designing a graphene spectral imager based on photoelectric response 

is challenging despite its ability to access difficult parts of the spectrum. In hole doped 

graphene, interband transitions below twice the fermi level are forbidden and this leads 

to a decrease in higher energy interband absorption and an increase in lower energy 

intraband absorption. 
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Quantitatively, we can describe the plasmon dispersion using the lindhard formula and 

integrate it over the first brillouin zone numerically. A plot of the plasmon dispersion is 

given below 

 

Figure 4.1: Plasmon dispersion relation in graphene for different carrier densities at 
300K [23] 
 
If we design a plasmon resonator with frequency corresponding to wave number k, and 

this model is correct, we would expect to measure a point on this plasmon dispersion 

curve with frequency ω.  

4.2 Device Fabrication 

To investigate this, we first designed a gated structure of varying strip sizes so that we 

could adjust the Fermi level while performing the measurement. We explored several 
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options to gate the device, however gating the device proved challenging because a 

doped substrate was not transparent in the IR region, neither was a top gate with metal 

thicker than a few nm considering our absorption of 2%. Secondly, we needed the strips 

to have a high aspect ratio because the beam spot was millimeters and the strips were 

microns in length. The key here was leveling a quarter wafer in the stepper to obtain the 

focus we needed. We experimented with top gating, however the evaporated oxide even 

when covered in atomic layer deposited oxide was always leaky since just a few 

pinholes over a mm sized region was enough to short the device contacts to the gate. An 

alternative is to use an ion-gel[24]. Ion-gel gates work by inducing a dipole directly on 

to the graphene sheet with a contact that can be placed away from the sample. By 

ensuring that the IR active features of the ion-gel are far away from the drude peak, ion-

gel gating can be used to tune the Fermi level. 

 

An alternative solution is to dope the graphene chemically[25]. Here after the graphene 

is patterned and etched we dip the sample into nitric acid. The limitations are a reduced 

mobility. We also found that since graphene is hydrophobic either due to pmma residue 

and/or since its surface is non-polar it was difficult to wet the graphene with the nitric 

acid. Hence several samples had to be produced to ensure the graphene was doped. If 

graphene is not immersed long enough the graphene is undoped but if it is left too long, 

the nitric acid intercalates the graphene and causes tears and cracks on the strips. The 

concentration of the nitric acid determines the amount of doping for the graphene. By 

varying the nitric acid concentration and immersion period, we found that a time of 30 

seconds and nitric acid concentration of 30% works best. We fabricated arrays of 
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graphene strips with widths of 0.75, 1, 2 and 3µm on a high resistivity wafer (>10kΩ 

cm) with 300nm of thermally grown oxide as shown in the figure 4.1. The pitch of the 

strips was chosen as twice the width. The doping of the strips was estimated to be 4.5-

5.0 × 1012 cm-2 by raman measurement of the G peak. A microscope image of the device 

is shown in the figure 4.2. 

Figure 4.2: (a) cross section of the device. (b) microscope image of top view of device 
consisting of high aspect ration 0.75, 1, 2, 3 µm strips. The purple areas in the inset are 
SiO2 and the blue areas are graphene due to photoresist residue on them. 
 
Plasmon resonances of arrays of graphene strips were measured at room temperature 

using Fourier-transform infrared spectroscopy (FTIR). We plot the transmission 

spectrum in the figure 4.3. For incident radiation of parallel orientation we see the drude-

like frequency dependence,  
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Figure 4.3: (Solid) Measured transmission of radiation polarized (a) perpendicular and 
(b) parallel to graphene strips is plotted for four different strip widths W= 0.75, 1, 2, and 
3µm.  For all devices, the spacing S between strips is equal to the width. A bare SiO2/Si 
substrate is used as reference.  (Dots) FDTD simulation fits to the measured results.  
Extracted resonance frequencies are 226, 197, 135, and 112 cm-1 
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The transmission of incident radiation polarized parallel to the strips decreases 

monotonically at long wavelengths, showing the expected Drude-like frequency 

dependence. At DC the electrons move in phase with the electric field and as the 

frequency is increased they slowly move out of phase until they become transparent to 

the electric field. There is no dependence on the strip width. Transmission spectra of 

incident radiation polarized perpendicular to the strips show plasmon resonances. When 

the frequency of incident radiation matches the cavity mode we see a maxima in 

absorption. The asymmetry in the peak is due to the fact that at low frequencies the 

cavity dimensions limit the plasmon oscillations and at high frequencies the oscillations 

are limited by the carrier mobility. This can be seen from the trend of the asymmetry 

getting less as the cavity size decreases. 

4.3 Drude Model of Graphene Plasmons 

The measured spectra can be described using a damped harmonic oscillator model[26], 

(4.1)   	   pz({)
p:|}({)

= 1 + ~x��({�))
+yh���

.{/�
{d7�{�dy.{/�

7D
 

Where η0 is the free space impedance σ0 is the dc conductivity of bulk graphene, f is the 

fill factor of the strips, nsub is the refractive index of the substrate, τ is the Drude 

scattering time, ωp is the plasmon frequency and ε = 0 for incident radiation polarized 

parallel or 1 for incident radiation polarized perpendicular to the strips. According to 

the graphene plasmon dispersion described previously, the bulk plasmon frequency for 

small wave vectors is given by the expression[27] 

(4.2)    	  𝜔O 𝑞 = �({�))�
D�����
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where q is the magnitude of the plasmon wave vector and εavg is the average dielectric 

constant surrounding the graphene sheet. Using q = π/W, we find that the equation for 

bulk plasmon frequency significantly overestimates the plasmon frequencies compared 

to the experimental values. For example using the previous equation to fit the 

transmission spectra of W = 1µm arrays for parallel polarizations (ε=0), we find that the 

average value of σ(ω=0) and τ to be 0.95 mS and 31.5 fs respectively. Equation 4.2 then 

gives a plasmon frequency of ≈245 cm-1 which is significantly higher than the plasmon 

frequency of ≈197 cm-1. Such a large error suggests that better models are needed to 

understand confined plasmon modes in patterned graphene structures. 

We first present an analytic technique that captures the essential phsyics of the problem 

and results in an eigenvalue equation for the plasmon modes. Assuming a Drude-like 

frequency dependence of the graphene conductivity[28], we start with the time 

derivative of the equation for the current density 𝐾, 

(4.3)   	  �
d�
��d

+ +
�
��
��
= � {�)

�
�
��

𝐸.h� + 𝐸`  

Here 𝐸.h� is the incident electric field and 𝐸` is the depolarization field that results from 

the plasmon charge density. Only field components in the plane of the graphene sheet 

are included in the equation. Physically the incident electric field induces a 

depolarization field in the graphene and we want to relate the depolarization field to the 

sheet current density. The derivation here expands on the derivation in the paper. 

