


 

 

 

ABSTRACT 

Graphene Photonic Devices for Terahertz and Mid-infrared 

by 

Weilu Gao 

As a zero-bandgap material, the unique optical and electronic properties of graphene 

attract much interest in material science, condensed matter physics and engineering. The 

exceptionally high carrier mobility at room temperature allows graphene to efficiently 

interact with terahertz (THz) and mid-infrared (MIR) waves, despite its single-atom-layer 

thickness. The propagation of these waves can be actively controlled by electrically 

tuning the carrier density in graphene, which find its true potential in photonics and 

optoelectronics. Novel graphene-based broadband modulators, polarizer, active 

plasmonic resonators, ultra-fast lasers and etc have been proposed and implemented in 

different literatures. In this thesis, we will focus on graphene photonic devices in THz 

and MIR region. 

The extraordinary optical transmission (EOT) structures with graphene 

underneath are used to build a new type of graphene-based THz modulator with a ~50% 

modulation depth, which is tuned by changing the carrier density in graphene and will 

enhance the non-resonant Drude-like intraband absorptoion ~ 4 times in one atomic layer 

graphene in THz region due to strong near-field enhancement. Furthermore, graphene is a 

new promising platform to build highly integrated active plasmonic devices thanks to its 

high mobility and electrically tuning carrier density for strong light-matter interactions. 



 

 

 

Here the graphene surface plasmon polarions (SPPs) is investigated in MIR with lower 

loss and higher mode confinement compared with metals and we theoretically propose 

and experimentally demonstrate a highly efficient way to excite graphene SPPs using 

silicon diffractive gratings underneath the graphene via guided mode resonance, which 

can be actively controlled via back-gating scheme as well.   

Finally, the graphene ac conductivities are investigated by integrating graphene 

with resonators working at different wavelength, which shows that graphene is almost 

complete transparency in MIR while in telecommnucations frequency graphene has 

significant absorptions. This suggest different parts of graphene conductivities can be 

utilized to build graphene photonic devices working in different frequency region.  
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Chapter 1 

Introduction 

This dissertation work investigates various graphene optoelectronic devices operating at 

different frequency region. The micro and nano fabrication and characterization methods 

includes electron beam lithography, photo-lithography, reactive ion etching (RIE), 

electron beam evaporator, optical microscopy, scanning electron microscopy (SEM) and 

etc. The optical measurement tools include terahertz (THz) time domain spectroscopy 

(0.1THz - 1THz), Fourier transform infrared spectroscopy (FTIR) (3THz - 90 THz) and 

homemade telecommunication transmission measurement setup (wavelength range 1480 

nm~1620 nm). The numerical calculations are done mainly with commerical software 

such as MATLAB, Lumerical and COMSOL.  

1.1. Graphene Materials 

Graphene is the nomenclature given to a flat monolayer of carbon atoms forming 

the honeycomb lattice in two dimensional (2D) plane. It can be wrapped into closed zero 

dimensional (0D) fullerenes, rolled into one dimensional (1D) carbon nanotubes or 

stacked into three dimensional (3D) graphite (Figure 1.1) [1]. Electrons confined in this 

2D plane of graphene have a linear dispersion relationship between energy and 

momentum without band-gap and thus behave as massless Dirac fermions (Figure 1.2) 

[2].  Since its first isolation in 2004 [3], graphene has exhibited a variety of transport 

properties of 2D Dirac fermions such as integer and minimum quantum Hall effects [4, 

5], the constant minimum conductivity ~4e
2
/h and etc [6]. The graphene mobility can be 
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up to 10
6
 cm

2
V

-1
s

-1
 in suspended samples due to high crystalline structure even at room 

temperature in contrast to conventional semiconductor 2D electron gas that can only 

maintain high mobility at cryogenic temperatures [1]. Furthermore unlike buried 2D 

electron in semiconductor graphene is directly amenable to modifications and 

measurements [7], which makes graphene a potential materials for nano-electronics, 

especially for high-frequency applications. 

 

Figure 1.1 Carbon nanomaterials. Graphene is the 2D building blocks for all other 

dimentionality: 0D for fullerenes, 1D for carbon nanotubes and 3D for graphite. Images 

are taken from [1].  
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Besides electronic properties, graphene also shows remarkable optical properties. 

For example, the fast speed of new graphene research mainly attributes to the optically 

visibility of one atomic thin graphene layer under microscope because of the refractive 

contrast between substrate and graphene materials. The zero band-gap and linear 

dispersion of graphene 2D fermions makes graphene optical properties unique compared 

to traditional semiconductors, which reveals many new optoelectronic applications e.g. 

broadband applications.  

 

Figure 1.2 Electronic dispersion in the graphene honeycomb lattice. Left: 3D dispersion 

relationship between energy and momentum. Right: zoom-in of the energy band close to 

one of the Dirac point. Images are taken and modified from [2]. 
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1.2. Graphene electronics and optoelectronics 

1.2.1. Electronic Properties 

The single layer graphene (SLG) is made of the carbon atoms forming the 

hexagonal lattice (Figure 1.3), which can be viewed as a triangular lattice with a basis of 

two carbon atoms per unit cell. The electronic structure of graphene can be described 

using tight-binding approximation by assuming only nearest-neighbors have influence on 

each other as Eq. (1.1).  

 

Figure 1.3 Honeycomb lattice of graphene. There are two types of graphene forming the 

basis for triangular lattice. a0 denotes the nearest carbon atom distance that equals 1.42 Ǻ. 

Image is taken from [8].  
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2

0

3
( , ) 1 4cos( )cos( ) 4cos ( )

2 2 2

y x x
x y

ak ak ak
E k k                 (1.1)      

where 
03a a is the lattice constant, ( , )x yk kk is the vector in first Brillouin zone and 

0 is the hopping energy of the nearest carbon atoms in graphene. Expanding the Eq. 

(1.1) close to Dirac point yields the linear energy dispersion relationship for Dirac 

fermions as in Eq. (1.2).  

( ) fE v k k                                              (1.2) 

where 
341.05 10 Js  is the reduced Planck constant and fv is the Fermi velocity given 

by 0= 3 / 2fv a  10
6
 m s

-1
.  

From the first demonstration of electric field effect in atomically thin carbon films 

graphene, many electronic devices including field effect transistors even large scale 

integrated circuits [9] have been implemented. Although some shortcomings e.g. low 

on/off ratio in transistors that is intrinsic for graphene, the key attractions of graphene are 

its outstanding carrier mobility, the good transconductance of graphene devices and the 

ultimate thinness and stability of the materials [7].  

1.2.2. Photonic properties 

The optical image of graphene on a SiO2/Si substrate can be used to identify the 

graphene and facilitate the further graphene device fabrications. The contrast is the result 

from the multi-film interference in graphene, SiO2 and Si and scales with different 

graphene layers, which can be maximized by adjusting the SiO2 spacer thickness at 



 6 

 

particular wavelength for constructive interference [10]. For freestanding pristine SLG, 

the transmittance can be derived from Fresnel equation for thin-film limit with universal 

conductance of  2 -5 -1

0 / 4 6.08 10G e    to give [6, 11] 

2(1 0.5 ) 1 97.7%T                                        (1.3)                                   

where 1/137  is the fine structure constant. The reflectance for graphene is very 

limited so that the SLG will absorb only ~2.3% light independent of the wavelength, 

which makes the graphene indeed a very "dark" materials considering the one atomic 

layer thickness. This broadband absorption of graphene has been verified from visible 

light to some infrared light frequency ranges [12-15] and utilized in transparent 

electrodes [16, 17] for display devices [18], flexible solar cells [19] and organic 

electronics [20], which will find more broadband applications especially when it is 

incorporated with present silicon photonic devices. 

The linear light absorption mainly depends on the materials optical conductivity. 

In graphene the optical conductivity is divided into two parts, one is intraband 

conductivity and the other is interband conductivity (The details will be discussed in 

section 1.3), which significantly depends on the graphene carrier density i.e. Fermi level. 

By incorporating proper electric-gating structure, the graphene Fermi level could be 

easily controlled and largely tuned via external voltage, which reveals many 

optoelectronic devices in the literatures including optical modulators [21, 22], active 

plasmonic devices[23, 24] and etc.  

