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ABSTRACT 

The development of compact, efficient, and powerful mid-infrared devices is 

mainly restrained by the limited choice of materials due to the high loss of 

conventional optical materials in the mid-infrared range. The aim of this work 

was to find alternative novel materials which would enable the realization of 

devices with smaller size while maintaining its functionality. Metasurface and 

graphene have emerged as promising materials which can help us to 

manipulate the infrared light within nano-meter scale thickness. In this thesis, 

three different mid-infrared devices, thermal emitter, wave trapping sensor and 

phase modulator were designed based on either metasurface or both 

metasurface and graphene. Devices were all fabricated with modern 

semiconductor fabrication processes and their performances were also fully 

investigated, both experimentally and through simulations. 

A metasurface was first designed as a frequency selective layer on a 

graphene thermal emitter to tailor the graybody emission spectrum from a 

graphene filament into two discrete narrow bands for applications such as gas 

sensing or molecule detection. The emission and reflectance spectra of the 

devices were characterised using (FTIR) Fourier transform infrared 

spectroscopy and showed good agreement with simulations based on the 

Finite-difference time-domain (FDTD). method. 
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The use of a metasurface to enhance the interaction between molecular 

vibrations and the evanescent waves, in a total attenuated reflectance system, 

was also explored. A complementary ring-resonator structure was patterned 

onto both silicon and SiO2/Si substrates, and the spectral properties of both 

devices were characterised using an FTIR-ATR system. Experiments were 

undertaken using 5µL mixtures containing trace amounts of butyl acetate 

diluted with oleic acid. Without the use of a metasurface, the minimum 

concentration of butyl acetate that could be clearly detected was 10%, whereas 

the use of the metasurface on the SiO2/Si substrate allowed the detection of 1% 

butyl acetate.  

Finally, graphene was integrated into a metasurface structure to achieve 

tunability of the design. The third device investigated was a phase modulator 

which shows the capability to change the amplitude and phase of the reflected 

wave by electrostatically gating the graphene from -90V to 90V. A dynamic 

beam steering lens model which is made up of a unit cell consisting of four 

phase modulator with different phase shift was also proposed to control the 

angle for the reflected wave from specular to 30°. 



i 

 

Contents 

List of Figures ....................................................................... i 

List of Tables ........................................................................ i 

List of Publications ............................................................... i 

1 Introduction .................................................................. 1 

 Motivation ................................................................................... 1 

 Overview .................................................................................... 3 

2 Fundamental Concepts and Background ................... 9 

 Introduction ................................................................................. 9 

 Gas detection ............................................................................. 11 

 Trace chemical detection ............................................................ 13 

 Infrared imaging and camouflage ................................................ 15 

 Metasurfaces ............................................................................ 18 

 Effective Medium Theory ............................................................ 21 

 Metasurface Applications ............................................................ 25 

 Graphene ................................................................................. 34 

 Electronic Properties ................................................................... 34 

 Thermal Properties ..................................................................... 42 

3 Numerical Simulations ............................................... 48 

 Introduction ............................................................................... 48 



ii 

 

 Solving Maxwell’s Equations .................................................... 49 

 Finite Element Method ................................................................ 50 

 FDTD method ............................................................................. 52 

 Simulation software and settings .............................................. 54 

 Simulation Software .................................................................... 54 

 Material Properties...................................................................... 56 

 Boundary Conditions .................................................................. 58 

 Mesh sizes ................................................................................. 60 

 Comparison between FEM and FDTD method ......................... 61 

4 Device Fabrication ..................................................... 64 

 Introduction ............................................................................... 64 

 Metasurface fabrication ............................................................ 65 

 Electron beam lithography .......................................................... 65 

 Metallization ............................................................................... 68 

 2D-material fabrication ............................................................. 70 

 2D material transfer .................................................................... 70 

 Reactive ion etching ................................................................... 72 

 Fabricated Devices ................................................................... 74 

5 Characterisation ......................................................... 75 

 Introduction ............................................................................... 75 



iii 

 

 Metrology .................................................................................. 76 

 Optical Microscopy ..................................................................... 76 

 Scanning Electron Microscopy .................................................... 76 

 Atomic Force Microscopy............................................................ 79 

 Electromagnetic response characterization .............................. 82 

 Transmission Measurement ........................................................ 82 

 Reflection measurement ............................................................. 84 

 Emission measurement .............................................................. 87 

 Attenuated total reflection Measurement ..................................... 89 

 Conclusion ................................................................................ 92 

6 Metamaterial-based Graphene Thermal Emitter ...... 93 

6.1 Introduction ............................................................................... 93 

6.2 Design ...................................................................................... 96 

6.2.1 Single Band Emitter .................................................................... 96 

6.2.2 Dual Band Emitter .................................................................... 102 

6.3 Fabrication .............................................................................. 105 

6.4 Reflection Measurement ......................................................... 109 

6.5 Emission Measurement .......................................................... 114 

6.6 Quality Factor Improvement ................................................... 118 

6.7 Summary ................................................................................ 121 



iv 

 

7 Wave Trapping Sensor for Attenuated Total 

Reflection Spectroscopy ..................................................... 123 

 Introduction ............................................................................. 123 

 Modelling ................................................................................ 127 

 Modelling of ATR configuration ................................................. 127 

 Modelling of the device ............................................................. 130 

 Fabrication and Measurement ................................................ 136 

 Device Fabrication and Measurement....................................... 136 

 Chemical Analytes Measurement ............................................. 140 

 Measurement of Chemical Analytes with metasurface devices . 143 

8 Graphene-based Mid-infrared Modulator ............... 149 

 Introduction ............................................................................. 149 

 Design .................................................................................... 151 

 Experiment ............................................................................. 158 

 Application .............................................................................. 164 

 Summary ................................................................................ 168 

9 Conclusions and Outlook ........................................ 170 

 Conclusions ............................................................................ 171 

 Metasurface-based Narrowband Graphene Thermal Emitter .... 171 

 Metasurface-enhanced ATR Spectroscopy ............................... 172 



v 

 

 Graphene based metasurface phase modulator ....................... 173 

 Outlook ................................................................................... 174 

 Metasurface .............................................................................. 174 

 Graphene ................................................................................. 174 

Bibliography ..................................................................... 176



 

 

 



List of Figures 

i 

 

List of Figures 

Figure 1.1 The propagation loss for conventional semiconductor material in Infrared 

wavelength range. Propagation loss more than 2 dB cm–1
 is highlighted 

in orange (illustration taken from Ref [17]). ........................................... 2 

Figure 2.1 Absorption spectra for major natural greenhouse gases in the earth’s 

atmosphere. From top to bottom: carbon monoxide, methane, nitrous 

oxide, ozone, carbon dioxide, semiheavy water vapour, water vapour and 

air (illustration taken from Ref. [42]). ................................................... 12 

Figure 2.2 A thin, switchable thermal camouflage film covered on hand(illustrations 

taken from Ref. [55]). .......................................................................... 17 

Figure 2.3 Number of publications on metamaterials (a) and different applications (b) 

of metamaterials between 2002 and 2012 (illustrations taken from Ref. 

[92]). ................................................................................................... 19 

Figure 2.4 Schematics of the definition of (a)Transfer Matrix and (b)S parameters. 23 

Figure 2.5 (b) propagation phase, (c) permittivity and (d) permeability retrieved from 

the negative refractive index metamaterial structure shown in (a) 

(illustrations taken from Ref. [62]). ...................................................... 24 

Figure 2.6 (a) Schematic diagram of a 3-layer cross-resonator absorber and absorption 

spectra for (b) 1-layer cross structure; (c) 2-layer cross structure; (d) 3-

layer cross structure (illustrations from Ref [76]). ................................ 28 

file:///G:/Thesis_LoP.docx%23_Toc22485544
file:///G:/Thesis_LoP.docx%23_Toc22485544
file:///G:/Thesis_LoP.docx%23_Toc22485544
file:///G:/Thesis_LoP.docx%23_Toc22485545
file:///G:/Thesis_LoP.docx%23_Toc22485545
file:///G:/Thesis_LoP.docx%23_Toc22485545
file:///G:/Thesis_LoP.docx%23_Toc22485545
file:///G:/Thesis_LoP.docx%23_Toc22485546
file:///G:/Thesis_LoP.docx%23_Toc22485546
file:///G:/Thesis_LoP.docx%23_Toc22485547
file:///G:/Thesis_LoP.docx%23_Toc22485547
file:///G:/Thesis_LoP.docx%23_Toc22485547
file:///G:/Thesis_LoP.docx%23_Toc22485548
file:///G:/Thesis_LoP.docx%23_Toc22485549
file:///G:/Thesis_LoP.docx%23_Toc22485549
file:///G:/Thesis_LoP.docx%23_Toc22485549
file:///G:/Thesis_LoP.docx%23_Toc22485550
file:///G:/Thesis_LoP.docx%23_Toc22485550
file:///G:/Thesis_LoP.docx%23_Toc22485550