Starting with the expression for electrostatic potential due to the charges in graphene, 

(4.4)    	  𝜙 𝑟, 𝑡 = 𝑑F𝑟4 �(2�,�)
�g� 2724
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where ρ is the charge density and ε is the average dielectric permittivity of the dielectric 

surrounding the graphene sheet. We define the depolarization field as 𝐸` 𝑟, 𝑡 =

−∇𝜙 𝑟, 𝑡 . So taking the gradient with respect to r of equation and substituting it into 

Ed we have 

(4.5)    𝐸`(𝑟, 𝑡) =
`i24
�g�

M
M i
𝜌(𝑟4, 𝑡) 

Here the separation vector 𝑠 = 𝑟 − 𝑟′. By charge continuity equation, 

(4.6)    ∇24 ∙ 𝐾 𝑟4, 𝑡 = − ��(2�,�)
��

 

The charge in the graphene sheet can be related to the sheet current, we take the 

derivative of equation wrt time and substitute it into equation to obtain 

(4.7)    
���(2,�)

��
= − `d24

�g�
M
M i
∇24 ∙ 𝐾(𝑟4, 𝑡) 

Integrating by parts we get 

(4.8)    
���(2,�)

��
= `d24

�g�
𝐾(𝑟4, 𝑡) ∙ ∇24

M
M i

 

The additional term goes to zero because at 𝑠 = ∞ it goes to 0. We can then simplify 

the expression above into 

(4.9)   
���(2,�)

��
= − `d24

�g�
+
M i

𝕝 − FM⨂M
M d

∙ 𝐾(𝑟, 𝑡) 

where Ι is the identity matrix and ⨂  is the tensor product. Letting the tensor be 

𝑓 𝑟 − 𝑟4 = Ι − FM⨂M
£ d

/ 𝑠 F , the depolarization field can be related to the current 

density by  

(4.10)   
���(2,�)

��
= 7+

�g����
𝑑D𝑟4𝑓(𝑟 − 𝑟4) ∙ 𝐾(𝑟, 𝑡) 
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𝑓(𝑟 − 𝑟′) is related to the Green’s function that relates the field to the polarization 

density and can be computed for more complicated geometries than considered in this 

work. We see that if 𝜎(𝜔 = 0)/𝜏 ���
��

= −𝜔OD𝐾, then in the absence of  

Einc and dissipation, the current density will oscillate at the frequency 𝜔O. Comparing 

with equation it follows that the current density associated with the plasmon mode 

satisfies the following eigenvalue equation, 

(4.11)   
�(2,{�))
�g�����

𝑑D𝑟4𝑓(𝑟 − 𝑟′) ∙ 𝐾(𝑟′) = 𝜔OD𝐾(𝑟) 

The above equation can be solved for the current densities 𝐾^and the frequencies 𝜔O^ 

associated with the plasmon modes in any graphene structure. The modes satisfy the 

orthogonality condition, 

(4.12)   𝑑D𝑟𝐾^ 𝑟 ∙ 𝐾O 𝑟 /𝜎(𝑟, 𝜔 = 0) ∝ 𝛿^O  

For the case of bulk plasmons, equation reproduces the result of equation. Solving the 

eigenvalue equation numerically for the case of a single infinitely long graphene strip, 

we obtain the following result for the frequency of the two lowest plasmon modes, 

(4.13)    𝜔O) ≈
� {�) +.+ª/
�����t

 

(4.14)    𝜔O+ ≈
� {�) D.«ª+
�����t

 

The computed current and charge densities for the two lowest two plasmon modes are 

shown in figure 4.4 
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Figure 4.4: The  computed  charge  densities  for  the lowest plasmon mode in an isolated 
graphene strip (S/W>>1) and in an array of strips with S/W= 0.25 are plotted.  The 
charge densities were computed using FDTD (S/W>>1 and S/W= 0.25) and the 
eigenvalue equation (Eq.4.11) (S/W>>1). 
 
Although all even plasmon modes (0,2,4,…) will couple with normally incident 

radiation, only the lowest plasmon mode will couple appreciably. The scaling of the 

plasmon frequency with 1/ 𝑊 is in perfect agreement with our data. For the case W = 

1 µm, using equation and the extracted values of 𝜎(𝜔 = 0) and τ, ωp0 is ≈211 cm-1. 

The eigenvalue equation more accurately models the plasma resonance than Equation 

with q = π/W but it still overestimates the measured resonance frequency by ≈ 6.5%. 

We next address the possible origins of this discrepancy. 

Interactions among plasmon modes in neighboring strips can be included by solving 

equation using 𝜎(𝑟, 𝜔 = 0) appropriate for an array of graphene strips. Interactions lift 
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the degeneracy among strips and result in a band of plasmon modes that are the 

supermodes of the array. The computed current density for the lowest five modes of an 

array containing nine strips is shown in figure. Only the lowest supermode couples 

appreciably to the normally incident radiation, and it is the frequency of this supermode 

that is measured in our transmission experiments. Unfortunately the matrix eigenvalue 

equation obtained from equation is not sparse so obtaining solutions for large arrays is 

computationally prohibitive. Starting from the lowest plasmon mode of a single strip, 

the perturbation technique can be used to obtain an expression for the frequency ωp(n,N) 

and the current density 𝐾(𝑛,𝑁)(𝑟) of the nth supermode (n=0……N-1) of an N-strip 

array, 

(4.15)   𝜔OD 𝑛, 𝑁 ≈ 𝜔O)D 1 − 2∆+𝑐𝑜𝑠 𝜋 hy+
&y+

 

(4.16)  𝐾(𝑛,𝑁)(𝑟) ≈ 𝐾) 𝑟 − 𝑗 𝑆 +𝑊 𝑥 𝑠𝑖𝑛 𝜋𝑗 hy+
&y+

&
´�+  

where Δ1 is the first-nearest-neighbour interaction parameter. Including second-nearest-

neighbour interactions, 𝜔OD 0,∞ = 𝜔O)D (1 − 2∆+ − 2∆D). Where Δ1 and Δ2 are given 

by the expression 

(4.17)   ∆0= − `d2 `d2��x(2)∙�(272�)∙�x(2�70(qyt)P)
`d2 `d24�x(2)∙�(2724)∙�x(24)
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Figure 4.5: The frequencies of the lowest plasmon supermode 𝜔p(0,∞) of an infinite 
graphene strip array calculated using perturbation theory and FDTD are plotted as a 
function of the ratio S/W. 
 
Figure 4.5 shows the calculated values of 𝜔OD(0, 𝜔) as a function of strip spacing S 

assuming first and second nearest neighbor interactions. The plasmon frequency is 

reduced as a result of the interactions among neighbouring strips. For S = W = 1 µm, 

the values of Δ1 and Δ2 are 0.035 and 0.009 respectively, resulting in a ≈ 4.5% decrease 

in the value of 𝜔O(0,∞) compared to ωp0. In this case, 𝜔O(0,∞) is approximately 202 

cm-1, which is closer to the measured 197 cm-1 than ωp0 alone. These results suggest that 

interactions cannot be ignored between nearby graphene plasmonic structures.  
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The eigenvalue equation does not include retardation effects which could be important 

for large arrays since the field wavelength would be comparable to the length of the 

resonator and it is possible for the sheet charge to change over one period. It also does 

not account for the discontinuity in the field at the oxide/silicon interface (screening by 

the silicon substrate). A technique is needed that incorporates these effects, can be used 

to determine the accuracy of equation and can also compute the spectra more accurately 

than equation. For example equation predicts 𝑇8�) 𝜔 = 0 = 𝑇8�+(𝜔 = 𝜔O), but the 

measured values in figure differ by ≈ 1.5%. The discrepancy arises because the 

transmission through the gaps in the strip array cannot be modeled simply with a fill 

factor f, especially when the in incident radiation is polarized perpendicular to the strips 

and S ≤ W. 