Besides linear absorption in SLG, the nonlinear absorption and optics are also 

discovered. The interband transition created by ultrafast laser pulses will produce a non-
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equilibrium carrier distribution (Figure 1.4) and the absorption will be reduced by Pauli 

blocking since the vacant states in conduction band are all occupied when the pumping 

light is intense enough for specific relaxation process [25]. Furthermore, the linear 

dispersion of Dirac fermions implies that there will be always a electron-hole pairs for a 

broadband pumping light. As a result, graphene is a good candidate for saturable 

absorbers in broadband frequency. Considering the easy fabrication, graphene has been 

demonstrated to build ultrafast lasers in telecommunication wavelength (center 

wavelength at 1550 nm) [25] and mid-infrared region (center wavelength at 2000 nm) 

[26]. In addition to the light intensity dependent absorption, graphene is proved to be able 

to generate new frequency in four wave mixing scenario [27]. Compared with 

conventional silicon materials in silicon photonics,  graphene exhibits the large nonlinear 

optical coefficient and proved to enhance the nonlinear efficiency in silicon photonic 

devices even with one atomic layer thickness [28].   

 

Figure 1.4 The interband transision created by optical pumping. Image is taken and 

modified from [25].  
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Highly doped graphene with large mobility behaves like the metal with 2D 

conductivity thus will be able to support highly confined surface plasmon polaritons 

(SPPs) when contacted with dielectric materials in theory [29-33]. To excite this type of 

SPPs in thin graphene layer, many efforts have been applied including patterned 

graphene [23, 24], near-field nano-tip excitation [34, 35] and guided-mode resonance 

[36]. Compared with noble metals like gold and silver, the main attraction for graphene is 

its easy tunability over wide range with simple electrical structures e.g. metal-insulator 

semiconductor (MIS) capacitors.  When graphene is contact with metal or other opposite 

doping graphene, the heterojunction will form at the interface that will help to build 

photovoltaic devices [37] and ultrafast photodetectors [38, 39]. 

The wonderful optoelectronic properties of graphene enable richness of new type 

of optoelectronic devices and furthermore the combination of graphene with present 

silicon photonic and metal plasmonic devices paves the way for more advanced devices.  

1.3. Optical conductivity 

Optical conductivity also known as the carrier dynamic or AC conductivity of 

graphene has great influence on the performance of graphene optoelectronic devices. 

Since graphene has small temperature dependence when doping is proper and devices 

interested here are always working at the room temperature, the frequency dependence of 

optical conductivity of graphene is the main concern. Typically, the graphene optical 

conductivity is divided into intraband part and interband part, which is corresponding to 

the free carrier absorption and transition from valance band to conduction band. The 
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following part of this section is to introduce the quantitative description of optical 

conductivity of graphene. 

In a homogenous medium the external electric field will introduce the current 

flows due to the electron drift in the materials, which we call microscopic Ohm's law: 

( ) ( ) ( )  J E                                               (1.4)                                            

where J and E are the current density and electric field,   is the optical conductivity 

and all these three physical parameters shows dependence on frequency  . Considering 

the Maxwell equation and constitutive equation ( ) ( ) ( )   D = E  between electric 

displacement D  and electric field E , we can describe the dielectric function ( )  as the 

function of conductivity in Gaussian unit: 

4 ( )
( ) 1+

i  
 


                                           (1.5)                                           

It can be further converted into SI unit with substitution 
0

   and 

0
(4 )   , 

0

( )
( ) +

i 
  


                                             (1.6) 

where 
-12 1

0=8.85 10 Fm  is the vacuum permittivity. The relationship between 

permittivity and conductivity in Eq. (1.6) help us understand the influence of carrier 

density on the permittivity and then on whole system such as graphene-silicon photonic 

devices.  
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The optical conductivity of graphene can be divided in intraband part 
intra  i.e. 

free carrier part and interband part inter  as described in SI unit in the following [40, 41]: 

intra inter                                                   (1.7a) 

2

2

f

intra

Eie

i


  



                                            (1.7b) 

2

2

2 2

2 2

2 21
(1 arctan( ) arctan( )

4

( 2 )
ln )

2 ( 2 )

f f

intra

br br

f br

f br

E Ee

Ei

E

 






 

  
   

  
 

  


  

         (1.7c) 

where f fE v n is the Fermi level of graphene, 191.6 10e C  is the electron 

charge,  is the carrier relaxation time and br  is interband broadening estimated from 

experiment [42]. Each part has different strength at different frequency range that is also 

directly related to carrier density or Fermi level as shown in Eq. (1.7b) and (1.7c). For 

example, for free carrier part or Drude-like part in Eq. (1.7b) it is decreasing as the 

wavelength becomes shorter in mid-infrared and near-infrared while it is a strong part in 

THz region, but for the interband conductivity it behaves like step-like function with 

threshold 2 fE , which is a small value when photon energy is below 2 fE and 

significant when photon energy is above 2 fE  [43].  
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1.4. Scope of thesis 

The transfer techniques and characterization of 2D materials graphene is first 

described in Chapter 2. The characterization method mainly includes the optical 

microscopy, Raman spectroscopy and field effect transistor (FET) measurement. Transfer 

technique is crucial for successful device fabrication and measurement. Following 

Chapter 2, a graphene-based THz modulator is described  in Chapter 3. To overcome the 

low absorption in SLG, the enhancement metamaterials are placed on the top of the 

graphene materials to behave like electrode as well for modulation. The large modulation 

depth over 3dB is achieved. In Chapter 4 graphene plasmonic devices will be discussed. 

In mid-infrared region, the surface plasmon wave in graphene is excited with proposed 

guided-mode resonance (GWR) structure that is experimentally demonstrated as well. 

The active control via back-gating graphene materials is also achieved and open a new 

way to build active plasmonic devices. Although the performance is not good, the higher 

quality graphene will help improve device performance dramatically. Finally in Chapter 

5, the conclusion will be reached and future works are envisioned. More graphene 

photonic devices in mid-infrared and telecommunication wavelength will be discussed 

and new kind of 2D materials like molybdenum disulfide (MoS2) will be investigated in 

the future.  
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Chapter 2 

Graphene Transfer and Characterization 

Nowadays, large size graphene is mainly synthesized by chemical vapor deposition 

(CVD) since its first demonstration by Li,X et.al. in 2009 [44]. In Rice University, there 

are many experts in synthesizing the graphene using CVD method. We are collaborating 

with Dr. P. M. Ajayan to get the source materials with graphene on copper foils. Then we 

utilize the typical transfer techniques to transfer on different substrate either flat one or 

patterned one. To get the information about the transfer quality, the microscope images 

are taken after transferring on SiO2/Si substrate with 285 nm SiO2 or 90 nm SiO2 and 

Raman spectrum is taken as well. Besides that, collaborating with Dr. P. M. Ajayan, field 

effect transistor (FET) is also fabricated with standard photolithography to identify the 

quality by measuring the FET electrical properties using the probe station. 
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2.1. Graphene Transfer 

The procedure for transferring graphene is typically illustrated as following [45].

 

Figure 2.1 The transfer procedure of graphene. (a) Starting point is the graphene grown 

on copper foils via CVD method. (b) Put Poly(methyl methacrylate) (PMMA) coated 

graphene on copper in copper etchant. The typical one is dilute nitric acid. (c) Use target 

substrate to scoop out the PMMA/Graphene films out of the etchant and repeat several 

times in deionized (DI) water for several times. (d) Dry the transferred graphene with 

either nitrogen gas gun or in air overnight. (e) Dissolve the chip in the acetone to remove 

top PMMA. (f) The microscope image of transferred graphene on silicon oxide. 
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The transfer of graphene is crucial for device integration.  The PMMA is chosen 

as PMMA A3 (MICROCHEM) with spin coating speed 3000 round/min lasting for 30 

seconds. For clean transfer, the etchant is diluted nitric acid with volume ratio between 

acid and water is 1:10, which will be easy for removing etchant and avoid creating 

bubbles during transfer. To scoop out the films in the etchant, the substrate could be 

placed underneath the films and slight go up to make the film stick to the substrate. To 

have precise positioning transfer, the graphene will be handled extremely carefully. For 

patterned substrate, the chip drying needs to be careful to avoid creating any cracks in the  

suspension and typically is dried in air overnight. PMMA can be easily removed by hot 

acetone around 65℃ followed by isopropyl alcohol (IPA) cleaning or by annealing in the 

furnace.  As mentioned before, the graphene can be easily seen by microscope when the 

SiO2 is chosen to a proper value. In Figure 2.1 the oxide thickness is chosen as 285 nm. 