List of Figures 

ii 

 

Figure 2.7 Schematics used to derive the generalized Snell’s law of (a) refraction and 

(b) reflection. ...................................................................................... 29 

Figure 2.8 (a) top: phase and amplitude profile required for the beam steering lens, 

bottom: schematic of the resonator array for realizing the required phase 

distribution and simulations of the scattered electric field for the individual 

antennas composing the array (illustrations taken from [97]); (b) Flat 

focusing lens with consisting of V-shaped nanoantenna array and the 

transverse cross-section of its intensity profiles (illustrations taken from 

[102]). ................................................................................................. 33 

Figure 2.9 (a) Graphene lattice structure. Each original cell contains two symmetrical 

and inequitable carbon atoms A and B,(b) Graphene electronic band 

structure obtained in the tight-binding model; the valence and conduction 

bands connect in the Brillouin area (illustration taken from Ref [143]). 36 

Figure 2.10 Resistivity of graphene as a function of gate voltage at 1K. The insets 

indicate changes in the position of the Fermi energy EF with varying gate 

voltage Vg (illustration taken from Ref [161]). ...................................... 38 

Figure 2.11(a) Real parts of intraband (solid lines) and interband (dash lines) surface 

conductivities of graphene with |EF| = 0.2 eV (in black) and |EF| = 0.4 eV 

(in red). The inset shows the band structure of graphene. (b) The optical 

file:///G:/Thesis_LoP.docx%23_Toc22485551
file:///G:/Thesis_LoP.docx%23_Toc22485551
file:///G:/Thesis_LoP.docx%23_Toc22485552
file:///G:/Thesis_LoP.docx%23_Toc22485552
file:///G:/Thesis_LoP.docx%23_Toc22485552
file:///G:/Thesis_LoP.docx%23_Toc22485552
file:///G:/Thesis_LoP.docx%23_Toc22485552
file:///G:/Thesis_LoP.docx%23_Toc22485552
file:///G:/Thesis_LoP.docx%23_Toc22485552
file:///G:/Thesis_LoP.docx%23_Toc22485553
file:///G:/Thesis_LoP.docx%23_Toc22485553
file:///G:/Thesis_LoP.docx%23_Toc22485553
file:///G:/Thesis_LoP.docx%23_Toc22485553
file:///G:/Thesis_LoP.docx%23_Toc22485554
file:///G:/Thesis_LoP.docx%23_Toc22485554
file:///G:/Thesis_LoP.docx%23_Toc22485554
file:///G:/Thesis_LoP.docx%23_Toc22485555
file:///G:/Thesis_LoP.docx%23_Toc22485555
file:///G:/Thesis_LoP.docx%23_Toc22485555


List of Figures 

iii 

 

response of moderately doped graphene in different spectral ranges 

(illustrations from Ref [163])................................................................ 41 

Figure 2.12 Phonon dispersion diagram of single-layer graphene along the Γ-to- M 

crystallographic direction (illustration taken from Ref [136]). ............... 44 

Figure 2.13 (a) Spatial images of the integrated infrared emission from graphene 

channels with different gate voltage, (b) Corresponding I-V characteristic, 

(c) Infrared intensity profile along the length of the graphene sample, (d) 

More localized hotspot with bias graphene on a substrate with thinner 

oxidized layer ((a-c) taken from Ref. [177], (d) taken from Ref. [178]). 47 

Figure 3.1 Geometry for 2D and 3D meshes (elements) in COMSOL. .................... 51 

Figure 3.2 (a) A graphical representation of a central-difference approximation to the 

gradient at a point x0 (b). Illustration of a standard Cartesian Yee cell 

used for FDTD which is composed of an electric cell and a magnetic cell 

staggering in space (illustration taken from [188]). .............................. 53 

Figure 3.3 The Lumerical FDTD Solutions model of the unit cell of graphene-based 

metasurface modulator as introduced in Chapter 8. ........................... 59 

Figure 3.4 The automatically generated mesh for a sphere with 5 μm radius in (a) 

Lumerical FDTD Solutions (mesh setting: level 4) and (b) COMSOL 

Multiphysics (mesh setting: normal). ................................................... 63 

file:///G:/Thesis_LoP.docx%23_Toc22485555
file:///G:/Thesis_LoP.docx%23_Toc22485555
file:///G:/Thesis_LoP.docx%23_Toc22485556
file:///G:/Thesis_LoP.docx%23_Toc22485556
file:///G:/Thesis_LoP.docx%23_Toc22485557
file:///G:/Thesis_LoP.docx%23_Toc22485557
file:///G:/Thesis_LoP.docx%23_Toc22485557
file:///G:/Thesis_LoP.docx%23_Toc22485557
file:///G:/Thesis_LoP.docx%23_Toc22485557
file:///G:/Thesis_LoP.docx%23_Toc22485558
file:///G:/Thesis_LoP.docx%23_Toc22485559
file:///G:/Thesis_LoP.docx%23_Toc22485559
file:///G:/Thesis_LoP.docx%23_Toc22485559
file:///G:/Thesis_LoP.docx%23_Toc22485559
file:///G:/Thesis_LoP.docx%23_Toc22485560
file:///G:/Thesis_LoP.docx%23_Toc22485560
file:///G:/Thesis_LoP.docx%23_Toc22485561
file:///G:/Thesis_LoP.docx%23_Toc22485561
file:///G:/Thesis_LoP.docx%23_Toc22485561


List of Figures 

iv 

 

Figure 4.1 Schematic diagrams of the lithography processes on positive resist (top row) 

or negative resist (bottom row). .......................................................... 66 

Figure 4.2 Schematic diagram of metallization process on an EBL patterned sample.

 ........................................................................................................... 69 

Figure 4.3 Schematic diagram of transferring of CVD 2D material grown on Cu foil to 

a Si/SiO2 substrate. ............................................................................ 71 

Figure 4.4 Schematic diagram of etching 2D material transferred on Si/SiO2 substrate.

 ........................................................................................................... 73 

Figure 5.1 Schematic diagram of SEM working principle (illustration taken from [194]).

 ........................................................................................................... 78 

Figure 5.2 Images of a split ring resonator structure proposed in Chapter 8 measured 

under (a) optical microscope and (b) SEM by using a secondary electron 

detector. ............................................................................................. 79 

Figure 5.3 Schematic diagram of AFM working principle (illustration taken from [196]).

 ........................................................................................................... 81 

Figure 5.4 (a)2D image and (b)3D image of ring resonators on an h-BN encapsulated 

graphene filament. .............................................................................. 81 

Figure 5.5 Schematic diagram and beam path of a Bruker Vertex 80v FTIR 

spectroscopy (illustration taken from [198]). ....................................... 83 

Figure 5.6 The external setup of FTIR spectroscopy for reflection measurement. ... 85 

file:///G:/Thesis_LoP.docx%23_Toc22485562
file:///G:/Thesis_LoP.docx%23_Toc22485562
file:///G:/Thesis_LoP.docx%23_Toc22485563
file:///G:/Thesis_LoP.docx%23_Toc22485563
file:///G:/Thesis_LoP.docx%23_Toc22485564
file:///G:/Thesis_LoP.docx%23_Toc22485564
file:///G:/Thesis_LoP.docx%23_Toc22485565
file:///G:/Thesis_LoP.docx%23_Toc22485565
file:///G:/Thesis_LoP.docx%23_Toc22485566
file:///G:/Thesis_LoP.docx%23_Toc22485566
file:///G:/Thesis_LoP.docx%23_Toc22485567
file:///G:/Thesis_LoP.docx%23_Toc22485567
file:///G:/Thesis_LoP.docx%23_Toc22485567
file:///G:/Thesis_LoP.docx%23_Toc22485568
file:///G:/Thesis_LoP.docx%23_Toc22485568
file:///G:/Thesis_LoP.docx%23_Toc22485569
file:///G:/Thesis_LoP.docx%23_Toc22485569
file:///G:/Thesis_LoP.docx%23_Toc22485570
file:///G:/Thesis_LoP.docx%23_Toc22485570
file:///G:/Thesis_LoP.docx%23_Toc22485571


List of Figures 

v 

 

Figure 5.7 The external setup of FTIR spectroscopy for emission measurement. .... 87 

Figure 5.8 (a) Bruker Platinum ATR module (illustration taken from [199]) (b) 

Schematic diagram of the mechanism of ATR measurement. ............ 91 

Figure 6.1 (a) 3D schematic and (b) top view of the unit cell of the design modelled in 

the simulation. .................................................................................... 97 

Figure 6.2 Simulated transmission (black line), reflection (red line) and absorption 

spectrum of the unit cell of single annular ring resonator on the top of h-

BN encapsulated graphene thermal emitter. ....................................... 99 

Figure 6.3 Cross sectional electric field distribution (colour plot) and surface current 