4.4 Numerical modeling of graphene plasmons 

We use the finite difference time domain method, which lies between the quasi-static 

method and the ray-tracing method. In the FDTD method[29] we discretize maxwell’s 

equations in time and space so as to obtain an update equation which we can then 

compute on a mesh. In terms of implementation we use two different arrays, one for the 

electric field and one for the magnetic field so it is more efficient computationally. An 

important parameter is the Courant number which has to do with the update coefficients 

and determines the stability of the simulation. Essentially the wave should propagate 

less than a mesh grid point over one time step so that errors do not accumulate over the 

course of the simulation. This places a constraint on the duration of the simulation and 

the domain size of the simulation. In order to model plasmons, we include an auxiliary 

equation for the graphene current density (Eq 4.3 without the extra time derivative) and 
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step the equations using Yee’s leap-frogging algorithm[29]. This approach naturally 

handles interactions and electromagnetic retardation. A challenge in the FDTD 

technique is the range of length scales important to the problem. The radiation 

frequencies of interest have free-space wavelengths extending up to 300 µm, but the 

corresponding plasmon wavelengths are on the order of 1 µm. Furthermore, it is 

important for the modeled graphene thickness to be much less than the plasmon 

wavelength. Therefore, the length scales of importance span three orders of magnitude, 

necessitating a highly non-uniform mesh, with grid steps varying from 0.01 – 0.5 µm. 

The computational domain spans more than 200 by 200 µm2 and is surrounded by 

perfectly matched layer boundaries. We use the values of 4ε0 and 12ε0 for the THz 

dielectric constants of SiO2 and Si respectively.  Plasmonic structures are excited at zero 

angle of incidence with a broadband (0.5-15 THz) pulse of electromagnetic radiation. 

The transmission spectra for fields polarized parallel and perpendicular to the strips are 

obtained by Fourier-transforming the time-domain transmitted pulse. Values of σ(ω=0) 

and τ used in simulations were iteratively improved until the simulated transmission 

spectra for both polarizations optimally fit the measured spectra.  

The FDTD simulation results shown in figure 4.3 accurately fit the measurements. 

Extracted values of σ(ω=0) and τ lie in the range 0.91-0.95 mS and 29.5-31.5 fs, 

respectively. Using the expression for graphene conductivity in [28], these values 

correspond to doping densities of 5.0-5.2 × 1012 cm-2, consistent with the densities 

determined using the raman technique. Small variations in the parameters across the 

CVD graphene sample are consistent with those measured by terahertz spectroscopy in 

similar samples[30]. The ability of the FDTD technique to quantitatively fit the depth 
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and width of the plasmon resonances, while also predicting their center frequencies to 

an accuracy within one percent, underscores its usefulness as a tool for modeling 

graphene plasmonic structures. 

 

Figure 4.6(a): FDTD simulation result for x-component of electric field for the lowest 
order plasmon supermode in graphene strips of spacing 2µm 



 
	  

50 

 

Figure 4.6(b): FDTD simulation result for y-component of electric field for the lowest 
order plasmon supermode in graphene strips of spacing 2µm 
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Figure 4.6(c): FDTD simulation result for x-component of electric field for the lowest 
order plasmon supermode in graphene strips of spacing 0.25µm 
 

 

Figure 4.6(d): FDTD simulation result for y-component of electric field for the lowest 
order plasmon supermode in graphene strips of spacing 0.25µm 
 

The computed x and y-components of the electric field for the lowest plasmon 

supermode are shown in Fig 4.6. For arrays of graphene strips with two different 

spacings (S=2, 0.25 µm and W = 2 µm). The locations of the graphene strips are 

indictaed by the thin black lines at y = 50 µm. The dashed lines indicate the locations of 

the silicon/oxide and oxide/air interfaces. The field is highly localized near the graphene 

sheet, extending a distance on the order of the plasmon wavelength. The discontinuity 

in the normal (y) component of the field at the silicon/oxide interface is also visible. In 

contrast with the S = 2.0 µm case, when S = 0.25 µm, the field in the gaps between the 

strips is stronger than the field in the center of the strips. This effect helps to reveal the 
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physical origins of the interaction between neighbouring strips. The plasmon charge 

density that accumulates at the edges of an isolated strip generates a depolarization field 

𝐸` with 𝜔O)D ∝ 𝐸` . In a strip array, this edge charge density is partially imaged on the 

neighboring strips, as depicted in Fig 4.2(a). This effect increases the depolarization 

field in the gaps between strips but reduces the field within each strip. Equivalently, the 

depolarization fields from neighbouring strips are in-phase in the gaps between strips 

but out-of-phase in their centers. Therefore, ωp(0,∞) < ωp0. In contrast, in the highest 

supermode of the array, the current density oscillations in neighbouring strips are out of 

phase so ωp(N,∞) > ωp0.  

Figure 4.7: The computed current densities 𝐾 (x) (top) and charge  densities 𝜌 (x)  
(bottom)  for  the  lowest  two  plasmon modes  of  a  graphene  strip  are  plotted. 

(a)

(b)
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Figure 4.8: The  computed current densities are plotted for the first 5 supermodes of an 
array  consisting  of  9  graphene  strips  (W=S). Locations  of the strips are indicated 
by the red horizontal lines. 
 

FDTD simulation can serve to evaluate the perturbation theory as shown in Fig 4.5. The 

two methods are found to agree when S/W > 1, but not when S/W << 1. For example, 

when S = W in Fig 4(a), the FDTD calculated ωp(0,∞) is lower than ωp0 by ≈6.5%, in 

contrast with the ≈4.5% reduction predicted by the perturbation technique. This 

behavior can be understood by examining the plasmon charge density. Fig 4.3 shows 

the FDTD computed charge density in a strip for the lowest order suprermode with  S/W 

>> 1 and S/W = 0.25. Also shown is the charge density obtained by solving Eq 4.5 for 

S/W >> 1, which is nearly identical to the FDTD result. But when S/W << 1, the FDTD 

calculation reveals that the charge density is significantly modified as a result of 

interactions; the charge density increases near the strip edges to screen the fields of the 

neighbouring strips. Since the perturbation theory assumed that the charge and current 

(a)

(b)
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densities are unmodified from the lowest plasmon mode of an isolated strip, the results 

became inaccurate when S/W << 1. The good agreement obtained between the FDTD 

method and the analytic model for S/W > 1 suggests that retardation effects do not play 

a significant role in the structures considered in this work. 

4.5 Conclusion 

To conclude, we presented experimental and theoretical results for the confined plasmon 

modes in graphene microstructures. We presented an analytic model which captures the 

essential physics and gives us an eigenvalue equation for computing plasmon modes. 