2.2. Graphene characterization 

2.2.1. Raman spectrum 

Graphene is the carbon atoms in the honeycomb lattice with sp
2 

hybridization. So 

we can utilize the Raman spectroscopy to identify the graphene [46] as shown in Figure 

2.2a. The excitation laser is 532 nm wavelength and the sample is prepared using 

previous transfer procedure on SiO2/Si substrate. In Raman spectrum of graphene, there 

are two types of peaks. One is G peak and the other is 2D peak. The shape and the 

relative strength of these two peaks are related to graphene quality and layer number as 

shown in Figure 2.2b and Figure 2.2c [46]. In our sample, the location of G and 2D peaks 

(~1590 cm
-1

 and ~2688 cm
-1

), the single Lorentzian shape of the 2D peak, the ratio of 
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2D/G intensity (>4.0) and the near absence of D peaks all indicate a high-quality SLG 

after the transfer process. 

 

Figure 2.2 Raman spectrum of SLG. (a) Two typical peaks are G and 2D peaks in our 

transferred CVD graphene. (b) and (c) The evolution of 2D peak shape with different 

layer number for 514 nm laser and 633 nm laser excitation. Images of (b) and (c) are 

taken and modified from [46].  

2.2.2. Graphene FET 

Utilizing the oxide spacers, we can build back-gate FET devices to test the 

transport properties of the graphene materials, which utilize the doped silicon substrate as 

the gate electrode. The typical FET devices are made of six electrodes to form Hall bar 

structure as shown in Figure 2.3a and the drain-source resistance respect to gate voltages 

of graphene is shown in Figure 2.3b. The gate voltage is applied across the silicon 

substrate and graphene. From the transport properties and the geometry of the graphene 

FET, the mobility  can be calculated via following equation [47]: 
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where /L W is the ratio between channel length and channel width. 
r is 3.9 for SiO2 and 

d is thickness of the dielectric layer. gV is the gate voltages, dsV is the drain and source 

voltages and dsI is the drain and source current.  

 

Figure 2.3 Transport measurement of graphene FET. (a) Graphene FET configurated as 

Hall bar structure. (b) Measurement of resistance between drain and source of graphene 

with respect to gate voltages. 

The typical mobility for CVD graphene is around 1000~3000 cm
2
V

-1
s

-1 
due to 

polycrystalline structure of  graphene thus creating scattering of carriers transport across 

the grain boundary of graphene. This type of graphene is enough for photonic device 

demonstrations. Much higher mobility graphene can be achieved by different synthesized 

method, for example, exfoliated graphene from highly ordered pyrolytic graphite 
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(HOPG), graphene on boron nitride (BN) substrate [48] and etc and will improve the 

device performance dramatically.  

The largest resistance happens when all the carriers are depleted in the graphene, 

where the gate voltage is called charge neutral point (CNP). From the position of CNP, 

we can determine the doping properties of graphene after transfer. Since we need to apply 

the positive gate voltage to shut down the channel in FET, it means more holes are 

present in unbiased graphene. It is because in the transfer techniques the nitric acid will 

be used to etch away the copper foil, which will heavily p-dope graphene. Besides, when 

exposed in air, the water and oxygen molecule will attach on the top of the graphene to p-

dope the materials.   

From the gate voltage and CNP, the Fermi level of graphene can be evaluated 

using simple parallel model. The capacitor induced carrier concentration of the graphene 

is 
0 -d g CNP

g

V V
n

ed

 
  and the Fermi level f f gE v n . Here the d  is the dielectric 

constant of the insulating layer and d  is the thickness of insulating layer. For example, 

assuming that d = 9 for aluminum oxide, d  = 30 nm and -3V charge neutral point, the 

absolute value of Fermi level of unbiased p-doped graphene is around 0.26 eV. 
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Chapter 3 

Graphene THz Modulator 

In THz region, the intraband absorption of free carrier absorption of graphene will be the 

most important part since graphene is always highly doped after transfer compared with 

THz frequency, where graphene will absorb water in air to obtain doping. The ac 

dynamics of graphene carriers in THz region with electrically-controllable Drude-like 

intraband absorption makes it a promising platform to build active graphene-based THz 

optoelectronic devices [49-52] such as THz modulators. Compared to THz modulations 

demonstrated with free carriers in conventional semiconductor materials [53-57] and with 

2D electron gases in quantum-well structures [58, 59]
 
, graphene-based devices have 

higher carrier mobilities at room temperature with an electrically-tunable carrier density. 

Despite the broadly tunable carrier density, the extinction ratio (ER) that can be 

obtained for THz waves modulations with single layer graphene (SLG) is limited due to 

its one-atomic-layer thickness and the non-resonant nature of the intraband absorption in 

the THz region. Recently, efforts to enhance the SLG absorption in the THz region have 

been reported, including exciting plasmonic resonances in graphene [23], integrating 

graphene with photonic cavities [51, 52], and integrating graphene with metamaterials 

[50]. However, no devices have demonstrated to date a combination of a large 

modulation depth, a high speed and a designable resonant frequency, which we report in 

this paper.  

High extinction ratio THz modulations up to 40 dB [56] can be obtained by using 

the extraordinary optical transmission (EOT) effect [53, 57, 60] of sub-wavelength 
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apertures in a metal film to enhance THz absorption in various materials such as 

vanadium dioxide (VO2) [56] and semiconductors [54, 55]. In particular, we previously 

showed that ring-shaped apertures have a strong polarization-insensitive EOT effect and 

that THz transmission can be suppressed by 18 dB with a thin layer of carriers in the 

silicon substrate underneath the metallic structures [61].  

In this chapter, the ring-shaped apertures in metallic film are used to enhance the 

extinction ratio of graphene-based THz modulator. We will show that apertures 

resonating at ~0.44 THz enhance the intraband absorption in the SLG by a factor of 4 and 

a modulation depth of ~50% through electric tuning of the carrier density in SLG using a 

back-gating scheme. The switch has a band-pass spectrum with a bandwidth of ~0.25 

THz, which can suppress the off-resonance background signals. By scaling the 

circumference of the apertures, the operation frequency can be tailored for different 

applications. In addition, the small gated area and high conductivity of graphene makes 

the high speed and low-energy consumption possible since aperture-to-area ratio of the 

EOT structures is only ~1% and the graphene layer only needs to be present in the area 

underneath the apertures. In summary, our results suggest CMOS compatible THz 

switches with tailored operation frequency, large on/off ratio and high speed can be built, 

which will find applications including THz imaging, communications and sensing [62, 

63].
 

3.1. Device Structures  

The graphene-based THz modulator structure is schematically shown as in Figure 

3.1a. The EOT THz resonator is on top of graphene to enhance the intraband absorption 
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of SLG that stays above dielectric materials. Modulation of transmitted THz wave 

through the metallic EOT structure is achieved through electrically controlling the SLG 

carrier density via applying gate voltages between the top metals and bottom substrate,  

as shown in Figure 3.1b. EOT is an optical phenomenon in which a structure containing 

subwavelength apertures in a metal film transmits more light than expected on the basis 

of ray optics due to a significantly enhanced electric field inside and around the apertures. 

The EOT phenomenon is especially strong in the THz frequency range since apertures 

with width orders-of-magnitude smaller than the wavelength can be made [64, 65]. In this 

experiment, a ring-shaped aperture array in a gold film is used as the EOT structures. A 

normal-incidence linearly polarized THz wave excites a bright dipole mode (the TE11 

mode when the ring aperture is viewed as a coaxial waveguide) in the ring aperture. 
 
At 

frequency 0 / (2 )efff c rn , where r is the radius of ring and effn  is the effective index of 

the mode, the phase of the radial electric field component rE of the mode varies by 2

over the circumference of the ring aperture, resulting in resonant enhancement of the 

dipole mode that produces a resonant EOT effect. The transmission spectrum of the 

structure shows a peak at the resonant frequency, 0f , and the electric field around the 

aperture is significantly enhanced at this frequency. The electric field intensity 

distribution of the EOT structure at resonance is shown in Figure 3.1c, which is a 

simulation made through 3D finite difference time domain (FDTD) method using 

commercial Lumerical software. The simulated structure consists of ring aperture arrays 

in a gold film with the thickness of h = 100 nm on an intrinsic silicon substrate, which is 

excited by a normal-incident broadband THz wave polarized along the horizontal 

direction as in Figure 3.1c. The ring apertures have radii of r = 50 µm and widths of w = 
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1 µm. The periodic boundary conditions are used assuming a square-lattice array with 

lattice constant p = 150 µm. Considering the imperfection of fabricated device having the 

metal on top of resist SU8 due to unsuccessful lift-off process (will be shown later in 

Section 3.2), in simulation we add a 500-nm-thick dielectric layer with refractive index of 

1.46 inside the ring aperture, with another 100-nm-thick gold on top. The EOT near-field 

enhancement will enhance the SLG absorption, and the absorption enhancement factor 

( )N f  that is defined by the ratio between the absorption with and without the EOT 

structure, which is proportional to the field intensity near the graphene layer [66].
 