(red arrows) in x-y plane between metasurface and substrate at λ = 4.4 

µm. ................................................................................................... 100 

Figure 6.4 (a) Simulated absorption/emission spectra of single annular ring resonator 

unit cell with different radii ranges from 100 nm to 400 nm. (b) The 

resonance wavelength of single annular ring resonator as a function of 

radius of the annular ring resonator. ................................................. 101 

Figure 6.5 (a) Top view and (b) simulated emission spectrum of double annular ring 

resonator designs for dual band metasurface-based graphene thermal 

emitter. ............................................................................................. 103 

Figure 6.6 (a) Electric field and (b) surface current distributions in x-y plane between 

the metasurface and substrate at 4.2 μm, (c) Electric field and (d) surface 

file:///G:/Thesis_LoP.docx%23_Toc22485572
file:///G:/Thesis_LoP.docx%23_Toc22485573
file:///G:/Thesis_LoP.docx%23_Toc22485573
file:///G:/Thesis_LoP.docx%23_Toc22485574
file:///G:/Thesis_LoP.docx%23_Toc22485574
file:///G:/Thesis_LoP.docx%23_Toc22485575
file:///G:/Thesis_LoP.docx%23_Toc22485575
file:///G:/Thesis_LoP.docx%23_Toc22485575
file:///G:/Thesis_LoP.docx%23_Toc22485576
file:///G:/Thesis_LoP.docx%23_Toc22485576
file:///G:/Thesis_LoP.docx%23_Toc22485576
file:///G:/Thesis_LoP.docx%23_Toc22485577
file:///G:/Thesis_LoP.docx%23_Toc22485577
file:///G:/Thesis_LoP.docx%23_Toc22485577
file:///G:/Thesis_LoP.docx%23_Toc22485577
file:///G:/Thesis_LoP.docx%23_Toc22485578
file:///G:/Thesis_LoP.docx%23_Toc22485578
file:///G:/Thesis_LoP.docx%23_Toc22485578
file:///G:/Thesis_LoP.docx%23_Toc22485579
file:///G:/Thesis_LoP.docx%23_Toc22485579


List of Figures 

vi 

 

current distributions in x-y plane between the metasurface and substrate 

at 6.6 μm .......................................................................................... 104 

Figure 6.7 The cross section diagrams of fabricating the sample (i)-(vi): Formation of 

the emission area. (vii)-(xii): Deposition of first and second contact on 

outer edge. (xiii)-(xv) Transfer of top layer h-BN. (xvi)-(xix) Evaporation 

of contact pads and metamaterial ring resonators. ........................... 107 

Figure 6.8 (a) Top view of the schematic illustration of graphene narrowband thermal 

emitter with quadrants. (b) Microscope image taken at 50× magnification 

of the top of the emitter. (c) AFM image taken from within the red dash 

box shown in (b). .............................................................................. 108 

Figure 6.9 Measured spatial variation of the total reflection intensity from the surface 

of GTE_MM_2 on a logarithmic scale. .............................................. 110 

Figure 6.10 Measured reflection spectra of gold mirror reference (red dash lines), 

quadrants without metasurface (black dash lines) and quadrants with 

metasurface (solid lines in different colors) from (a) GTE_MM_1; (b) 

GTE_MM_2; (c) GTE_MM_3; (d) GTE_MM_4.................................. 112 

Figure 6.11 Normalized (red solid lines) and simulated (blue solid lines) reflectance of 

the quadrants with metasurface and normalized reflectance (black dash 

lines) of quadrants without metasurface from (a) GTE_MM_1, (b) 

GTE_MM_2, (c) GTE_MM_3, (d) GTE_MM_4.................................. 113 

file:///G:/Thesis_LoP.docx%23_Toc22485579
file:///G:/Thesis_LoP.docx%23_Toc22485579
file:///G:/Thesis_LoP.docx%23_Toc22485580
file:///G:/Thesis_LoP.docx%23_Toc22485580
file:///G:/Thesis_LoP.docx%23_Toc22485580
file:///G:/Thesis_LoP.docx%23_Toc22485580
file:///G:/Thesis_LoP.docx%23_Toc22485581
file:///G:/Thesis_LoP.docx%23_Toc22485581
file:///G:/Thesis_LoP.docx%23_Toc22485581
file:///G:/Thesis_LoP.docx%23_Toc22485581
file:///G:/Thesis_LoP.docx%23_Toc22485582
file:///G:/Thesis_LoP.docx%23_Toc22485582
file:///G:/Thesis_LoP.docx%23_Toc22485583
file:///G:/Thesis_LoP.docx%23_Toc22485583
file:///G:/Thesis_LoP.docx%23_Toc22485583
file:///G:/Thesis_LoP.docx%23_Toc22485583
file:///G:/Thesis_LoP.docx%23_Toc22485584
file:///G:/Thesis_LoP.docx%23_Toc22485584
file:///G:/Thesis_LoP.docx%23_Toc22485584
file:///G:/Thesis_LoP.docx%23_Toc22485584


List of Figures 

vii 

 

Figure 6.12 Measured spatial variation of the total emission intensity from the surface 

of GTE_MM_2 on a logarithmic scale. .............................................. 115 

Figure 6.13 Measured emission spectra of quadrants without metasurface (black dash 

lines) and quadrants with metasurface (solid lines in different colors) from 

(a) GTE_MM_1; (b) GTE_MM_2; (c) GTE_MM_3; (d) GTE_MM_4. . 116 

Figure 6.14 Normalized (solid lines with different colors) and simulated (black solid 

lines) emissivity of the quadrants with metasurface from (a) GTE_MM_1, 

(b) GTE_MM_2, (c) GTE_MM_3, (d) GTE_MM_4. ........................... 117 

Figure 6.15 (a) and (b) Emission spectra for substrates with different conductivities. (c) 

Calculated radiation spectrum of the metamaterial-based graphene 

thermal emitter on an aluminium substrate (blue line) based on the 

measured radiation spectrum of a bare graphene thermal emitter (red 

line). ................................................................................................. 119 

Figure 6.16 Calculated Q-factors of both emission peaks (blue line for 1st emission 

peak and red line for 2nd emission peak) for substrates with different 

conductivities. ................................................................................... 120 

Figure 7.1 (a) 3D schematic of the simulation model used to generate evanescent 

wave with incident wave propagates along z-axis with an angle of 

incidence θ and electric field polarized along x-axis. (b)The electric field 

file:///G:/Thesis_LoP.docx%23_Toc22485585
file:///G:/Thesis_LoP.docx%23_Toc22485585
file:///G:/Thesis_LoP.docx%23_Toc22485586
file:///G:/Thesis_LoP.docx%23_Toc22485586
file:///G:/Thesis_LoP.docx%23_Toc22485586
file:///G:/Thesis_LoP.docx%23_Toc22485587
file:///G:/Thesis_LoP.docx%23_Toc22485587
file:///G:/Thesis_LoP.docx%23_Toc22485587
file:///G:/Thesis_LoP.docx%23_Toc22485588
file:///G:/Thesis_LoP.docx%23_Toc22485588
file:///G:/Thesis_LoP.docx%23_Toc22485588
file:///G:/Thesis_LoP.docx%23_Toc22485588
file:///G:/Thesis_LoP.docx%23_Toc22485588
file:///G:/Thesis_LoP.docx%23_Toc22485589
file:///G:/Thesis_LoP.docx%23_Toc22485589
file:///G:/Thesis_LoP.docx%23_Toc22485589
file:///G:/Thesis_LoP.docx%23_Toc22485590
file:///G:/Thesis_LoP.docx%23_Toc22485590
file:///G:/Thesis_LoP.docx%23_Toc22485590


List of Figures 

viii 

 

distribution in x-z plane at k = 1000 cm-1 with incident angle = 10° (left) 

and 45° (right). ................................................................................. 127 

Figure 7.2 Reflectance obtained from the simulation model as a function of incident 

angle. ............................................................................................... 129 

Figure 7.3 (a) 3D perspective view and (b) top view with geometric parameters of the 

device proposed for enhancing the sensitivity of ATR spectroscopy. 130 

Figure 7.4 (a) Simulated reflectance spectra of the metasurface on Si substrate (b) and 

(c) shows the electric field distribution for x-y plane at 450 cm-1 (dipole 

mode) and 860 cm-1 (quadrupole mode). .......................................... 131 

Figure 7.5 Simulated dispersion diagram of metasurface on Si/SiO2 substrate. The two 

red dashed lines show the calculated resonance frequencies (dipole 

mode and quadrupole mode) of uncoupled metasurface. The three black 

dash lines represent frequencies of three surface optical phonon modes 

in SiO2. The vertical white line represents the spectral response of the 

metasurface on Si/SiO2 substrate presented in this paper. ............... 134 

Figure 7.6 Comparison between the reflection spectra of metasurface on Si substrate 