We also presented a universally applicable FDTD technique. The theoretical models 

presented show good agreement with the measurements, and demonstrate the 

importance of interactions in plasmonics structures. The present work, to the best of our 

knowledge is the first time that theoretical and numerical models have been presented 

and tested against experiments for confined plasmon modes in graphene 

microstructures. The techniques presented can be used to understand, model and design 

complex graphene plasmonic structures for applications ranging from IR detectors and 

chemical sensors to plasmonic radiation sources, oscillators, modulators and 

metamaterials.  
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CHAPTER 5 

GRAPHENE PLASMONS IN THE MID-IR 

5.1 Introduction 

We wish to extend our study of graphene plasmonics into the mid-IR (wavelength from 

3-8µm) region because the molecular vibrations of many proteins, Lipids and DNA have 

a unique fingerprint in this region[32]. The phonon modes of graphene and silicon 

dioxide exist in this region as well, providing us access to some of the damping channels 

of graphene plasmons by observing plasmon phonon coupling. However studying 

graphene plasmons in the mid-IR region has been challenging due to the requirement of 

several tens of nanometer sized features over centimeter sized areas. In this regard 

several groups have employed expensive electron beam lithography or terahertz 

objectives which are lossy to get around this challenge[34,35,36,37]. In terms of 

applications these techniques are not scalable, therefore there is a need to investigate 

alternative technologies. We introduce a novel process to produce graphene plasmon 

resonators over large area using block copolymer self-assembly[38]. We measured our 

devices using FTIR spectroscopy in transmission configuration and confirmed our data 

by fitting it to a drude model.  

5.2 Self-Assembly Process for Plasmon Resonators 

We first describe the process flow. Graphene is first grown on CVD copper and 

transferred to 90nm SiO2 on a double side polished high resistivity substrate 

summarized in figure 5.1. The transferred graphene is then dipped in 50% nitric acid for 

60 seconds and dried without further rinsing. Next 8nm of SiO2 is evaporated using 

electron beam on to the graphene at 0.3 Å/s in 10-6 Torr vacuum. A 2% random 
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copolymer in toluene from Polymer Source is spun coat at ramp 10000 rpm and spin 

speed 2000 rpm on to the SiO2 and annealed overnight for 24 hours in 30” Hg vacuum 

at 180C to graft the random copolymer brush on to the evaporated oxide. The backside 

of the sample is cleaned using acetone to ensure we can obtain a high enough 

transmission signal through the sample. After that the excess brush is rinsed off by 

spinning the substrate at 2000 rpm while spraying toluene on to the sample. The sample 

is then blow dried using nitrogen and a 2% PS-b-PMMA is spun coat on to the brush at 

2000 rpm. The PS-b-PMMA, random copolymer brush, oxide, graphene film stack is 

then annealed overnight for 24 hours in 30” Hg vacuum at 180C. During annealing the 

PS and PMMA domains phase separate to form perpendicularly aligned cylinders. Since 

TMAH wets the pmma domain more readily than the PS domain, we infuse the pmma 

cylinders with alumina by flowing TMAH in a semi-static ALD chamber for an hour. 

Finally using the alumina pillars as an etch mask, we etch through the PS scaffold and 

oxide/graphene stack using CF4/O2 RIE to produce a substrate with 35nm graphene dots 

of 20nm spacing.  
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Figure 5.1: Summary of process flow for self-assembled graphene dots 

We performed SEM microscopy to demonstrate the uniform distribution of the dots over 

large areas as shown in Figure 5.2. 

Figure 5.2: SEM image of self-assembled 36nm resonators covering 1cm by 1cm area 
 
5.3 Contribution to Damping from Self-Assembly Process 

Following the previous chapter we model graphene by solving for the sheet current 

density 𝐾(𝑟) in the graphene which satisfies 

(5.1)   
�d�Z(2)
��d

+ ��Z(2)
��

= �xM(2)
�

��Z¶·,Z(2)
��

− +
����

𝑑𝑟′𝑓.´(𝑟 − 𝑟′)𝐾 (𝑟′)  

and which can be simplified and rearranged in frequency domain to 

(5.2)  𝑑𝑟4 +7.{�
�x

𝛿.´𝛿 𝑟 − 𝑟4 −
M 2 �Z¸ 272�

.{����
𝐾 (𝑟) = 𝑠(𝑟)𝐸.h�,.(𝑟) 

Here σ0 is the zero-frequency conductance of graphene, τ is the relaxation time of 
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carriers in graphene, εavg is the average dielectric constant of the surrounding medium, 

and 𝐸.h� is the incident electromagnetic field. The shape function 𝑠(𝑟) is 1 where 

graphene is present and 0 otherwise, and the depolarization kernel is given by 

 (5.3)    𝑓.´ 𝑟 − 𝑟4 = 𝜕.𝜕
+

2724
 

Briefly, the above equation is obtained from Maxwell’s equations and the constitutive 

relation for graphene after neglecting magnetic fields and retardation effects. This model 

is an excellent approximation for small graphene resonators and allows us to treat 

assemblies of such resonators much larger than possible with direct electromagnetic 

simulations.  

Expanding the sheet current density and incident field in a set of orthonormal basis 

functions 𝑏»(𝑟). We can discretize the above equation within the Bobunov-Galerkin 

approach to  

(5.4)   
+7.{�
�x

𝛿»¼ −
+

.{����
𝐹»¼ 𝐾» = 𝐸.h�,» 

where 

(5.5)  𝐹»¼ = 𝑑𝑟 𝑑𝑟′𝑠(𝑟)𝑏».∗ (𝑟)𝑓.´(𝑟 − 𝑟′)𝑏¼´(𝑟′)𝑠(𝑟′) 

and Kα, Einc,α are the expansion coefficients of the 𝐾 𝑟 , 𝐸.h�(𝑟) in the basis. 

For the case of dots, a cylindrical basis centered on each dot is the most convenient 

choice. Neglecting retardation effects, the fields are curl-less and hence the basis 

functions are gradients of some scalar field. Therefore, we choose the basis 

(5.6)    𝑏^h 𝑟 = 𝑐^h∇ 𝐽 R]¶2
À

𝑒.^Á  

For a dot of radius R at the origin, where ymn is the nth root of J’m(x) = 0 so as to 

impose the Neumann boundary conditions on 𝐾 𝑟  that arise from charge continuity. 
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Orthonormality of these basis functions constrains  

(5.7)    𝑐^h = 1 𝜋 𝑦 h
D − 𝑚D 𝐽D 𝑦 h  

We can analytically expand a unit incident polarized plane wave in this basis with the 

coefficients  

(5.8)    𝐸.h�^h = 𝜋𝑅𝑐^h𝛿 ^ +𝐽 𝑦 h  

With a spatial fourier transform and exploiting the convolution theorem, we can 

simplify the depolarization field kernel coefficients 𝐹»¼ to a one dimensional integral 

over dimensionless wave vector magnitude g = kR, 

(5.9)   𝐹 h,^4h4 =
Dg dÃ]]�

À
𝑑𝑔𝛽^h(𝑔)𝛽^h�(𝑔)

Æ
)  

which we perform numerically straightforwardly. Above, 𝛽^h(𝑔)  is related to the 

Fourier transform of ∇ ∙ 𝑏^h 𝑟  and simplifies analytically to  

(5.10)  𝛽^h 𝑔 = 𝑐^h𝑦 h
D 𝑑𝑥	  𝑥𝐽 𝑔𝑥 𝐽 𝑦 h𝑥

+
) =

𝑐^h𝑦 h
D R]¶Ç]Èa R]¶ Ç]É7ÉÇ]Èa(É)Ç]R]¶

Éd7R]¶
d  

For a single dot, we therefore get a block diagonal equation in m which can be 

diagonalized to get the eigenmodes, or inverted easily to calculate the response to 

incident fields of various frequencies. 