Since 

graphene is only a small perturbation of electrical field, the field distribution of EOT 

structures with graphene is assumed to be the same with that of EOT structure without 

graphene; thus by taking the surface integral of the filed intensity over the graphene area 

we can obtain the enhancement factor. The largest absorption enhancement factor 

happens at the resonance at resonance frequency f0 with 0( )N f  ~20, as shown in Figure 

3.1d.
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Figure 3.1 (a) Schematic diagram of the EOT graphene-based THz modulator. (b) Cross 

section of EOT graphene-based THz modulators. Graphene is placed on SiO2/Si 

substrate, and the EOT structure in fabricated on top of graphene. The gate voltage is 

applied between the bottom silicon substrate and the top EOT structure to change the 

carrier density in graphene. (c) Simulated cross section field distribution of the fabricated 

gold EOT strucutre. (d) Absorption enhancement factor ( )N f  as a function of 

frequency; at resonance, the enhancement is largest, ~20.     

3.2. Device Fabrication 

To fabricate the structure illustrated in Figure 3.1a, we first transferred the chemical 

vapor deposition (CVD) grown graphene from the copper foils on SiO2/Si substrate using 
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standard transfer techniques as shown in Figure 2.1. The transferred graphene typically is 

p-doped as described in FET characterization in Section 2.2. The thickness of SiO2 on the 

top of silicon was chosen to be 90 nm for clear observation of transferred graphene and 

lower gating voltages. The silicon substrate as the back gate electrode was lightly doped 

with a resistivity of ~1-10 Ω∙cm. On top of the transferred graphene layer, a periodic 

array of gold ring apertures was defined using electron-beam lithography (JEOL 6500) 

with double layer resists facilitating the lift-off process. First layer is water soluble 

OmniCoat coated on transferred graphene substrate and then SU-8 is spin-coated on the 

OmniCoat. After developing top SU-8 using SU-8 developer, the OmniCoat is developed 

by wet etching method using MF-319 with carefully controlled time. Finally the 3-nm-

thick titanium and 97-nm-thick gold are successively evaporated using electron beam 

evaporator and the metals are lifted off  using PG Remover. An aperture array with a size 

of 5×5 mm
2  

were used in the experiment so that a focused THz beam can fit within the 

array area.  

The scanning electron microscopy (SEM) images of fabricated device are shown in 

Figure 3.2a, where the bright region is the gold EOT structure and the dark region is 

graphene underneath, which was characterized using Raman spectroscopy, as shown in 

Figure 3.2b. As mentioned in Section 2.1, the Raman spectrum indicate a high-quality 

monolayer graphene sample after the transfer process and EOT fabrication. The inset of 

Figure 3.2a shows one element aperture of EOT array. The ring diameter is 96.4 μm, and 

the width of the aperture is around 1 μm. The lift-off process is not very successful and 

there is still metal covering the top and sidewall of the aperture. But the sidewall is not 
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fully covered by gold, EOT effect through such structures still gives resonance in 

transmission spectra and thus near-field enhancement, which will be shown later. 

 

Figure 3.2 Fabricated devices. (a) Scanning electron microscopy (SEM) image of the  

fabricated EOT graphene-based THz modulator. The dark region is graphene underneath. 

The inset is one EOT ring aperture element of the array. (b) Raman spectrum of graphene 

underneath the gold EOT structure. 

3.3. THz transmission measurement 

The transmission spectra of the devices are measured using a THz time domain 

spectrometer (THz-TDS). The spectra for the EOT graphene-based modulator under 

different gate voltage, Vg, from -20 V to 20 V were taken as spT  while the spectrum of the 

same EOT structure without graphene underneath was taken as reference transmission 

refT . All the spectra are normalized to the peak of refT . The transmission spectra were 

polarization insensitive, as expected from the structural symmetry. As shown in Figure 

3.3a and 3.3b, the peak transmission varies with the gate voltage while the central 
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frequency remains almost the same at different gate voltages. The transmission change is 

due to the change in carrier density in graphene as the Fermi level shifts with the gate 

voltage [49]. Significant amplitude modulation ~50% at resonance with gate voltage 

sweeping from -20V to 20V is mainly attributed to high near-field enhancement of SLG 

absorption near ring apertures.  

 

Figure 3.3 (a) Transmission spectra of EOT graphene-based THz modulator under 

different gate voltages sweeping from -20V to 20V. The peak transmission changes more 

than a factor of two. (b) The transmission spectra versus gate voltage relationship plotted 

in a 2D colr map. 

3.4.  Result Discussion 

The non-resonant Drude-like absorption in SLG has been previously investigated 

from the THz to far-infrared region [49].  In comparison, the absorption observed in our 

experiment is about four times stronger, as shown in Figure 3.4a. This enhancement is 

mainly due to the high near-field enhancement near the ring apertures, which strengthens 
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the interaction between the THz field and SLG. The enhancement is not as high as that 

expected from the simulation shown in Figure 3.1d. The possible reasons include 

imperfection of fabrication that may lead to partial closing of the ring aperture, 

absorption loss from residue e-beam resist, and non-uniformity of graphene carrier 

distribution over large area [67].  

 

Figure 3.4 (a) The absorption with EOT structure on the top of graphene (red line) 

compared with SLG absorption (blue line) and the enhancement factor (green line) under 

different bias. The largest enhancement factor is ~4. (b) Fermi level tuning of graphene 

under different gate voltages using different methods. Blue solid line is from SLG THz 

absorption measurement [49], cyan dashed line is from calculation using Eq. (3.2) and 

red solid line is calculated using Eq. (3.3). 

As the gate voltage approaches the largest reversed bias voltage of -20V limited by 

SiO2 breakdown, the THz absorption of the SLG approaches a non-zero value as the red 

line in Figure 3.4a shows. This implies that there will still be residue THz conductivity in 

the SLG as it approaches the Dirac point. We believe this is due to the non-uniformity in 
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the Fermi level in large area graphene. Since the entire area cannot reach the Dirac point 

at the same bias voltage, there always residue carriers in the film which  introduces the 

residue loss [49].  

The average carrier density in large area SLG without EOT structure can be 

extracted by fitting the measured transmission spectrum with Drude model [49]. 

Transmission spectra of  bare SLG without EOT structure normalized to bare SiO2/Si 

wafer from THz to far-infrared can be used to extract the Fermi level as following Eq. 

(3.1) [49]
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                                              (3.1) 

where  is the fine structure constant, subn  is the refractive index that is 3.5 in our case, 

0 is the universal conductivity in graphene as 2 4e , ( )fE is graphene intraband 

conductivity from Drude model as in Eq. (1.7b). The large area graphene Fermi level 

under different voltage is retrieved from [49] and scaled to 90 nm silicon oxide dielectrics 

in our structures. The CNP of graphene is estimated around -14V from typical field effect 

transistor (FET) structure measurement and transmission spectrum fitting of intrinsically 

doped graphene without any bias using Eq. (3.1). 

  Sweeping voltages from -20V to 20V, the Fermi level in SLG without EOT 

structure in expected to change by a factor of two as shown in blue line of Figure 3.4b. 

The Fermi level of graphene can be theoretically calculated using the paralell capacitor 

model as in Eq (3.2) [49] 
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c( )f g f g CNPE V v V V                                        (3.2) 

where ( )f gE V  is the Fermi level of graphene under gate voltage gV , is the reduced 

Planck constant, fv  is Fermi velocity ~ 10
6
 m/s, c  is capacitor constant that is 

11 2 12.4 10 cm V  in our case and 
CNPV  is taken as ~ -14V. The calculated Fermi level of 

graphene using Eq. (3.3) is shown as cyan dashed line in Figure 3.4b. However, 

compared with theoretical calculation, the Fermi level should come to Dirac point at CNP 

while in our case there are always residual carriers and strong asymmetry between hole 

and electron response as shown in blue line in Figure 3.4b. Possible reasons may come 

from the non-uniformity of CVD graphene carrier distribution due to defects or grain 

boundary of polycrystalline graphene [67, 68], hole-rich puddles [69]  from the transfer 

and fabrication process and thus the nominal Fermi level extracted from the Drude model 

fitting is average response over the large area of several millimeters THz beam spot size. 