(black line) and on Si/SiO2 substrate (red line). ................................ 135 

Figure 7.7 (a) the SEM photo of ATR-Si-M01; (b) measured reflectance spectra of 

ATR-Si-M01 and ATR-SiO2-M01 under ATR configuration. .............. 138 

file:///G:/Thesis_LoP.docx%23_Toc22485590
file:///G:/Thesis_LoP.docx%23_Toc22485590
file:///G:/Thesis_LoP.docx%23_Toc22485591
file:///G:/Thesis_LoP.docx%23_Toc22485591
file:///G:/Thesis_LoP.docx%23_Toc22485592
file:///G:/Thesis_LoP.docx%23_Toc22485592
file:///G:/Thesis_LoP.docx%23_Toc22485593
file:///G:/Thesis_LoP.docx%23_Toc22485593
file:///G:/Thesis_LoP.docx%23_Toc22485593
file:///G:/Thesis_LoP.docx%23_Toc22485594
file:///G:/Thesis_LoP.docx%23_Toc22485594
file:///G:/Thesis_LoP.docx%23_Toc22485594
file:///G:/Thesis_LoP.docx%23_Toc22485594
file:///G:/Thesis_LoP.docx%23_Toc22485594
file:///G:/Thesis_LoP.docx%23_Toc22485594
file:///G:/Thesis_LoP.docx%23_Toc22485595
file:///G:/Thesis_LoP.docx%23_Toc22485595
file:///G:/Thesis_LoP.docx%23_Toc22485596
file:///G:/Thesis_LoP.docx%23_Toc22485596


List of Figures 

ix 

 

Figure 7.8 (a) Measured reflection spectra of metasurface with different scales on 

Si/SiO2 substrate in the ambient atmosphere, spectra are consecutively 

shifted by 0.25 vertically for clarity; (b) dispersion diagram as shown in 

Figure 7.5 with extracted wavenumber of maxima and minima overlaid. 

▼ and ▲ in blue, red and black corresponding to the maxima and 

minima observed in the spectrum of ATR-SiO2-M03, ATR-SiO2-M01, and 

ATR-SiO2-M02 respectively. ............................................................. 139 

Figure 7.9 Measured absorption spectra of (a) 99.9% oleic acid and (b) 99.9% butyl 

acetate. ............................................................................................ 140 

Figure 7.10 Measured absorption spectra for mixtures in the ambient atmosphere, 

spectra are consecutively shifted by 0.5 vertically for clarity; (b) Extinction 

spectra for mixtures without the presence of metasurface. ............... 142 

Figure 7.11 (a) Measured absorption spectra of mixtures in the presence of ATR-Si-

M01 in the ambient atmosphere, spectra are consecutively shifted by 0.2 

vertically for clarity; (b) zoomed extinction spectra of mixtures in the 

presence of ATR-Si-M01 for the carbon oxygen stretching band region 

between 800 cm−1 and 1200 cm−1. ................................................... 144 

Figure 7.12 (a) Measured absorption spectra of mixtures in the presence of ATR-SiO2-

M01 in the ambient atmosphere, spectra are consecutively shifted by 0.2 

vertically for clarity; (b) zoomed extinction spectra of mixtures in the 

file:///G:/Thesis_LoP.docx%23_Toc22485597
file:///G:/Thesis_LoP.docx%23_Toc22485597
file:///G:/Thesis_LoP.docx%23_Toc22485597
file:///G:/Thesis_LoP.docx%23_Toc22485597
file:///G:/Thesis_LoP.docx%23_Toc22485597
file:///G:/Thesis_LoP.docx%23_Toc22485597
file:///G:/Thesis_LoP.docx%23_Toc22485597
file:///G:/Thesis_LoP.docx%23_Toc22485598
file:///G:/Thesis_LoP.docx%23_Toc22485598
file:///G:/Thesis_LoP.docx%23_Toc22485599
file:///G:/Thesis_LoP.docx%23_Toc22485599
file:///G:/Thesis_LoP.docx%23_Toc22485599
file:///G:/Thesis_LoP.docx%23_Toc22485600
file:///G:/Thesis_LoP.docx%23_Toc22485600
file:///G:/Thesis_LoP.docx%23_Toc22485600
file:///G:/Thesis_LoP.docx%23_Toc22485600
file:///G:/Thesis_LoP.docx%23_Toc22485600
file:///G:/Thesis_LoP.docx%23_Toc22485601
file:///G:/Thesis_LoP.docx%23_Toc22485601
file:///G:/Thesis_LoP.docx%23_Toc22485601


List of Figures 

x 

 

presence of ATR-SiO2-M01 for the carbon–oxygen stretching band 

region between 800 cm−1 and 1200 cm−1. ......................................... 146 

Figure 8.1 schematic of the graphene metasurface modulator (a) 3D view, (b) 

equivalent circuit diagram (c) top view. ............................................. 152 

Figure 8.2 Calculated conductivity of non-doped ( |EF| = 0 eV) and doped ( |EF| = 0.4 

eV) monolayer graphene-based on simplified Kubo formula. ............ 154 

Figure 8.3  Reflection and normalized effective impedance spectra of designs with 

(a) non-doped graphene ( |EF| = 0 eV); (b) doped graphene ( |EF| = 0.4 

eV). Minimum of reflection occurs when the normalized effective 

impedance equals to 1 ( Zeff/Z0 = 1). ................................................. 155 

Figure 8.4 (a) Simulated reflection spectra and (b) retrieved phase information of 

reflection from designs with Fermi level of graphene ranging from 0 eV 

(non-doped) to 0.4 eV (doped). ........................................................ 157 

Figure 8.5 cross-sectional normalized electric field distribution at 60THz in the x-y 

plane (left) and in the x-z plane intersecting the gap of SRRs (right). 158 

Figure 8.6 (a) SEM image and (b)photograph of the fabricated device. ................. 159 

Figure 8.7 (a) schematic of the field effect characteristic measurement setup (b) Field 

effect characteristic curves of graphene with metasurface patterned on 

the top and without metasurface on the top. ..................................... 161 

file:///G:/Thesis_LoP.docx%23_Toc22485601
file:///G:/Thesis_LoP.docx%23_Toc22485601
file:///G:/Thesis_LoP.docx%23_Toc22485602
file:///G:/Thesis_LoP.docx%23_Toc22485602
file:///G:/Thesis_LoP.docx%23_Toc22485603
file:///G:/Thesis_LoP.docx%23_Toc22485603
file:///G:/Thesis_LoP.docx%23_Toc22485604
file:///G:/Thesis_LoP.docx%23_Toc22485604
file:///G:/Thesis_LoP.docx%23_Toc22485604
file:///G:/Thesis_LoP.docx%23_Toc22485604
file:///G:/Thesis_LoP.docx%23_Toc22485605
file:///G:/Thesis_LoP.docx%23_Toc22485605
file:///G:/Thesis_LoP.docx%23_Toc22485605
file:///G:/Thesis_LoP.docx%23_Toc22485606
file:///G:/Thesis_LoP.docx%23_Toc22485606
file:///G:/Thesis_LoP.docx%23_Toc22485607
file:///G:/Thesis_LoP.docx%23_Toc22485608
file:///G:/Thesis_LoP.docx%23_Toc22485608
file:///G:/Thesis_LoP.docx%23_Toc22485608


List of Figures 

xi 

 

Figure 8.8 Spatially resolved reflectance map from the graphene metasurface 

modulator (b) Measured Reflection Spectra of graphene metasurface 

modulator with gate voltage ranging from -90 V to 60 V (VCNP). ........ 162 

Figure 8.9 Extracted resonance frequency as a function of gate voltage, the same 

extracted simulation data is also presented here for comparison. For the 

simulation curve, the gate voltage is converted from the Fermi level by 

Equation (2.15). (Lines are guided for the eye and not fitted curves) 163 

Figure 8.10 (a) Schematic of two adjacent super cells of beam steering lens 

constructed by four modulators with different geometric parameters to 

achieve the necessary reflection phases. (b) The phase profile along x-

axis at f = 60 THz for non-doped and doped graphene devices shown in 

(a). ................................................................................................... 166 

Figure 8.11 Numerical simulations of scattering farfield pattern of non-doped graphene 

(a) and doped graphene device (b), showing specular and anomalous 

reflection at f = 60 THz respectively. ................................................. 167

file:///G:/Thesis_LoP.docx%23_Toc22485609
file:///G:/Thesis_LoP.docx%23_Toc22485609
file:///G:/Thesis_LoP.docx%23_Toc22485609
file:///G:/Thesis_LoP.docx%23_Toc22485610
file:///G:/Thesis_LoP.docx%23_Toc22485610
file:///G:/Thesis_LoP.docx%23_Toc22485610
file:///G:/Thesis_LoP.docx%23_Toc22485610
file:///G:/Thesis_LoP.docx%23_Toc22485611
file:///G:/Thesis_LoP.docx%23_Toc22485611
file:///G:/Thesis_LoP.docx%23_Toc22485611
file:///G:/Thesis_LoP.docx%23_Toc22485611
file:///G:/Thesis_LoP.docx%23_Toc22485611
file:///G:/Thesis_LoP.docx%23_Toc22485612
file:///G:/Thesis_LoP.docx%23_Toc22485612
file:///G:/Thesis_LoP.docx%23_Toc22485612


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of Tables 

i 

 

List of Tables 

Table 2.1 Characteristic absorption frequencies of common organic functional groups. 