Since broadening is important in many applications for example biosensing[39] or 

emission studies[40] of the plasmons, we would like to characterize the broadening 

observed. We distinguish between process specific and process independent 

broadening. Process independent broadening include processes such as electron phonon 

coupling[41], electron electron scattering[42] and defects in the material itself[43]. 

Whereas process dependent broadening here refers to broadening due to edge 
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roughness[44], doping variations, coupling between neighboring resonators[45], size 

distribution of the individual resonators, defects and grain boundaries[46] in the self 

assembled block copolymer film. 

We first examine the disorder due to defects and grain boundaries in our self-assembled 

block copolymer film. The presence of impurities on the surface of the silicon oxide 

layer may generate nonuniformities in the surface energy as well as block the adhesion 

of the random copolymer brush which gives rise to defects in the block copolymer film. 

In order to mitigate this effect, we spun Acetone and isopropyl alcohol on the silicon 

oxide film before applying the random copolymer brush. Due to the size of the polymer 

chains there is limited mobility even at high annealing temperatures and this causes the 

formation of grains and grain boundaries. In order to account for the disorder in our film 

we extract the positions of the individual dots from our SEM data and set the 𝑠(𝑟) 

function in our model to 1 where graphene is present and 0 otherwise assuming dots of 

uniform radii. We perform simulation of our resonators assuming uniform doping and 

a block copolymer film with perfect translation and orientation correlation and observe 

that for such an array of resonators, the broadening is 10cm-1 while for a sample with 

our disorder again assuming uniform doping we have a broadening of 57cm-1. 

Next we examine the effect of coupling between neighbouring dots, which arises 

because the depolarization field due to each dot is non-zero at its neighbours, and 

analyze the resulting resonant frequency shifts and coupled mode shapes. In the 

cylindrical basis derived above, the depolarization field matrix elements between dots 

of radii R1 and R2 centered at 𝑟+and 𝑟Dgeneralizes straightforwardly using the spatial 

Fourier transform to  
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(5.11)    𝐹2a^aha,2d^dhd =

2𝜋 D𝑒.(^a7^d)Êda 𝑑𝑘𝛽^aha(𝑘𝑅+)𝛽^dhd(𝑘𝑅D)𝐽 a7^d(𝑘𝑟D+)
Æ
)  

where 𝑟D+, 𝜙D+  are the polar coordinates of the separation vector 𝑟D − 𝑟+. Since we still 

only need to calculate a one-dimensional integral numerically, we can easily construct 

and solve the discrete matrix governing the response of a collection of thousands of 

dots, whose positions and sizes we directly obtain from the SEM images. 

To consider the effects of various types of imperfections in the structure, we consider 

several combinations of the possible non-idealities: size variation, coupling, positional 

disorder and doping variation. 

Assuming uniform doping of the dots we see a shift in our resonance frequency of 129 

cm-1 wavenumber and a broadening of 10.3 cm-1 vs 1.8 cm-1 for the isolated dot.  

The third contribution to broadening is dopant distribution. Ideally a disk geometry 

should provide the lowest number of modes and hence the lowest broadening, the trade-

off is that since the disk is an isolated structure we are unable to use electrostatic doping 

as any metals above or below will cause substantial damping, hence the use of chemical 

doping in our case, although surface doping may be a promising direction for future 

work. To account for the contribution of doping, we compare an array of resonators 

without defects or grain boundaries with a poisson doping distribution and with a 

uniform doping distribution. In the former case, the calculated broadening is 10cm-1 and 

in the latter case the broadening is 16  cm-1.  

Lastly we would like to check for size dispersion of our individual resonators. Size 

dispersion in our devices can be caused by a nonuniform BCP film thickness but by 

positioning the 1 inch by 1 inch graphene sheet in the middle of the 50 cm by 50 cm 
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wafer we can minimize this effect. As mentioned previously we also maintained the 

cleanliness of the wafer backside so that the sample stays flat during plasma processing. 

We extract the size dispersion from our SEM data and assume a uniform dopant 

distribution as well as an array without defects or grain boundaries. Here we again 

employ the 𝑠(𝑟) function but we incorporate the actual size dispersion of the dots not 

just the positions. The broadening in our array assuming uniform doping is 60 cm-1. 

Finally we look at the cumulative effect of these contributions to broadening. The 

broadening observed in this case is 55.8 cm-1. 

5.4 Contribution to Damping from Phonon Coupling 

Now we turn our attention to the fundamental damping mechanisms for graphene 

plasmons in the mid-IR which will form a lower bound on the quality factor of graphene 

plasmonic devices. Similarly to the approach we used previously we start from the 

current density equation 

(5.12)  
�d� 2,�
��d

+ +
�
�� 2,�
��

= � 2,{�)
�

�
��
𝐸.h� 𝑟, 𝑡 + 𝐸` 𝑟, 𝑡  

where 𝐾(𝑟, 𝑡)  is the current density, τ is the relaxation time, 𝜎 𝑟, 𝜔 = 0  is the 

graphene DC conductivity and 𝐸.h� 𝑟, 𝑡  and 𝐸` 𝑟, 𝑡  are the incident excitation field 

and depolarization field from the dipole built up respectively. We first relate the 

depolarization field to the current density using charge continuity, where 𝑓 𝑟 − 𝑟′  is 

the green’s function relating field to the polarization density  

(5.13)   
��� 2,�

��
= 7+

�g����
𝑑D𝑟′𝑓 𝑟 − 𝑟′ ∙ 𝐾 𝑟, 𝑡  

and note that in order to have plasmon oscillation we must have 

(5.14)    
� 2,{�)

�
��� 2,�

��
= −𝜔OD𝐾 𝑟, 𝑡  
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then by combining everything we obtain an eigenvalue equation describing the plasmon 

modes in graphene, 

(5.15)   
� 2,{�)
�g�����

𝑑D𝑟′𝑓 𝑟 − 𝑟′ ∙ 𝐾 𝑟 = 𝜔OD𝐾 𝑟  

Next we can expand the current density in terms of the modes of the graphene disk as 

follows 

(5.16)    𝐾 𝑟, 𝑡 = 𝑎^ 𝑡 𝐾^ 𝑟^  

where for a sinusoidal incident field we have 

(5.17)    𝐸.h� 𝑟, 𝑡 = 𝐸.h� 𝑟, 𝜔 𝑒7.{� 

(5.18)    𝑎^ 𝑡 = 𝑎^ 𝜔 𝑒7.{� 

Solving for 𝑎^ 𝜔  we obtain 

(5.19)   𝑎^ 𝜔 = .{�
{d7{�]d y.{�

`d2�] 2 ∙�Z¶· 2,{

`d2Ë] : ∙Ë](:)
Ì :,ÍÎx

 

where am(ω) is the amplitude of the plasmon eigenmode and when ω = ωpm we obtain a 

pole at the plasmon frequency. We fit this equation to different graphene structures and 

obtain a good fit in terms of the resonance frequency as well as the width of the 

resonance. The fitting parameters are the size of the plasmon cavity, the conductivity, 

the relaxation time and the doping. The cross section SEM of the devices is shown in 

figure 5.3 and the fitting is shown in the figures 5.4 and 5.5.  
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Figure 5.3: Cross section of the sample showing the etched through pillars containing 
the graphene dot. The dot is located between the light and dark regions of the pillar since 
below the dot is SiO2 and on top is Al2O3, as a result the dot might be 1-2nm smaller or 
larger depending on the etch conditions. 
 