Here we model this non-uniformity by assuming a statistic normal distribution CNT [69] 

over the large area to get the average carrier density i.e. the nominal Fermi level as 

formatted in Eq. (3.3).  

~

c( ) CNPf g f gE V v V V                                                  (3.3) 

where the charge neutral point 
~

CNPV  follows the normal distribution 
~

~ ( , )CNPV N   . In 

our case, the expectation  is chosen as -14V and the deviation   is fitted ~ 8.5V 

corresponding to the CNP shift ~0.166 eV by fitting the blue line Figure 3.4b, which 

indicates the large area graphene has significant non-uniformity compared with small 
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area graphene [69]. The relationship between average Fermi level and gate voltage is 

shown as solid red line in Figure 3.4b, which matches well with SLG Fermi level 

extracted from THz experiment. 

In graphene-EOT structures, graphene behaves as an electrically controlled decay 

channel in EOT resonant cavity. The transmission spectrum can be fitted using 

Lorentzian model inferred from coupled model theory [42] as Eq. (3.4). 
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                                                 (3.4) 

where 0f is center frequency, A is the amplitude,  is the total linewidth combing the loss 

from metal and graphene [42]. The spectra shown in Figure 3.3a can be well fitted shown 

in Figure 3.5a. A little asymmetry between the measured spectra and fitted spectra may 

be due to the little frequency dependence of the linewidth since the intraband 

conductivity of graphene. The quality factors (Q Factor) extracted from fitted spectra of 

EOT graphene-based THz modulator in Figure 4a will decrease as the carrier density 

increases in graphene, which will introduce higher loss in the EOT resonator. Compared 

to structure without graphene as shown in black dashed line in Figure 3.5b the Q factor 

decreases due to graphene insertion loss caused by residual carrier. 
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Figure 3.5  (a) Fitted spectra at different gate voltages using Eq. (3.4). The black line the 

reference structures without graphene.  (b) Q changes with gate voltage. The black 

dashed line is reference Q without graphene. 

The EOT graphene-based THz modulator can potentially operate with speed above 

GHz thanks to the small aperture area ratio of EOT structure. Here we estimate the speed 

of this THz modulator [42]. In EOT graphene-based THz modulator, the graphene only 

needs to sit in the aperture to have effect. Considering the beam size of THz wave as 

~1mm
2 

and the aperture-to-area ratio is ~1%, so the total area of graphene Agra needed for 

effective amplitude modulation is around 0.01 mm
2
. The speed of the modulator is 

limited by RC in the circuit. In our back-gating scheme, the capacitance can be calculated 

as 0 3.8d graC A d   pF where d is the relative permittivity of silicon oxide as 3.9, 

0 is the vacuum permittivity and d is the thickness of the silicon oxide as 90 nm. Total 

resistance mainly comes from graphene resistance and contact resistance, which is 

typically several kilo-ohms for graphene resistance in our devices and several ohms for 

both gold contact resistance and silicon contact resistance. However in highly doped 
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region, the graphene can be as low as ~125 Ω/sq that will reduce the resistance involved 

in the device[16, 42]. So the speed as 1/RC can be up to ~ 1.3 GHz by taking R ~200Ω. 

In summary, in this chapter a new type of active transmissive THz switch based 

graphene-EOT structures is experimentally demonstrated. A large amplitude modulation 

depth ~50% is achieved and it is potential for high speed THz modulator. The modulation 

depth can be further improved by better device fabrication and graphene quality. 

Furthermore, Furthermore, the EOT structure can be scaled in a straightforward manner 

to have resonant frequencies over a wide THz range, which enables a novel on-chip THz 

spatial light modulator. The EOT arrays with the same/different size can be built on 

separate graphene sheets as the individual gate electrode and the SiO2/Si substrate will 

work as the common dielectric materials and ground electrode respectively. Each EOT 

"supercell" transmission amplitude can be separately electrically-controlled with the 

same/different resonate frequency, which may find applications in THz imaging and 

spatial light modulators [62]. Our structure suggests a room temperature large on/off 

ratio, high speed, tailored working frequency region and CMOS compatible THz 

switches with application on THz imaging, communications and sensors.  
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Chapter 4 

Graphene Plasmonics in Mid-infrared Region 

The unique electronic properties [1-3] of graphene make it a promising platform to build 

highly integrated active plasmonic devices and systems for a wide wavelength range from 

near-infrared to THz [23, 30, 70]. Active plasmonics is an emerging field that allows 

manipulation and external control of light confined in a structure with deeply 

subwavelength dimensions.  

Existing metal-based active plasmonic devices have either slow speeds or very 

limited tunability and plasmonic devices based on 2D electron gas in semiconductors 

have been demonstrated at cryogenic temperatures.  In contrast, graphene has been shown 

to support surface plasmon polaritons (SPPs) with stronger mode confinement and lower 

propagation loss in the mid-infrared region due to its large carrier mobility at room 

temperature [30, 34, 35]. The carrier density in graphene can be electrically adjusted 

dramatically with a small bias voltage applied to a field-effect transistor (FET), which 

can achieve tuning time below a nanosecond [21]. This unique combination makes 

graphene a promising material for electrically tunable active plasmonic device. 

Besides the broad tunability, the plasmonic waves in graphene have extremely 

high field confinement. Theoretical studies show that the electric field of a mid-infrared 

plasmonic wave is localized in a layer of a few tens of nanometers thick, two orders of 

magnitude smaller than its vacuum wavelength [30]. The highly localized optical field 

creates strong light-matter interactions [31] and can be used to build sensors with high 

sensitivity or to build nonlinear optical devices with high efficiency [71]. The plasmonic 
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wave also has a low group velocity (~c/100) over a wide wavelength range [30], which 

allows for further enhancement of light-matter interaction as waves propagates slowly 

through the media.  

The key challenge is to efficiently excite the SPPs in graphene from an incident 

electromagnetic wave, given the large wavevector mismatch between the two waves.  

Recent studies demonstrated near-field excitations and observation of propagating SPPs 

in graphene using the near field microscopy with nano tips [34, 35]. This type of 

excitation has low efficiency as only a very small percentage of incident photons can be 

converted to SPPs.  

In this chapter, we theoretically and experimentally demonstrate the excitation of 

SPPs in graphene using a silicon grating, where SPP is excited by a normal-incident free-

space infrared wave through the guided-wave resonance (GWR) [36]. Besides assisting 

the optical excitations, the silicon grating also acts as a gate electrode to tune the 

resonance frequency of the device over a broad spectral range. This structure can be used 

to build ultrafast spatial light modulators with broad operation bandwidth and opens a 

way to build 2D plasmonic photonic circuits and metamaterials [72]. With different 

grating periods, devices working in mid-infrared (mid-IR), far-infrared or Terahertz 

(THz) wavelength range can be built. 
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4.1. Theoretical analysis 

4.1.1. Plasmon wave in graphene 

The electronic properties of monolayer graphene have been intensely investigate 

[2] and recent theoretic analysis [30]
 
has shown that highly confined SPPs can propagate 

in the monolayer graphene. These waves are resulted from periodic motion of electrons 

or holes along the wave propagation direction. At a mid-infrared wavelength, optical 

losses from interband transition and phonon-induced scattering can be suppressed when 

the graphene is properly doped.
 
Under this condition, only intraband conductivity of 

graphene applies as in Eq. (1.7b) and the dispersion relationship of the plasmonic wave 

for the transverse-magnetic (TM) mode in a continuous monolayer graphene is 

approximately [30] 
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                                 (4.1) 

where ( )   is the in-plane wave-vector in graphene, is the reduced Planck constant, ε0 

is the vacuum permittivity, εr1 and εr2 are the dielectric constants of the materials above 

and below the graphene film,  is the carrier relaxation time, and f fE v n
 
is the 

absolute value of the Fermi energy level, where n is the carrier density and fv ≈ 10
6
 m/s 

is the Fermi velocity in graphene. The carrier relaxation time   determines the carrier 

mobility μ in graphene as 
2/f fE ev  . The monolayer graphene layer is modeled as a 

2D electron gas which has a metal-like response to in-plane electric field and a dielectric-

like response to the surface-normal electric field. The plasmonic dispersion property in 
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graphene is different from that in other types of 2D electron gases
 
due to the massless 

electrons in graphene. 