(Ref [46]) ............................................................................................ 14 

Table 4.1 List of fabricated devices characterized and discussed in this thesis ....... 74 

Table 6.1 A list of double annular ring resonators based emitters with different 

geometric parameters for fabrication and measurement. λ1 and λ2 are the 

theoretical resonance wavelengths related to the large annular ring 

resonators and small annular ring resonators. .................................. 105 

Table 7.1 List of devices fabricated and measured in the experiment as well as their 

geometric parameters....................................................................... 136 

Table 8.1 Geometric parameters of modulators used in beam steering lens ......... 166 

file:///G:/Thesis_LoP.docx%23_Toc22485613
file:///G:/Thesis_LoP.docx%23_Toc22485613


 

 

 

 



List of Publications 

i 

 

List of Publications 

[1] Shi, C., Luxmoore, I. J., & Nash, G. R. Gate tunable graphene-integrated 

metasurface modulator for mid-infrared beam steering. Optics Express 

27, 14577-14584 (2019). 

[2] Shi, C., Luxmoore, I. J., & Nash, G. R. Graphene-based Metamaterial 

Tunable Phase Modulator for Mid-Infrared Wave Steering. In CLEO2019 

JTh2A-26 (2019). 

[3] Shi, C., Penrose, C., Pitts, J. E., Gowda, P., Luxmoore, I. J., & Nash, G. 

R. Metamaterial-enhanced infrared attenuated total reflection 

spectroscopy. Nanoscale Advances, 1, 476-480 (2019). 

[4] Shi, C., Mahlmeister, N.H., Luxmoore, I.J. and Nash, G.R., Metamaterial-

based graphene thermal emitter. Nano Research 11, 3567-3573 (2018). 

[5] Shi, C., Zang, X. F., Ji, X. B., Chen, L., Cai, B., Nash, G. R., & Zhu, Y. M. 

Compact broadband terahertz perfect absorber based on multi-

interference and diffraction effects. IEEE Transactions on. Terahertz 

Science and Technologies 6, 40–44 (2016).  



 

 

 

 



Chapter 1 

1 

 

1 Introduction 

 Motivation 

The mid-infrared (MIR) spectral region of 2-20 μm contains strong 

characteristic vibrational transitions of many important molecules [1,2] as 

well as two atmospheric transmission windows between 3-5 μm and 8-13 

μm [3], which makes it crucial for applications in spectroscopy [4-7], 

materials processing [8], chemical and bio-molecular sensing [9,10], 

security and industry [11]. Although there is a huge variety of potential 

applications in the mid-infrared regime, research on efficient MIR functional 

devices still remains challenging [12]. First of all, with the development of 

infrared industries, more sensitive and cost-effective devices are required 

for precise measurements. In addition, the idea of making infrared systems 

portable or handheld so that people can use those systems doing 

measurement and analysis directly on-site attracts increasing research 

interest [13-15]. This requires the components in the system to be designed 

as compact and integrable, but to remain cost-effective and feasible for 

fabrication. It is already not a trivial thing to fulfil only the latter two 

requirements simultaneously, let alone taking addition consideration of 
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portability and reliability into the design. Besides, mid-infrared devices are 

restrained by a limited choice of conventional optical elements. Although 

optical glass is widely used in fabricating optical devices as it can achieve 

nearly 100% transparency in optical wave band, its high transmission is 

limited to the wavelength less than 3.5 µm due to the vibrational modes 

associated with oxygen [16]. As shown in Figure 1.1, most of Group III or 

Group IV compounds have their cutoff frequencies in the mid-infrared 

regime. Although silicon and germanium have a relatively wide range of 

transmission window in the mid-infrared band, the energy propagated 

through these materials will be reduced by more than 50% due to their high 

refractive indices (nSi = 3.7, nGe = 4.05) [17]. Besides, other chemical 

compounds like calcium fluoride (CaF2), potassium bromide (KBr), barium 

 

 

Figure 1.1 The propagation loss for conventional semiconductor material in 

Infrared wavelength range. Propagation loss more than 2 dB cm–1
 is 

highlighted in orange (illustration taken from Ref [17]). 
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fluoride (BaF2) have a broad transmission window as well as a high 

transmittance [18], but their softness and crystalline solid-state structures 

made it extremely difficult to be patterned on the surface, and are thus 

difficult to use in the fabrication of certain devices. 

As a highly significant breakthrough, metasurfaces have been 

developed as promising building blocks in designing optoelectronic devices, 

by delicately engineering parameters or materials of those individual 

building blocks and selecting specific design algorithms. Furthermore, 

when integrating 2D materials like graphene into the metasurface, even 

more exceptional applications can be realized like thermal management, 

modulation, etc. Metasurface-based devices are promising to replace their 

conventional opponents due to their better performance and compact size.  

 Overview 

The main results presented in this thesis are the study on the design, 

fabrication, and characterization of three different metasurface-based 

devices in the mid-infrared regime. The first device is an h-BN/graphene 

encapsulated incandescent mid-infrared emitter with metasurface structure 

integrated on the top. The second device is designed to enhance the 
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measurement sensitivity of attenuated total reflection (ATR) mid-infrared 

spectroscopy. The third device demonstrated is the active mid-infrared 

reflective modulator, whose performance can be tuned by changing the 

gate voltage applied on the device. Performances of all three devices are 

simulated and optimized by utilizing commercial software, Lumerical FDTD 

Solutions, which is based on finite difference time domain (FDTD) method 

and COMSOL Multiphysics, which is on the basis of finite element method 

(FEM). Devices were then fabricated in an ISO Class 5 cleanroom by 

following a set of delicate processes, followed by testing via a powerful 

Fourier Transform Infrared (FTIR) Spectroscopy. The measurement results, 

which are in good agreement to the simulation results, demonstrate the 

potential applications of those metasurface based mid-infrared devices in 

areas such as gas sensing, trace chemical detection, and thermal imaging. 

The rest of this thesis is structured as follows:  

Chapter 2 gives background information on metasurfaces and 

graphene, two key elements in our device designs. The first section 

introduces some common strategies to design metasurfaces at the desired 

frequency, including details on the effective medium theory, as well as 

using this theory to design metasurface for perfect absorbers and ultrathin 

lenses. This is followed by a discussion on one of the most promising 2D 
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materials, graphene. Information on both electrical and thermal properties 

of graphene will be covered. 

Chapter 3 presents details on two main simulation methods, the 

FEM and the FDTD method, which we applied to simulate the response of 

our devices presented in this thesis. Introduction to each method, and their 

settings for material properties, mesh sizes and boundary conditions are 

also discussed in this chapter.  

Chapter 4 provides descriptions of the methodology involved in the 

fabrication of the devices presented in the thesis. The chapter will start with 

background information on the fabrication process of a metasurface 

structure on a substrate, including electron beam lithography, and thermal 

evaporation. This introduction is followed by the descriptions on the transfer 

the transfer process of chemical vapour deposition (CVD) 2D materials like 

graphene and hexagonal boron nitride (h-BN) to various substrates along 

with the patterning process by using reactive ion etching machine. 

Chapter 5 introduces different kinds of set-ups of the Fourier 

transform infrared spectroscopy measurement systems used in the 

experiments, covering transmission (characterization for substrate), 

reflection (characterization for active reflective modulator), emission 
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(characterization for metasurface-based graphene thermal emitter), ATR 

(characterization for chemicals and wave trapping sensor for chemical 

detection),with background information of on the Bruker FTIR spectroscopy 

provided. 

Chapter 6 investigates how the metasurface layer applied as a 

frequency selective surface (FSS) to tailor the thermal radiation spectrum 

from multilayer graphene infrared emitters. It was observed that CVD 

multilayer graphene can be thought of like a classic filament bulb with 

uniform channel resistance, but could be driven with much higher frequency, 

up to 100 kHz [19]. In order to obtain a narrowband emission spectrum, a 

metasurface structure is integrated into the CVD multilayer graphene 

infrared emitter. By comparing the measured spatial variations and spectra 

of the thermal emission from both patterned and unpatterned multilayer 

graphene infrared emitter, distinct differences can be noticed. The 

possibility of increasing the quality factor (Q factor) by integrating another 

metallic back-reflector layer is also investigated. An adapted form of this 

part of the chapter was published in Nano Research 11, (2018) [20]. 