  
Figure 5.4: Absorption spectra of 23nm radius dots. The black curve is data and the red 
curve is theory. The extracted conductivity 𝜎(𝜔 = 0)  is 0.4mS and the extracted 
scattering time 𝜏 is 4.7fs. The estimated fermi level is 225meV 
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Figure 5.5: Absorption spectra of 16nm radius dots. The black curve is data and the red 
curve is theory. The extracted conductivity 𝜎(𝜔 = 0)  is 0.55mS and the extracted 
scattering time 𝜏 is 2.75fs. The estimated fermi level is 225meV 
 
Using the expression for carrier concentration, 

(5.20)    𝑛 𝐸� = +
g

�}
ℏÐ}

D
  

where ℏ = 6.58×107+/	  𝑒𝑉𝑠 and 𝑉� = 1.0×10/	  𝑚𝑠7+, we estimate that each dot has 

only 200-300 carriers which implies that we are in the few electron regime where a 

small change in doping will result in a large shift in resonance frequency so that few 

electron plasmonics are possible. To investigate the origin of the plasmon damping 

further we plot the damping time as a function of frequency in figure 5.6, 
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Figure 5.6: Plot of damping time as a function of plasmon resonance 
frequency.Damping time is increasing with frequency pointing to fabrication challenges 
or loss mechanisms that increase with frequency  
 
We see that the plasmon losses increase dramatically at higher frequencies and this 

points to phonon-coupling loses, substrate surface optical phonon losses, edge 

roughness scattering, size dispersion or Landau damping due to plasmon confinement 

as possible loss mechanisms. 

5.4.1 Damping from Substrate Phonons  

If we look back at our transmission spectra for our dots, we see that there is a fairly large 

feature observed around 1100 cm-1 near where the silicon oxide optical phonon is 

located as shown in figure 5.7, 
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 Figure 5.7: Location of SiO2 optical phonons as a function of oxide film thickness[47] 

So we ask whether it is the case that the plasmon in the graphene dot is interacting with 

the silicon oxide optical phonon. The physical picture is that the depolarization field 

extends into the silicon oxide, this field is screened by the frequency dependent oxide 

permittivity and as a result the effective dielectric constant surrounding the plasmon 

becomes frequency dependent. We describe the substrate permittivity using the 

expression below, 

(5.21)   𝜀q 𝜔 = 𝜀q ∞
{d7{Ö×

d y.{@
{d7{Ø×

d y.{@
 

The average dielectric constant felt by the plasmons is then given by 

(5.22)  𝜀VÙÉ 𝜔 = �xy�Ú {
D

= �x
D
+ �Ú Æ

D
{d7{Ö×

d y.{@
{d7{Ø×

d y.{@
 

We can incorporate this into our model for the plasmon by introducing a frequency 

dependent oxide permittivity from the previous equation into the eigenvalue expression, 

(5.23)  𝑖𝑤𝐸` 𝑟, 𝜔 = +
�g���� {

𝑑D𝑟′𝑓 𝑟 − 𝑟′ ∙ 𝐾 𝑟, 𝜔  

The original plasmon response equation now becomes, 

(5.24)   𝑎 𝜔 = .{/�

{dy.ÍÜ7
Ý��� Þ
Ý��� Í {�d

`d2� 2 ∙�Z¶· 2,{

`d2Ë : ∙Ë :
Ì :,ÍÎx
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We fit this to our data using the fitting parameters 𝛾rà = 8	  𝑝𝑠7+ and 𝛾pà = 2	  𝑝𝑠7+ and 

obtain a good fit to the feature around 1100 cm-1 as shown in the figure 5.8  

 

Figure 5.8 Fit of longitudinal and tansverse optical phonon decay rates to the absorption 
spectra for 23nm radius plasmonic dots. The transverse optical decay rate is 2ps-1 and 
the longitudinal optical phonon decay rate is 8ps-1 [48,49] 
 
5.4.2 Damping from Graphene Phonons 

Referring back to the transmission spectrum above, we also observe another smaller 

feature around 1500 cm-1 and recalling our raman spectrum of graphene the G-peak and 

the D-peak are located in the vicinity of this wavenumber so it could be that the plasmon 

is also coupling to the graphene optical phonon since we observe this feature in all our 

samples and the disorder peak varies from sample to sample. 

We start from the idea that the moving electrons cause a local lattice distortion, since 

the lattice consists of overlapping orbitals and nuclei, which are charge clouds. The local 
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lattice distortion results in a deformation potential that is then felt by another electron. 

We show a cartoon of this effect in figure 5.9, 

Figure 5.9: Cartoon showing phonon mediated scattering between electrons 

We can account for this effect in our model by observing that the interaction between 

transverse optical phonons and electrons can be expressed in terms of the electron 

current, 

(5.25)  𝐻Y7Oã =
+
'

𝑔 𝑏� + 𝑏7�
ä 𝐾 −𝑞� = − +

'
𝐴r7Oã 𝑞 𝐾 −𝑞�  

where the b’s are the phonon creation and annihilation operators and AL-ph is the vector 

potential description for TO phonons while K remains the current as before. The total 

vector potential experienced by the electron is then the sum of three parts: 

(5.26)  𝐴på�Væ = 𝐴.h� 𝑞, 𝜔 + 𝐴`YOåæ 𝑞, 𝜔 + 𝐴r7Oã 𝑞, 𝜔  

We can find the resulting electric field using the total vector potential by  

(5.27)    𝐸 = −∇𝑉 − �'
��

 

where V is the scalar potential and then the original plasmon response equation becomes 

(5.28) 𝑎 𝜔 = .{�

{dy.ÍÜ7
Ý��� Þ
Ý��� Í {�d7

Ì ÍÎx
Ü

�dÍØ×
d

|dℏ�d
dÍØ×

ÍdÈÍØ×
d çZÍÜ

`d2� 2 ∙�Z¶· 2,{

`d2Ë : ∙Ë :
Ì :,ÍÎx

 

where the term  
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𝜀VÙÉ ∞
𝜀VÙÉ 𝜔

𝜔OD 

accounts for the screening by substrate phonons and the term 

𝜎 𝜔 = 0
𝜏

𝑔D𝜔pà
D

𝑒Dℏ𝑣D
2𝜔pà

𝜔D − 𝜔pàD + 𝑖𝜔𝜏
 

accounts for the phonon mediated electron electron interaction or the coupling with 

graphene transverse optical phonons. We fit this equation to our data using the fitting 

parameter γ = 5 ps-1 and plot the results in figure 5.10 

Figure 5.10: Fitting of model including graphene phonon scattering to the absorption 
spectra of 23nm radius dots. The extracted phonon damping rate is 5ps-1 
 

Here we have accounted for all the features in our data so we can say that two damping 

channels that are significant are the phonon mediated electron electron coupling as well 

as the substrate phonon coupling. 
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5.5 Phonon Induced Transparency in Graphene 