The carrier mobility μ of graphene film range from ~1000 cm
2
/(V·s) in chemical 

vapor deposition (CVD) grown graphene
 
[44] to 230,000 cm

2
/(V·s) in suspended 

exfoliated graphene [73]. When using a moderate mobility of 10,000 cm
2
/(V·s) and with 

Ef = 0.64 eV, the dispersion relationship of the SPP is plotted in Figure 4.1. One can see 

from the blue line that the SPP has a high effective index 0Re( ) /effn k in the mid-IR 

wavelength range, which means the wavevector of SPP wave is much larger than that of 

the incident wave. As a result, the electric field is highly confined, which will be shown 

later. The green line shows that the propagating length is two orders of magnitude longer 

than the spatial period of the SPPs. This relatively low loss allows a high-Q and ultra-

compact resonator to be built.   

 

Figure 4.1 The dispersion property of the mid-infrared SPPs in a monolayer graphene 

film with μ = 10,000 cm
2
/(V·s) and Ef = 0.64 eV. The blue line shows the effective index 

of the SPP mode and the green dashed line show the ratio between the propagation length 
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and the spatial period of the mode. The frequency of the wave is measured by its vacuum 

wavevector. 

4.1.2. Excitation by diffractive gratings 

The large wavevector of SPPs enables us to build devices with dimensions well 

beyond the diffraction limit. However, to excite the SPPs in graphene with a free-space 

optical wave, their large difference in wavevector has to be overcome. Optical gratings 

are widely used to compensate wavevector mismatches.[74-76] Here we use a silicon 

diffractive grating underneath the graphene, as shown in Figure 4.2, to facilitate the 

excitation. The grating is formed by patterning and etching shallow trenches on a silicon 

wafer. The grating period Λ needed for frequency ω0 is determined by the phase match 

equation.  

  0
0

2
Re ( ) sin

c

 
   


                                           (4.2) 

where c is the speed of light, θ is the incident angle, and ω0/c 
is the vacuum wavevector 

k0.  
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Figure 4.2 Schematics of a silicon-diffractive grating-assisted graphene SPPs excitation.  

For a normal-incidence wave ( 0  ), a guided-wave resonance (GWR) [36] is 

excited when the grating period Λ matches the period of the SPPs (  2 / Re  ) and the 

grating lines are perpendicular to the E-field direction of the incident wave. Under that 

condition, the normal-incidence wave excites SPPs in graphene and optical energy is 

dissipated due to the Ohmic loss while the SPPs propagates in the graphene layer. 

Therefore, the transmission spectrum shows a notch around the resonant frequency ω0 as  
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                                         (4.3) 

The optical response of the structure in Figure 4.2 is simulated using the finite 

difference time domain (FDTD) method as shown in Figure 4.3. In the simulations, the 

graphene film is modeled as a thin layer with a thickness 0.5t  nm and an anisotropic 

dielectric constant described by a diagonal tensor. The in-plane dielectric tensor 

component is 11 22 02.5+ ( )r r i t       , where is the intraband conductivity of 
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graphene as in Eq. (1.7b), and the surface-normal component is set as 33 2.5r   based 

on the dielectric constant of graphite. The simulation result does not change when the 

thickness t is set to a different value, such as 0.3 nm, as long as the mesh is fine enough. 

Since there is a large dimensional difference between the thickness of the graphene (0.5 

nm) and the grating periods (on the order of 100 nm), we use non-uniform mesh in the 

FDTD simulations. The mesh size inside the graphene layer is 0.05 nm and the mesh size 

gradually increases outside the graphene layer. 

The simulated normal-incidence transmission spectra with different grating 

periods (Λ) are shown in Figure 4.3a. One can indeed see sharp notches from the GWRs. 

The main notches have extinction ratios ~10 dB and quality factors (Q) ~40, which is 

larger than most metal mid-infrared resonance structures [77-79]. The scaling of the 

resonant frequency with respect to Λ agrees very well with Eq. (4.3), as shown in Figure 

4.3b. On each transmission spectrum, one can identify multiple notches resulted from 

multiple SPP modes. The side-view electric field profile of the fundamental mode in one 

grating period is shown in Figure 4.3c. The E-filed has a 2π phase shift in each grating 

period, and the sign of the E-field flips at the edge of the silicon ribs. Figure 4.3d shows 

the E-field variations in the vertical direction at two horizontal positions, which are 

exponentially fitted and the decay length is defined where the intensity drops to 1/e of the 

maximum intensity. Figure 4.3d confirms that the E-field is indeed tightly confined along 

the graphene layer with a decay length of 13.3 nm over the silicon ridges and 24.2 nm 

over the air trenches. The notches at the higher frequencies are caused by higher order 

modes. The electrical field profile of the second-order mode is shown in Figure 4.3e, 
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where the E-field has a 4π phase shift in each grating period. The notch from the 2
nd

-

order mode can be minimized by adjusting the occupation ratio of the silicon grating. 

 

Figure 4.3 GWR in monolayer graphene on silicon gratings. (a) Simulated normal-

incidence transmission spectra with different grating periods Λ for Ef = 0.64 eV. (b) 

Scaling of the fundamental-mode resonant frequency with respect to Λ. The dots are from 

the FDTD simulations and line is calculated from Eq. (4.3). (c) The side-view electrical 

field distribution of the fundamental mode in one grating period. (d) The distribution of 

the E-field intensity at the surface-normal direction along the two dash-dot lines that lies 

at the middle of a silicon ridge (red line) or an air gap (blue line). The black dashed line 

and green dashed line are exponential fittings to extract the decay lengths. (e) The side-

view electric field distribution of the second-order mode in one grating period. 
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The extinction ratio (ER) of the GWR notch in the transmission spectra is largely 

determined by the optical loss in graphene, which is mainly characterized by the real part 

of the conductivity at the operating mid-IR frequency [80]. While the electron mobility in 

an exfoliated graphene can exceed 230,000 cm
2
/(V·s),

 
the chemical-vapor-deposition 

(CVD) graphene generally has mobility below 10,000 cm
2
/(V·s) due to the point defects 

and residue impurity introduced during growth or transfer of graphene. The lower 

mobility corresponds to higher loss and lower intrinsic Q for the GWR. Thus, the notches 

in the transmission spectra become broader and shallower. As shown in Figure 4.4a, 

when the mobility decreases to μ = 1,000 cm
2
/(V·s), the ER drops to a low but 

measurable level of ~20%. 

In additional to the impurity-induced loss characterized by the Drude model, 

recent experiments
 
[35, 43, 81] have shown additional losses in the infrared spectral 

range, where the measured real part of the conductivity is higher than that predicted by 

the Drude model and the DC mobility μ. The transmission spectrum of the device is 

simulated with the measured conductivity of graphene [43], which is shown as the cyan 

dash-dot line in Figure 4.4a. While the additional loss observed in experiments severely 

limits the ER of the proposed device (and the performance of graphene plasmonic 

devices in general) [80],
 
it is not conclusive yet how much of this additional loss is from 

an intrinsic process such as the electron-electron interaction, and how much of it is from 

an extrinsic influence such as the defects and the substrate effect [34, 35, 82].
 
The 

electron-electron interaction is included in the model given in Ref. [81], and a simulation 

with results of that model (purple dasd-dot line in Figure 4.4a) gives a better ER than that 

with the measured conductivity. Even though the electron-electron interaction is intrinsic, 
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it can be tuned by using different substrates [81],
 
 and recent measurements have shown 

that the propagation lengths of mid-IR SPPs in graphene on SiC substrate agrees with 

what is predicted from the Drude model and the DC mobility [34].Therefore, with a 

graphene of a higher quality [48, 83],
 
low-loss graphene SPP may be obtained in the 

future. In addition, the loss can possibly be compensated by an optical gain introduced 

through population inversion [84].
 
 

 

Figure 4.4 Simulated normal-incidence transmission spectra of monolayer graphene on 

silicon gratings. (a) Spectra with different carrier mobilities when Ef = 0.64 eV and Λ = 

150 nm. The cyan dash-dot line and the purple dash-dot line show the simulated spectra 

with the measured conductivity
 
[43] and with the modeled conductivity where the 

electron-electron interactions is taken into consideration [81].
 
(b) Spectra with different 

gaps between the graphene and the silicon grating when Ef = 0.64 eV on Λ = 370 nm and 

µ = 10,000 cm
2
/(V·s).  