Chapter 7 begins with a full detailed introduction on our COMSOL 

model which is built to simulate the condition of an ATR setup. Research 
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on enhancing the detection of trace chemicals in a commercial attenuated 

total reflection setup is also demonstrated in this chapter. An array of 

periodic subwavelength metallic complimentary ring resonators patterned 

as metasurface layer on different substrates are investigated to improve 

the sensitivity of FTIR-ATR measurement. Geometric parameters of the 

metasurface structure are designed to ensure the resonance frequency of 

metasurface overlapping one of the vibrational modes of the analytes. This 

overlap will result in a strong interaction between the electromagnetic wave 

confined in the air gap and chemical analytes trapped there. An even 

stronger interaction is observed for an oxidized silicon substrate, due to the 

aforementioned two resonance modes coupling into the phonon mode of 

SiO2. More details can be referred to our publication in the associated 

journal, Nanoscale Advances, 1 (2019) [21]. 

Chapter 8 shows our design on combining the metasurface 

structure and graphene as a whole active reflective modulator in the mid-

infrared regime. Graphene, well known for its unique gapless bandstructure, 

introduces a wide range of tunable conductivity to the device for 

modulation. 300 nm thick SiO2 on an aluminium covered Si substrate is 

used in device fabrication so that the graphene conductivity can be 

directly controlled by the gate voltage applied on the aluminium layer. 
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Preliminary results show a 150° modulation in phase can be achieved at 

60THz by altering the gate voltage from -90V to 90V. In the second 

section, we show the application of a beam-steering lens by constructing 

four such modulators but with different geometric parameters as a new 

unit cell. Due to a 0 to 2π phase variation over the unit cell will be 

established as soon as the gate voltage is applied, our simulation results 

show that the biased device will reflect the beam with an extra 30° 

compared to when the device is unbiased. Parts of the results presented in 

this chapter have been published in CLEO proceedings 2019 [22] and 

Optics Express, 27 (2019) [23]. 

Chapter 9 summarizes the results presented in this thesis in 

addition to provides outlooks on the future development of metasurfaces 

and graphene. 
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2 Fundamental Concepts and Background 

 Introduction 

In this chapter, we introduce three main applications of mid-infrared light: 

gas sensing, chemical detection, and thermal imaging. However, these 

applications are hindered by the relatively poor performance of mid-infrared 

optoelectronic devices which suffers from slowing responding time, poor 

sensitivities, and lack of flexibility. Thus, not only powerful but also compact and 

improved devices are required to promote the development of the infrared 

industry. However, advances in material sciences are opening up new routes 

to achieve this goal. Among these materials, metasurfaces and graphene are 

essential building blocks of the devices explored in this research due to their 

unique properties and ultrathin thicknesses. Metasurfaces, the planar form of 

metamaterials, which can be regarded as a homogeneous layer with artificial 

electromagnetic properties will be introduced in Section 2.2. Electromagnetic 

properties like permittivity and permeability can be precisely extracted with the 

assistance of effective medium theory, which will be described in detail in § 

2.2.1. The retrieved values are crucial for the design and analysis of the 

metasurface devices. In § 2.2.2, research on two applications based on 
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metasurfaces, perfect absorbers and ultrathin flat lenses will be reviewed to 

show how infrared light can be controlled by such a thin layer of structures. In 

Section 2.3, the electronic and thermal properties of graphene will be discussed. 

Due to the high carrier mobility of graphene and the fact that graphene can be 

easily doped by electrons and holes through electrostatic gating or chemical 

doping, the graphene-integrated device’s response to the electromagnetic 

wave could be directly controlled by the doping level of graphene within a 

response time less than 1 ns [24], which is a great breakthrough for applications 

like modulators.  

Most of the objects around us are composed of nothing but molecules 

which in turn are formed by atoms linked together through either covalent 

bonding or ionic bonding [25]. If we regard the bonding as a massless spring, 

the atoms vibrate along with the spring and rotating around the axis. When light 

is incident on a substance, the radiation is transmitted, reflected or absorbed in 

varying degrees, depending upon the substance and the wavelength of the 

radiation [26]. At the atomic and molecular level, when a molecule is excited by 

a photon, the energy of the photon is absorbed by the molecule. Each molecule 

can vibrate and rotate in certain patterns, and for each pattern, there is an 

associated amount of energy of motion [10]. A molecule can only absorb energy 

from a photon if the energy matches precisely such an energy state of that 
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molecule. Notably, the frequencies of these energy states are mostly located in 

the mid-infrared band, particularly in 2-8 μm [27] which is one of the reasons 

why the mid-infrared range has attracted so many research interests. For the 

last two decades, mid-infrared devices have been widely used in a commercial 

infrared system for such applications as environment monitoring [28-30,35], 

organic matter analysis [36], medical diagnostics [37,38], and thermal imaging 

[39-41], etc.  

 Gas detection 

For many gases, there are a large number of photon energies in the 

mid-infrared range that can be absorbed by gas molecules: As depicted in 

Figure 2.1, each gas exhibits a very specific set of absorption wavelengths 

which depend on the strength of the chemical bonds between the atoms that 

make up the molecule. Unlike diatomic molecules composed of like atoms such 

as oxygen (O2), hydrogen (H2), chlorine (Cl2), and nitrogen (N2) or infrared 

transparent inert gases (He, Ne, Ar, Kr, Xe, Rn) which oscillate at shorter 

wavelength such as ultraviolet and X-rays, greenhouse gas molecules like 

carbon dioxide (CO2), nitrogen dioxide (NO2) or methane (CH4) exhibit 

oscillation modes that match the energy of mid-infrared radiation. The 

oscillation modes might be stretching and bending motions. It is this selective 
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absorption of radiation which forms the basis for detecting a gas and for 

measuring its concentration [28-35]. In order to get a real-time, accurate 

reading to predict the concentration of certain gas, powerful and robust 

handheld infrared systems are demanded. The metasurface graphene thermal 

 

Figure 2.1 Absorption spectra for major natural greenhouse gases in the 

earth’s atmosphere. From top to bottom: carbon monoxide, methane, 

nitrous oxide, ozone, carbon dioxide, semiheavy water vapour, water 

vapour and air (illustration taken from Ref. [42]). 
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emitter proposed in this thesis, a robust source for handheld infrared systems 

has the potential to be much more cost-effective than MIR-LED sources and 

faster and more compact than tungsten filament based sources. The source is 

designed as a dual-band source which is particularly advantageous for gas-

sensing applications, with one emission peak at the wavelength of the 

atmospheric transparent window providing a reference, and the other 

resonance wavelength with the absorption of the target gas. It should be noted 

that these emission peaks can be located at arbitrary frequencies by changing 

the geometrical parameters of design, so that it is suitable for all gas detection 

applications, includes monitoring the density of methane in mining [31,34], 

detecting the carbon dioxide emission from the factory [35] or automotive [29] 

and also analysis the gas pollutant in the environment [30]. 

 Trace chemical detection 

Another important application for mid-infrared devices is trace chemical 

detection which can be used in chemical and biological sensing [4,26,32,37,38]. 

Organic matter is built from four essential elemental ingredients: carbon, 

hydrogen, oxygen and nitrogen [43]. The atoms of these four elements are very 

likely to be covalently bonded together so as to make their valence shell 

complete and thus form into different functional groups. Furthermore, the 
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carbon atom can form long chains, known as carbon skeleton, which connect 

different carbon-based functional group and build up more complicated organic 

compounds. Researchers have successfully identified the absorption peaks for 

hundreds of organic compound in the mid-infrared regime in the past several 

decades [44,45], they also found that some functional groups absorb infrared 

radiation at about the same wavelength. For instance, as demonstrated in Table 

2.1, there are three similar hydrogen stretching groups, alkanes (-C-H), 

carboxylic acids (-O-H) and amines (-N-H). Alkane stretching vibrations 

 

Table 2.1 Characteristic absorption frequencies of common organic 

functional groups. (Ref [46]) 
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usually appear between 3200 and 2800cm-1, carboxylic acids stretching 

vibrations occur between 3650 and 3600cm-1, and amines stretching vibrations 

locate between 3500 and 3300cm-1. These types of infrared bands are called 

group frequencies because they tell us about the presence or absence of 

specific functional groups in a sample [45]. However, quantifying the 

concentration of those chemicals are far more difficult than qualifying them as 

the sensitivity of the most advanced spectroscopy techniques is limited by the 

weak light-matter interaction caused by the size mismatch between molecules 

and the wavelength. The second device presented in this thesis, a metasurface 

sensor based on wave trapping, was used to demonstrate an improvement of 

ten-fold in trace chemical detection. This is potentially extremely important for 

studies of biological samples, including proteins, lipids, carbohydrates, and 

nucleic acids, where usually only a small amount of samples can be obtained 

for the study. 