Now we wish to make an observation about the plasmon response equation. When the 

plasmon resonance frequency matches the graphene optical phonon frequency we 

obtain 

(5.29)  𝑎^ 𝜔 ≈ .
D�

{7{� y.@/D

{7{� y. adÜ {7{� y.éd 7
Ì ÍÎx

Ü
�dÍØ×

d

d|dℏ�d

 

The expression for susceptibility in quantum optics for a three level atom interacting 

with fields of frequency ω12 and ω13 is given by 

(5.30)  𝜒 𝜔 ∝ {7{aiy.@ad
{7{aiy.@ai {7{aiy.@ad 7 êdi/D d 

A cartoon picture of the configuration is shown below  

Figure 5.11: Picture showing the 3 level system consisting of graphene phonon 
oscillator as well as the plasmon oscillator 
 
The figure describes three level system with a strong pump beam that couples level 2 

and 3 and a weak probe beam that couples levels 1 and 3. Here Ω23 is the Rabi frequency 

of the laser that couples levels 2 and 3 and γ13 ,γ23 are the linewidths of the 1 to 3 and 2 

to 3 transitions respectively. Quantum interference between the two transitions result in 

the probability amplitude of state 3 to be very small. Comparing the two expressions 

above we would expect a phonon induced transparency dip in our spectra. We plot the 

absorption of the graphene dots and we can see this dip in the plasmon response below 
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where the transparency dip increases as the phonon damping term γ increases and the 

width increases as the electron phonon coupling term g increases. 

 

Figure 5.12: Absorption curve of 16nm radius dot, the blue curve is experimental data 
and the red and black curves are from theory. There is a transparency dip, the damping 
due to transverse optical phonons 𝛾  determines the height and the electron phonon 
coupling g2 determines the width. 
 
Finally, we model our data for the 16 nm radius dots and see that it is in good agreement 

with the experimental data in figure 5.13.  
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Figure 5.13: Absorption spectra of 16nm radius dots with fitting to the transparency dip 

The extracted transverse optical phonon damping time in graphene, γ is 5 ps-1 which is 

shorter than in bulk which is 0.5 – 1 ps-1 maybe due to edge roughness scattering or 

confinement of the phonons. 

5.5 Plasmon modes in graphene due to symmetry breaking 

We also examine whether plasmon-phonon collective modes are possible in single or 

bilayer graphene because from chapter 3 we see that there is a plasmon current in both 

K and K’ valleys and they excite phonons in both valleys with opposite signs. If there 

is some symmetry they should cancel out but we observe some symmetry breaking in 

our samples so the current in different valleys are different as shown in the figure 5.14 
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Figure 5.14: Plasmon current in the K and K’ valleys in monolayer graphene 

We know that one possible origin of this symmetry breaking is by applying an electric 

field to bilayer graphene. We first quantify the amount of bilayer in our CVD graphene 

as 10% using an optical image and counting the pixels. 
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Figure 5.15: Optical image of graphene on 90nm SiO2. The lighter regions are single 
layer graphene and the darker areas are bilayer graphene  
 
Next, we repeat the whole experiment using graphene with lower amount of bilayer 

graphene and plot the data in figures 5.16, 
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Figure 5.16: The top plot show absorption spectra for 36nm diameter dots and the 
bottom plot shows absorption spectra for 25nm diameter dots with two different bilayer 
densities. As the amount of bilayer increases the absorption increases and the features 
corresponding to the coupling also increase in size 
 
We see that as the amount of bilayer is reduced, the coupling between the graphene 

plasmons and the optical phonons are reduced as well indicating that the stacking of the 

layers causes a dipole in the charge distribution breaking the valley symmetry. 

In conclusion, we have constructed an eigenvalue equation model for graphene 

plasmons which agrees well with the measured data. We have also demonstrated self-

assembly as a viable route to mid-IR resonator arrays. The coupling of the graphene 

phonons to the substrate phonons arises due to the dispersion of he optical phonons in 

silicon oxide and the coupling of graphene plasmons to graphene optical phonons 

mediates electron electron scattering in graphene plasmons. Finally in the mid-IR region 

we see that the coupling of the plasmons to the graphene transverse  optical phonons 

gives rise to phonon induced transparency which is a novel phenomenon not previously 

observed in other materials. 
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CHAPTER 6 

TIME RESOLVED MEASUREMENTS OF MOLYBDENUM DISULPHIDE 

6.1 Introduction 

During the course of the thesis, frequency resolved spectroscopy was extensively used. 

However there are some properties that frequency resolved spectroscopy is not suited 

to, for example if two species were emitting at the same frequency, we would be unable 

to separate the two. However if their dynamics are different we can use the fact that 

their relaxation rates will be different to distinguish them. This brings us to time 

resolved spectroscopy. Several FET devices were fabricated using the methods 

described in previous chapters for back-gated and temperature dependent pump probe 

and photoluminescence measurements to understand recombination processes in 

molybdenum disulphide (MoS2), however at this point it is not yet clear what the exact 

mechanisms are, except that Auger recombination is one of them. This is due to the 

presence of sulfur vacancies in the material and the effect of the SiO2 interface, which 

varies even within one sample despite trying to control them via processing[50].   

Instead here we try to determine the performance limits of a molybdenum disulphide 

(MoS2) photodetector. Monolayer molybdenum disulphide is a 2D material consisting 

of 3 layers, a layer of molybdenum sandwiched between two layers of sulfur in a trigonal 

structure. Bulk MoS2 has an indirect bandgap but Monolayer MoS2 has a 1.8eV direct 

bandgap.  

6.2 TPCC Measurement 

We use the two pulse cross correlation technique (TPCC) first described by Weller at 

IEDM[51,52].  A ~80-fs, 905-nm (1.37  eV) centre wavelength, optical pulse from a 
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~83-MHz repetition rate Ti–Sapphire laser is frequency doubled to 452  nm (2.74  eV, 

~150  fs) by a beta-BaB2O4 crystal, then mechanically chopped at 1.73  KHz and then 

split into two pulses by a 50/50 beam splitter. The time delay between these two pulses 

is controlled by a translation stage and the pulses are sent to the metal/MoS2 junction of 

the photodetector. The position is chosen based on the position of the schottky junction 

at the contact.  

The measurement setup is shown in figure 6.1. The circuit model shown can be derived 

from a high-frequency circuit model. If the time-dependent short circuit current 

response of the illuminated junction to a single optical pulse is I1(t), and to two optical 

pulses separated by time Δt is I2(t, Δt), and the external resistance Rext is much larger 

than the total device resistance, then the measured d.c. voltage Vc(Δt) is approximately 

equal to  

(6.1)    (Rj/TR)∫I2(t, Δt)dt 

where TR is the pulse repetition period, Rj is the resistance of the metal-MoS2 junction, 

and the time integral is over one complete period. As the time delay Δt becomes much 

longer than the duration of I1(t), one expects Vc(Δt) to approach (2Rj/TR)∫I1(t)dt. 
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Figure 6.1: Upper left image shows the circuit schematic of the device under 
measurement. The lower left is an optical microscope image of the fabricated device 
and the right shows the experimental setup 
 
Figure 6.2(a) shows the measured two-pulse photovoltage correlation signal Vc(Δt) 

plotted as a function of the time delay Δt between the pulses. The substrate temperature 

is 5  K, the gate bias is 0  V, and the pump fluence is 8  µJ  cm−2. Vc(Δt) is minimum when 

the two pulses completely overlap in time (that is, when Δt=0). This implies, not 

surprisingly, that the photovoltage response of the detector to an optical pulse is a 

sublinear function of the optical pulse energy. As Δt increases from zero, Vc(Δt) also 

increases from its minimum value at Δt=0. As Δt becomes much longer than the duration 

of the response transient of the detector to an optical pulse, Vc(Δt) approaches a constant 

value. The timescales over which Vc(Δt) goes to the constant value are related to the 

timescales associated with the response transient of the detector to an optical pulse. 