Another factor that affects the ER is the strength of the gratings. To show that, we 

add a small air gap between the silicon grating and the graphene film, which reduces the 

overlap between the graphene SPPs and the grating, and thus reduces the effective 



 42 

 

strength of the grating. One can see in Figure 4.4b that the ER drops when the grating is 

moved farther away from the graphene film. But the ER remains high when the gap is 

less than 30 nm. The resonant frequency blue-shifts as the gap increases because the 

effective index of the plasmonic mode becomes smaller. With such a gap, the silicon 

grating with a proper doping level can be used as the gate electrode to tune the Fermi 

level of graphene. Since the distance between the gate electrode and the gap is typically 

just a few nanometers, the shape and the extinction ratio of the resonances will be very 

close to those without the gap. Given the fast carrier diffusion [85] and the small grating 

period, we expect the carrier distribution in graphene to be nearly uniform even though 

the gate electrode is patterned.  

4.1.3. Electro-static tuning of the GWR 

The most intriguing property of graphene plasmonics is its ultra-broad and fast 

tunability [23]. Electrical tuning of the notch filter shown above can be achieved by 

adjusting the Fermi level in graphene. Simulated spectra shown in Figure 4.5a confirm 

the broad tuning range with a small change in the Fermi level. The tuning curve agrees 

very well with Eq. (4.3), as shown in Figure 4.5b. The Fermi level in graphene can be 

controlled with potentially fast speed using an FET structure,
 
where the approximate 

relationship is f gVE  and gV  is the gate voltage. It has been shown that a Fermi level 

change of 0.1 eV can be obtained with a gate voltage of a few volts [23],
 
which would 

induce the resonant frequency to shift ~100 cm
-1

. Besides acting as a highly tunable 

optical filter, the fast tuning speed allows the structure to be used as a spatial light 

modulator for a wide frequency range from mid-IR to THz.  
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Figure 4.5  (a) Simulated normal-incidence transmission spectra of monolayer graphene 

on silicon gratings with different Fermi energy level in graphene when μ = 10,000 cm
2
/(V

•s) and Λ = 150 nm. (b) Scaling rule of resonant frequency with respect to Ef using both 

RCWA and FDTD methods. The dots and crosses are simulated results from RCWA and 

FDTD respectively and the line is calculated from Eq. (4.3).  

Besides the FDTD simulations, we also analyze the grating structure analytically 

with the rigorous coupled-wave analysis (RCWA) method. The RCWA solves the 

Maxwell equations and the boundary conditions based on the harmonic analysis where 

the grating structure is decomposed into different Fourier components. The details of this 

method can be found in Ref. [86]. The results agree very well with the FDTD simulation 

as shown in Figure 4.5b. The RCWA method is much quicker than the FDTD simulation 

and thus allows us to explore a wide design space quickly. 
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4.2. Experimental Realization 

To fabricate the structure shown in Figure 4.6a, periodically spaced trenches were 

etched into a lightly-doped silicon substrate for grating formation. Gratings with different 

periods ranging from 100 to 800 nm are fabricated on a lightly-doped silicon wafer (1-10 

-cm) using standard electron beam lithography (JEOL-6500) with hydrogen 

silsesquioxane (HSQ) resist, which is followed by reactive ion etching (RIE) to etch away 

the silicon. The depth and length of each trench were ~250 nm and ~60 μm, respectively.    

Buffered oxide etchant (BOE) is used to remove the top resist and passive oxide.  

Electron-beam evaporation is used to evaporate a thin (~30 nm) layer of aluminum oxide 

on the top of the silicon grating. The graphene layer is grown by chemical vapor 

deposition (CVD) on a copper foil and then transferred to the silicon grating as the 

propagation medium of SPPs using Poly(methyl methacrylate) (PMMA) assisted wet-

transfer techniques as illustrated in Figure 2.1. Before the transfer process, a PMMA 

layer is spin-coated on graphene on the copper foil, and the copper foil is then etched 

away in a 10% nitric acid bath overnight. The PMMA-graphene film floating on the 

etchant is moved to distilled water several times to rinse the etchant residue and then 

scooped by the chip patterned with the grating structure. Since the chip is patterned and 

the graphene is required to suspend over the gratings, the chip is dried in air overnight, 

then the PMMA layer is removed by acetone and the whole chip is cleaned by Isopropyl 

alcohol (IPA) carefully without damaging the graphene sheet.  

The strong mechanical property of graphene allowed the film to be suspended 

over the sub-micron-wide trenches, as shown in Figure 4.6b. The quality of graphene in 
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the suspended regions was verified via Raman spectroscopy as in Figure 4.6c. The 

locations of the G and 2D peaks (~1590 cm
-1

 and ~2688 cm
-1

, respectively), the single 

Lorentzian shape of the 2D peak, the intensity ratio of the 2D to G peaks (> 4.0), and the 

near absence of the D peak all indicate a high-quality monolayer of graphene after the 

transfer process. The inset of Figure 4.6d shows the structure of a graphene field effect 

transistor that was used to measure the mobility of the graphene. The main panel of 

Figure 4.6d shows the correlation between field-effect carrier transport and back-gating 

voltages, and the carrier mobility μ can be calculated from the linear regime of the 

transfer characteristics. Most of the devices used in our experiments showed μ  of ~1700 

cm
2
V

-1
s

-1
. 
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Figure 4.6 (a) Schematic of silicon-diffractive grating-assisted graphene plasmon 

excitation by guided-wave resonance (GWR). (b) Scanning electron microscopy (SEM) 

image of transferred graphene on a silicon grating with period  = 400 nm . A defective 

region is intentionally chosen here to show the contrast between graphene-covered and 

uncovered areas. (c) Raman spectrum of graphene transferred on a silicon grating 

indicated in Figure 4.6b. (d) The resistance of the graphene field effect transistor (FET) 

between the source (S) and the drain (D) as a function of gate voltage under vacuum. 

(inset: graphene FET structure). 

We performed polarization-dependent transmission experiments on the fabricated 

devices using Fourier transform infrared spectroscopy (FTIR) in the mid-infrared (MIR) 

and far-infrared (FIR) regions, as schematically shown in Figure 4.7a [23, 24, 49]. The 
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transmission spectra of devices in the mid-infrared region are taken using commercial 

JASCO FT/IR-660 Plus with microscope and thalium bromoiodiode (KrS5) polarizer. 

Transmission for both polarizations was recorded, and their ratio ///T T  is plotted. The 

far-infrared spectra were measured with unpolarized light incident on the array of devices 

and normalized to the transmission of a bare silicon wafer in a nitrogen gas purged 

chamber. Since far-infrared measurements require patterns of large size, the FIR spectra 

of the 100-nm-period grating is not obtained due to fabrication limitations. The 

measurements are repeated four times and the results are averaged to produce the spectra. 

The phase-matching effect only occurs to SPPs propagating in the direction perpendicular 

to the grating lines, which is polarized in the same direction [36]. Therefore, SPPs can be 

excited only when the input light is polarized perpendicular to the grating lines, which 

introduces a dip on the transmission spectrum ( T
). No resonance features are expected 

on the transmission spectra of light polarized along the grating lines ( / /T ). Figure 4.7b 

shows the ratio ///T T  as a function of frequency, which shows a resonant dip as light 

with the correct polarization couples incident radiation to the SPPs and its energy is 

absorbed in the graphene layer. 
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Figure 4.7  FTIR measurement results of the fabricated guided-wave resonance graphene 

plasmonic devices. (a) Schematics of the normal-incidence transmission measurement 

and the definitions of different polarizations for T  and / /T . (b) FTIR transmission 

spectra in the far-infrared (200–550 cm
-1

) and mid-infrared (620–1300 cm
-1

) for gratings 

with different periods. The arrows mark the positions of the resonances. The black line is 

the transmission of monolayer graphene normalized to the transmission of a bare silicon 

wafer.  The shaded area represents the frequency region where the signal-to-noise ratio of 

detector was too low. Inset: The transmission spectrum of grating period Λ = 800 nm in 

the mid-infrared region without graphene normalized to silicon wafer. (c) The logarithm 



 49 

 

of resonance frequency ω0 versus the logarithm of grating period . Blue open circles 

correspond to the arrow positions in (b) and the red solid line is the linear fitting with a 

fitted slope -0.487 that matches well with the theoretical prediction of -0.5 in Eq (4.3). (d) 

Simulated mode profiles using the finite difference time domain (FDTD)  method at the 

resonance frequency. 

Figure 4.7b shows ///T T  versus frequency for devices with different periods ().  