 Infrared imaging and camouflage 

Apart from the unique interaction with molecules, the infrared band is 

also widely used in imaging, especially when the visible condition is poor. Unlike 

light can easily be blocked by smoke and light fog, the infrared light is able to 

successfully penetrate through them. Thus infrared vision is used extensively 
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for night vision [47,48], navigation [49], surveillance [50,51] and rescue [52]. 

With advancements in infrared detection technology, there is also a growing 

need for infrared countermeasures like infrared camouflage [53-56]. Although 

during the past few years, the concept of invisibility [57-59] and illusion [60,61] 

has already been proposed and proven in microwave band on the basis of 

transformation optics and conformal mapping, it is impracticable to scale down 

those designs to make them function in the mid-infrared regime due to the 

challenge of fabricating such small features. Traditional thermal camouflage 

uses a low-emissivity coating, which reduces the object’s apparent radiation 

temperature, to make the object blend into the background [53,54]. However, 

the emissivity of a traditional camouflage coating is fixed, and the objects can 

only be camouflaged in a fixed background temperature. Once the background 

temperature changes, the object can be easily detected by thermal imaging 

cameras because of the difference in radiation temperature between the object 

and the background. Realizing an effective adaptive thermal camouflage is not 

trivial as it requires a material that can adapt to different temperatures, and with 

an extremely fast response time. Some of the drawbacks limited the 

development of thermal camouflage so far include poor thermal fluctuation, 

slow response times, and the requirement for rigid materials, to name a few. 

Recent progress has been reported by O. Salihoglu et al which relies on electro-
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modulation of IR absorptivity of multilayer graphene via reversible intercalation 

of non-volatile ionic liquids [55]. Their approach of using active infrared 

reflective modulators to perform as a reconfigurable surface covered on the 

object is able to change the radar cross-section (RCS) of the object or steer the 

wave to another angle to disguise the object from being seen by infrared 

cameras. A mid-infrared wave modulator is designed as the third device worked 

in this thesis. We also proved such design can be potentially used as a dynamic 

beam steering lens which is able to deflect the incident infrared light when 

driven by a gate voltage. 

 

 

Figure 2.2 A thin, switchable thermal camouflage film covered on 

hand(illustrations taken from Ref. [55]). 
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 Metasurfaces 

The advent of metamaterials opens a new era for designing electromagnetic 

wave devices. Metamaterials are usually constructed by periodic unit cells, 

whose size and spacing are much smaller than the wavelengths of incoming 

electromagnetic radiation. Consequently, the electromagnetic wave does not 

experience the microscopic details of each unit cells, but treat it as a 

homogenous medium [62-65]. Thus engineering the nanostructure of 

metamaterials is equivalent to artificially design atoms to achieve 

electromagnetic properties that are not available or not easily obtainable in 

nature. As the chart shown in Figure 2.3, during the last 15 years, 

metamaterials have been the subject of an overwhelming interest in numerous 

publications in both highly focused and wider public journals, not only because 

of their unusual characteristics in wave propagation like negative permittivity 

[66], negative permeability [67], or negative refractive index [68,69], but also 

because their use in realizing such innovative applications as perfect absorbers 

[70-82], super-resolution imaging lens [83-89], invisible cloaks [57-59,90,91], 

and so on. Although those designs can be scaled up or down to resonance at 

any wavelength in the entire spectrum, most of these promising potential 

applications are still hindered in practice due to the high losses and strong 
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Figure 2.3 Number of publications on metamaterials (a) and different 

applications (b) of metamaterials between 2002 and 2012 (illustrations 

taken from Ref. [92]). 
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dispersion associated with the resonant responses and the use of metallic 

structures. In addition, whereas metamaterial-based devices can be easily 

fabricated for the microwave band, where the size of the features is in millimetre 

scale, it remains a huge challenge for realizing the required 3D structures in 

sub-micrometre scale, i.e. designs for infrared range or optical range. These 

two main obstacles of metamaterials drove many metamaterial researchers to 

focus on a single layer of planar structures, which were later termed as 

metasurfaces, that can be readily fabricated using existing technologies such 

as lithography and nanoimprinting methods. Meanwhile, the ultrathin thickness 

along the wave propagation direction can greatly reduce the unnecessary 

losses caused by the structure [93]. In general, metasurfaces can overcome 

the problems associated with metamaterials, while their interactions with 

incident waves can be still strong enough to provide very useful functionalities 

[94-96]. Over the past decade, metasurfaces have attracted great attention and 

have been proved to have the potential to replace 3D metamaterials in many 

applications in mid-infrared region, such as perfect absorbers [68-70,79,80], 

ultrathin lenses [97-103], holograms [104-106]. The metasurface can also be 

designed to enhance the electric field to improve the interaction between 

electromagnetic fields and objects [107,108], which is beneficial for applications 
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in mid-infrared band such as imaging, sensing, photovoltaics, and photo-

emission [109–113]. 

 Effective Medium Theory 

Smith et al. first applied this practical method to assign bulk material 

properties to inhomogeneous metamaterials [62]. Suppose a beam of 

electromagnetic wave is propagating from one side of a metamaterial layer to 

the other. Assuming that the metamaterials perform like a homogenous medium 

with refractive index  and relative impedance , the relation between the 

input electromagnetic field and the output electromagnetic field can be defined 

by the transfer matrix method as 

where 

 is the thickness of the slab and  is the wavevector. However, for 

metasurfaces, the transfer matrix  cannot be evaluated because of a lack of 

knowledge of its  and . An alternative approach is to calculate the transfer 

matrix using the scattering parameters (S-parameters) extracted from 
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simulations. The S-parameters, as shown in Figure 2.4, link the incoming field 

amplitudes to the outgoing field amplitudes and can also be directly related to 

experimentally determined quantities. The elements of the transfer matrix can 

be expressed by the values of S-parameters as follows: 

Because the medium is assumed to be homogenous, so that we can get 

 and , the equations can be simplified into： 

Using the analytic expression for the T-matrix elements in Equation (2.2) gives 

the refractive index and relative wave impedance  of the effective medium 

in terms of S-parameters:  
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Finally the effective relative permittivity and permeability of the metamaterials 

can be obtained based on and  by the relations: 

Figure 2.5 shows the effective relative permittivity, permeability and phase 

information extracted from the negative index metamaterial proposed in Ref 

[114]. As can be directly observed that the structure has a negative value of 

permittivity for the frequency below 12 GHz as well as negative permeability 

between 9 GHz to 11 GHz. It can also be noted that the phase of the wave 

propagating through/reflecting from the metamaterials also varies along with 

the changes in permittivity and permeability. At the resonance frequency (  = 

9.5 GHz), there is an abrupt change in the permittivity and permeability of the 

metamaterials which also dramatically changes the transmission/reflection 

 

Figure 2.4 Schematics of the definition of (a)Transfer Matrix and (b)S 

parameters. 
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phase due to the resonance of the structure. This phase information can be 

extracted by calculating the phase of the S-parameters obtained from the 

simulation and then subtracting both the additional propagation phase from the 

wave source to the device and from the device to the monitor. These 

parameters retrieved from S-parameters are very helpful in designing 

metasurfaces for certain applications as will be introduced in the following 

section. 

 

 

Figure 2.5 (b) propagation phase, (c) permittivity and (d) permeability 

retrieved from the negative refractive index metamaterial structure shown 

in (a) (illustrations taken from Ref. [62]). 
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 Metasurface Applications 

i) Metasurface absorbers 

Metamaterial perfect absorbers, are one of the first metamaterial-based 

devices being realized for practical applications. High absorption is desired in 

many applications, such as energy harvesting [115,116], scattering reduction 

[117], as well as thermal sensing [118]. Near-unity absorption can be achieved 

by the use of a metallic ground plane to block all the wave propagating through 

the device while eliminating the entire reflection at the interface. According to 

the Fresnel formula of reflection, when a beam of wave incidents from air to a 

medium with refractive index , the reflectivity ( ) from the interface is [119] 

where the subscripts TE and TM refer to transverse electric (TE) and transverse 

magnetic (TM) polarized waves,  is the angle of incidence. If we assume the 

normal incident condition, these equations can be reduced to: 
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where  is the relative wave impedance. For classical 

electromagnetic absorbers, the permittivity and permeability of conventional 

materials won’t support the reduction in reflection at the interface. Thus the 

approach adopted by those absorbers is to design a resonant cavity as an anti-

reflection layer, for example, the design of Salisbury screens which consists of 

a thin resistive layer and a metal ground plane separated by a dielectric spacer 

of quarter wavelength thickness. In that case, the wave directly reflected from 

the interface will destructively interfere with the wave reflected through one 

round-trip propagation path and lead to the reduction in total reflection at a 

certain wavelength. However, the design is bulky and only can absorb energy 

over a narrow bandwidth. The mainstream design of metasurface absorbers 

inherits the three-layer Salisbury screen configuration, but replaces the top 

resistive layer by a metasurface. As mentioned in the effective medium theory, 

the metasurface can be treated as a homogenous layer with an effective 

relative permittivity and permeability. Research has shown that the effective 

relative permittivity of the metasurface is due to the electrical resonant response 

of individual elements in the metallic structure of the metasurface, and the 

effective relative permeability is attributed to the magnetic resonance resulting 

from anti-parallel surface currents between the top metasurfaces element and 

the ground plane [72,92]. The metasurface can thus be regarded as a 
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frequency selective surface (FSS) because it can fulfil the wave impedance 

matching condition,  1, to eliminate the reflection at the artificial 

frequency by tailoring both  and  independently through adjusting the 

geometric dimensions of the metasurface structures and the thickness of the 

spacer layer. In comparison to the conventional absorbers, the thickness of 

metasurface absorbers can be dramatically reduced because the dielectric 

spacer layer not necessarily needs to be as thick as a quarter of the wavelength. 