These timescales are better observed in the measured data if the magnitude of ΔVc(Δt), 
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defined as Vc(Δt)−Vc(∞), is plotted on a log log scale, as shown in Fig. 2b. The plot in 

Fig. 2b shows two distinct timescales: (i) a fast timescale of ~4.3  ps and (ii) a slow 

timescale of ~105  ps. In different devices, the fast timescales were found to be in the 3–

5  ps range, and the slow timescales were in the 90–110  ps range. The fast timescales 

imply (8  dB) current modulation bandwidths wider than 300  GHz. 

 
Figure 6.2: (a) The measured two-pulse photovoltage correlation (TPPC) signal Vc(Δt) 
is plotted as a function of the time delay Δt between the pulses. (b)	  |ΔVc(Δt)| is plotted 
on a log scale as a function of the time delay Δt between the pulses to show the two 
distinct timescales exhibited by Vc(Δt). (c) The measured TPPC signal |ΔVc(Δt)| is 
plotted as a function of the time delay Δt between the pulses for different pulse fluences: 
1, 2, 4, 8 and 16  µJ  cm−2 
 
Measurements were performed at different temperatures and using different pump pulse 

fluences to understand the mechanisms behind the photoresponse and the associated 

dynamics. The response of the photodetector did not vary significantly based on fluence 

and temperature. The internal and external detector quantum efficiencies were estimated 

from the measured values of Vc(∞) and the junction resistance Rj to be in the 0.008–

0.016 and 0.001–0.002 ranges, respectively. The two different timescales observed in 

our two-pulse photovoltage correlation experiments match well with the two different 

timescales observed previously in ultrafast optical/THz pump–probe studies of carrier 
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dynamics as well as in ultrafast photoluminescence studies of MoS2 monolayers 

described in the first paragraph. 

6.3 Model of MoS2 Junction  

 
Figure 6.3: (a) Energy band diagram of MoS2 after excitation with laser pulse. (b) 
Measured (dots) and computed (solid lines) of photovoltage correlation signal from the 
photodetector. (c) Measured (dots) and computed (lines) scaling of the photovoltage 
correlation signal as a function of pump fluence 
 
Figure 6.3(a) depicts the band diagram of the metal-MoS2 junction (plotted in the plane 

of the MoS2 layer) after photoexcitation with an optical pulse. Given the Schottky 

barrier height of 100–300  meV [53], the width of the MoS2 region near the metal with 

a non-zero lateral electric field is estimated to be to ~100–300  nm [54]. As a result of 

light diffraction from the edge of the metal contact, light scattering from the substrate, 

and plasmonic guidance, a portion of the MoS2 layer of length equal to a few hundred 

nanometres is photoexcited even underneath the metal. In our MoS2 samples, the carrier 

mobilities and diffusivities are 2–3 orders of magnitude smaller than in graphene and 

the time period in which most of the photoexcited carriers recombine and/or are 

captured by defects is in the few picoseconds range[55]. Assuming similar mobilities 

and diffusivities of electrons and holes in MoS2, the photoexcited carriers, both free and 

bound (excitons), move, either by drift in the junction lateral electric field or by 
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diffusion, less than ~10  nm in 5  ps before they recombine and/or are captured by defects. 

The photoexcited carrier distributions therefore do not change significantly in space 

during their lifetime. Separation of electrons and holes either by the junction lateral 

electric field or at the metal-MoS2 interface will contribute to the integral ∫I2(t, 

Δt)dt(∝Vc(Δt)). We assume that the integral ∫I2(t, Δt)dt is approximately proportional to 

the integral ∫[p′(t, Δt) + n′(t, Δt)]dt. Here, p′(t, Δt) and n′(t, Δt) are the time-dependent 

photoexcited electron and hole densities in the junction, including carriers both free and 

bound (excitons). This assumption, although simple, allows one to relate the measured 

photoresponse to the carrier dynamics and, as shown below, the results thus obtained 

are in excellent agreement with the experiments. 

 

The strong electron and hole Coulomb interaction in monolayer TMDs makes defect 

capture via Auger scattering very effective. The time constants observed in this work in 

the photovoltage correlations are also temperature independent (figure 6.2b) and also 

match well with the time constants observed previously in optical/THz pump–probe and 

photoluminescence measurements[56]. We therefore use the model for carrier capture 

by defects via Auger scattering in MoS2 published previously to model our TPPC 

experimental results. After photoexcitation, electrons and holes thermalize and lose 

most of their energy on a timescale much shorter than our experimental resolution 

(~0.5–1.0  ps) and, therefore, thermalization is assumed to happen instantly in our 

model[57]. Most of the photoexcited holes (both free and bound), followed by most of 

the electrons, are captured by the fast defects within the first few picoseconds after 

photoexcitation. During the same period, a small fraction of the holes is also captured 
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by the slow defects. This rapid capture of the photoexcited electrons and holes is 

responsible for the fast time constant observed in our photovoltage correlation 

experiments. The remaining photoexcited electrons are captured by the slow defects on 

a timescale of 65–80  ps and this slow capture of electrons is responsible for the slow 

time constant observed in our photovoltage correlation experiments. We should point 

out here that the two time constants observed in the photovoltage correlation signal 

ΔVc(Δt) are always slightly longer than the corresponding two time constants exhibited 

by the carrier densities in direct optical pump–probe and measurements, as is to be 

expected in the case of correlation measurements. Finally, the superlinear dependence 

of the carrier capture rates on the photoexcited carrier densities in the model, and 

therefore on the optical pulse energy, results in the experimentally observed negative 

value of the photovoltage correlation signal ΔVc(Δt=0) at zero time delay. The 

comparison between the data and the model are shown in figure 6.3(b) which plots the 

measured and computed photovoltage correlation |ΔVc(Δt)| as a function of the time 

delay Δt for different pump fluence values: 4, 8 and 16  µJ  cm−2  

6.4 Conclusion 

In most semiconductor photovoltaic detectors with large carrier mobilities and long 

recombination times (for example, group III–V semiconductor photodetectors[58]), the 

transit time of the photogenerated carriers through the junction depletion region 

determines the detector bandwidth[58]. Given the relatively small carrier mobilities and 

diffusivities in MoS2, the fast carrier recombination times determine the speed in our 

metal-MoS2 detectors. The price paid for the the fast response time is the small internal 

quantum efficiency: most of the photogenerated carriers recombine before they make it 
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out into the circuit. We expect that by better controlling the defects in our devices we 

should be able to obtain photodetectors with higher quantum efficiency. 
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