For graphene on a bare silicon wafer, there is no observable difference in transmission 

between parallel and perpendicular polarized beams. However, all the other three devices 

with gratings exhibit transmission dips for light polarized perpendicular to the grating 

lines at particular frequencies and shows no feature in other measured spectral range, 

indicating that the gratings play a key role in the SPPs excitations. Figure 4.7c shows the 

relationship between the logarithm of resonance frequency ω0 and the logarithm of 

grating period , which fits well with Eq. (4.3). The spectrum position and extinction 

ratio (ER) can be fitted using finite difference time domain (FDTD) simulations with 

fitted Fermi level Ef ~ 0.23 eV and fitted carrier mobility μ  is ~400 cm
2
V

-1
s

-1 
as shown 

in previous sections [36]. This Fermi level is comparable to the typical Fermi levels of 

graphene films transferred using similar methods, which are electrically measured to be 

between 0.2-0.3 eV while the carrier mobility is significantly lower  than the DC mobility 

measured electrically on similar graphene material (~1700 cm
2
V

-1
s

-1
). Possible reasons 

mentioned in Section 4.1 for the reduction in mobility include non-uniformity in the 

grating structure due to imperfect fabrication, non-uniformity in the Fermi level in 

graphene [67] and the many-body effects in graphene [81]. The field distribution of SPPs 

was obtained through FDTD simulations as well.  For a grating with period Λ = 100 nm, 
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the calculated mode profile in the graphene layer is shown in Figure 4.7d, whose electric 

field intensity has a short decay length of ~ 20 nm in the vertical direction. 

A back-gate structure is used to electrically control the carrier density, and thus, 

the resonance frequency of the device. A 30-nm aluminum oxide layer was deposited on 

the grating before graphene was transferred, and a voltage was applied between the 

substrate and graphene layer, as schematically shown in Figure 4.6a. The effectiveness of 

back-gate tuning was confirmed via terahertz time-domain spectroscopy (THz-TDS) by 

measuring broadband transmission at different applied voltages since the graphene 

intraband absorption changes with the position of the Fermi level Ef [49]. The schematic 

of this measurement is shown in Figure 4.8a. Figure 4.8b shows the spectrally integrated 

power of the transmitted THz beam versus gate voltage, demonstrating effective carrier 

density tuning in the graphene layer from the n-doped region to the p-doped region. The 

charge neutral point is around -3V, showing that graphene under zero bias is p-doped 

with a Fermi level Ef of ~0.26 eV, which is close to what is estimated from the fitting 

with IR measurements ~0.23 eV. 
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Figure 4.8 (a) Schematic of back-gate carrier density tuning in continuous graphene on an 

evaporated dielectric layer through THz-TDS measurements. (b) The total transmitted 

power of THz radiation changes with the gate voltage. The red dots are measurements, 

and the blue line is interpolation. (c) Electrical tuning of the fabricated GWR graphene 

plasmonic device with period Λ = 100 nm. Arrows indicate the position of the resonant 

dips. (d) The resonance of a GWR graphene plasmonic device with period Λ = 200 nm 

under 4-V bias, which has an extinction ratio ER ~6%. 

Electrical tuning of the plasmon resonance is demonstrated in Figure 4.8c. Here 

///T T  is plotted versus frequency for different gate voltages in mid-infrared region. As 

the gate voltage increases from 0.5 to 4 V, a large blue shift of ~ 80 cm
-1

 of the resonance 
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frequency is observed. Since the resonance frequency ω0 for unbiased structure is close to 

lower frequency limit of the detector, we choose to apply only the positive voltage to 

increase the doping level, which blue shifts the center frequency [36]. The extinction 

ration (ER) of the resonance varies from device to device, presumably due to sample 

uniformity variations. Figure 4.8d shows ///T T  versus frequency for a device with 

period Λ = 200 nm that has a higher ER of ~ 6%. The ER of the resonance can be 

increased by improving the quality of the graphene layer and the fabrication processes. 

In conclusion, in this chapter we have theoretically and experimentally 

demonstrated that sub-wavelength gratings can be utilized to excite propagating SPPs in 

graphene in the infrared wavelength region. Although the ER is still limited by graphene 

loss, the better quality of materials will have applicable ER for future devices as in 

simulation results in Section 4.1. This structure opens up new possibilities for building 

active plasmonic devices, ultrafast spatial light modulators with broad operation 

bandwidths, graphene plasmonic sensors, and 2D plasmonic photonic circuits and 

metamaterials. 
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Chapter 5 

Conclusion and Future Works 

5.1. Conclusion 

The unique properties makes a graphene promising materials for future 

optoelectronic devices. The general transfer techniques described in Chapter 2 enables 

easy fabrications and integrations of graphene devices. As already seen in Chapter 3 and 

Chapter 4, the tunable intraband loss of graphene can be utilized to build up a THz 

modulator and the "metallic" properties of graphene is explored to build active plasmonic 

devices in mid-infrared region. For plasmonic devices in mid-infrared region, the 

material loss will be a main issue for better device performance and hopefully the higher 

quality samples will yield to a better and applicable device. In THz region, the integration 

of graphene with EOT resonator structure makes an efficient THz modulator with high 

modulation depth, which renders more opportunities to build modulators in different 

frequency region by introducing additional but electrically controllable loss in resonator 

loss channel with integration of the graphene material, which will be worth further 

investigations.   

5.2. Future works 

Graphene has been demonstrated as a powerful way to build THz modulators by 

incorporating with THz resonators. By extending the frequency range, new types of mid-

infrared, near-infrared region modulator can be built up with the same concepts. In mid-
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infrared region, similar metallic EOT structure can be fabricated by scaling the size of 

THz EOT structure while in near-infrared region, silicon photonics have provided many 

present resonator structures like ring resonators [87], grating resonators [88] and etc, 

which indeed can find applications in mid-infrared as well. By incorporating graphene 

with different resonators using transfer techniques , the new advanced modulators are 

close at hand.    

Some passive devices have been demonstrated by transferring graphene on mid-

infrared EOT structures and silicon ring resonators in telecommunication wavelength as 

shown in Figure 5.1. 

 

Figure 5.1 (a) Transmission spectra of mid-infrared EOT structure with and without 

graphene. (b) Transmission spectra of ring resonator in telecommunication wavelength 
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with and without graphene. Left figure shows the covered region and the right one is the 

transmission spectra. 

The mid-infrared EOT structure was fabricated similarly as described in Chapter 

3 with scaling diameter down to several hundreds of nanometers. They are designed to 

have resonance at different mid-infrared frequency saying 1100 cm
-1

, 1400 cm
-1

 and 2300 

cm
-1

. By transferring the graphene on the top of structure, no significant amplitude 

change is observed in contrast to THz counterpart as shown in Figure 5.1a. This 

difference is attributed to the different conductivity contribution in different frequency 

range. In the THz region, the intraband conductivity will be the main contribution while 

in mid-infrared region it will become much smaller due to Drude formula as in Eq. (1.7). 

Instead the interband transition will become stronger if the doping level is proper. The 

typical transfer graphene has doping Fermi level ~0.2 eV, where the 2 fE onset will be 

around 3200 cm
-1

 that is larger than center frequency of all resonance structures so that 

the graphene is almost transparent in the frequency range in Figure 5.1a. The loss is 

expected to be larger and phenomena may be significant when Fermi level starts to drop, 

which is counterintuitive to our knowledge in THz region where higher Fermi level will 

introduce more carrier thus more absorption. As a result, by tuning the interband 

absorption in mid-infrared region, a new type of modulator can be built.  

When the frequency is high enough as in telecommunication wavelength (~0.8 

eV), the Fermi level is not too high so that the interband loss will be significant. When 

pre-doped graphene is transferred on the silicon ring resonators, the large drop of the 

resonance dip is observed as shown in Figure 5.1b. In this case, by electro-gating the 
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graphene, the Fermi level thus interband transition will be tuned as shown in Figure 5.2 

[21], which makes a new graphene based ring modulator possible. 

 

Figure 5.2 Transmission of silicon waveguide with graphene on top of it at different gate 

voltages. Figures are cited and modified from [21]. 

Besides graphene photonic devices and photonics, a new type of 2D materials 

called transition metal dichalcogenides (e.g. MoS2) emerged. In contrast with graphene 

without a band gap, MoS2 is a direct band gap materials when the thickness shrinks down 

to monolayer [89], which brings more optoelectronic devices such as photodetectors. 

Furthermore, the non-centrosymmetric crystalline structure [90] is different from 

graphene and silicon that are centrosymmetric materials, which enables new kind of 

nonlinear optics.  More devices and physics needs exploring in this new area for the 

future work.  
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