Although for most metasurface designs, the bandwidth for unity absorption is 

also narrow, broadband absorption can be achieved by stacking several layers 

of metasurface resonating at close resonance frequencies [73,74,76] or using 

lossy material like heavily doped silicon as the spacer layer [77-80]. Figure 

2.6(a) illustrates a metamaterial absorber structure consisting of three layers of 

cross-resonators with appropriate geometric dimensions and spacer 

thicknesses. The three resonance frequencies in close proximity merge 

together and form a broader absorption bandwidth as shown in Figure 2.6(b-d). 

Other metasurface-based absorbers have also been proposed and 

experimentally tested for more novel functionalities such as multi-band 

absorbers [81,82], coherent absorbers [121,122], frequency tunable absorbers 

[123,124]. 
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ii) Ultrathin flat lenses 

In general, most conventional lenses are designed on the basis of geometric 

optics, which engineer the wavefront of the electromagnetic wave by altering 

its optical path length or propagation phase which can be calculated as 

, where  is the wavenumber, and  are the refractive index and 

 

Figure 2.6 (a) Schematic diagram of a 3-layer cross-resonator absorber 

and absorption spectra for (b) 1-layer cross structure; (c) 2-layer cross 

structure; (d) 3-layer cross structure (illustrations from Ref [76]). 
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thickness of the medium through which the wave propagates. Compared to 

classical lenses, which usually needs a sophisticated height profile to achieve 

the change in propagation phase, metasurfaces are able to change the phase 

directly, as shown in Figure 2.5(b), without sacrificing the device thickness. The 

introduced phase changes can lead to a series of intriguing phenomena: 

anomalous transmission and reflection [97-101], free aberration [102], etc.  

 

As shown in Figure 2.7(a), consider a beam incidents at an angle  from 

one medium to another medium. Assuming two optical paths ACB and ADB are 

infinitesimally close to the actual path between the points A and B, the 

difference in their propagation phases should be 0 and can be calculated as 

[97]:  

 

Figure 2.7 Schematics used to derive the generalized Snell’s law of (a) 

refraction and (b) reflection. 
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where  is the wave number in air,  is the refractive index of the 

medium where the wave coming from,  is the distance between the two 

cross points C and D,  and  are the phases at these two points, and 

 is the refraction angle. Similarly, for the reflection shown in Figure 2.7(b), we 

have: 

when there is no abrupt phase change along the surface (  = 0), Equations 

(2.9) & (2.10) will lead to the classical Snell’s law: 

However, if a phase discontinuity is introduced to this interface, Snell’s law in 

Equation (2.11) will be generalized to: 

The anomalous refraction and reflection angles can thus be derived from 

Equation (2.12). For normal incidence in air, those two angles can be calculated 

as: 
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the key challenge in using metasurfaces is therefore to fully control the 

wavefront lies in designing metasurface structures that can cover the whole 0 

to 2  phase range. In some of the pioneering work on metasurfaces, V-shaped 

nanoantennas were proposed and experimentally demonstrated by Yu et al to 

control the propagation of linearly polarized light in the mid-infrared range 

[97,125]. The research was then extended to the optical [98], near-infrared (NIR) 

[100], and terahertz [101] range. However, since there is no theoretical relation 

between the metasurface design and the phase shift, a series of time-

consuming simulations that sweep through one or more geometric parameters 

of the design have to be ran to test all the possible phase shift values the design 

can achieve. As a simpler method for designing metasurface for circularly 

polarized (CF) wave, Huang et al proposed a metasurface based on gold 

nanorods to manipulate the phase profile by employing Pancharatnam–Berry 

(PB) phase [98]. The beauty of this approach lies in the linear dependence of 

phase delay  on the orientation angle  of each nanorod, i.e., , with 

the sign determined by the polarity of the incident wave, which saves huge 

efforts in simulations. Other designs like Huygen’s metasurfaces [126,127], 
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multilayer metasurfaces [128,129], etc are also proved to be able to cover the 

2  phase range. 

 In order to use such phase shift resonator elements to build lenses, desired 

phase profile which is determined by the functionality of the lens needs to be 

first calculated. This phase distribution will then be discretized and converted 

into the corresponding resonator designs. For example, Figure 2.8(a) shows a 

beam steering lens based on V-shape resonators [97]. Eight different 

resonators are constructed into a large unit cell which has a linear phase 

gradient from 0 to 2  on the interface. This gradient phase profile will introduce 

an anomalous refraction and reflection angles, as already discussed in 

Equation (2.13). Figure 2.8(b) shows another example which uses circularly 

arrayed PB phase resonators to fit the phase distribution of an aberration-free 

lens [102]. Novel functionalities of metasurfaces continue to be explored 

benefiting from their full capabilities in controlling EM waves. One of the most 

promising applications is active metasurfaces, which has been realized using 

phase change materials [130,131], graphene [132,133], 

microelectromechanical systems (MEMSs) [134] and so on [135]. 

Programmable metasurfaces have been made and tested by sound and 

microwaves. Such metasurfaces can arbitrary manipulate to the wave to realize 
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different functions without re-fabrication which opens up the unprecedented 

potential for wave engineering. 

 

  

 

Figure 2.8 (a) top: phase and amplitude profile required for the beam 

steering lens, bottom: schematic of the resonator array for realizing the 

required phase distribution and simulations of the scattered electric field for 

the individual antennas composing the array (illustrations taken from [97]); 

(b) Flat focusing lens with consisting of V-shaped nanoantenna array and 

the transverse cross-section of its intensity profiles (illustrations taken from 

[102]). 
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 Graphene 

Apart from metasurfaces, graphene opens up another new possibility to 

manipulate mid-infrared light within an atomic-thick layer. This monolayer of 

carbon atoms arranged in a 2D honeycomb lattice has attracted interest due to 

its extraordinary thermal [136-138], mechanical [139,140] and electrical 

properties [141-143] since first being isolated in 2004. Through the studies in 

the past decade, both the understanding of graphene properties and the 

improved fabrication methods producing large scale high-quality graphene 

have paved the path for the development of graphene-based devices which can 

manipulate electromagnetic waves in the mid-infrared regime. In the following 

two sections, we will mainly focus on the thermal and electrical properties of the 

graphene in order to explore how to take advantage of these intriguing 

properties into the design of mid-infrared devices. 

 Electronic Properties 

Due to the hexagonal structure of graphene, 3 out of 4 electrons in the 

outer shell of each carbon atom forms strong covalent σ bonds with 

neighbouring carbon atoms within the sheet, while the 4th electron is located in 

the pz orbital out of the plane. For monolayer graphene, these free electrons 
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link up together and form the bonds which determine the exceptional 

electronic properties of graphene. The linear dispersion relation is the most 

discussed and unprecedented one among all those extraordinary properties. It 

can be proved, with the assistance of the tight-binding model [144] that, the 

dispersion relation between kinetic energy  and wavenumber  is linear for 

monolayer graphene and can be expressed as , where  is Planck 

constant and  = 1.1×106 m/s is the Fermi velocity for graphene. Because 

the Fermi velocity is approaching the speed of light, the electrons in graphene 

are no longer non-relativistic particles and cannot be described by Schrödinger 

equation any more. Instead, they should be regarded as Dirac fermions with 

negligible effective mass and follow the Dirac equation [145]. This leads to a 

number of novel physical phenomena for monolayer graphene, such as an 

unconventional quantization sequence in the quantum Hall regime [146, 147], 

Klein tunnelling [148,149] and Veselago lensing [150].  

Furthermore, based on this dispersion relation, the band structure of 

monolayer graphene can be calculated. As plotted in Figure 2.9, it can be 

clearly observed that in the band structure, there is no gap between the valence 

and the conduction bands as these two bands touch each other at a number of 
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finite momentum values, termed as Dirac points. In theory, ideal monolayer 

graphene can be regarded as a metal with an empty valence band as the Fermi 

energy level lies at Dirac point. It should be noted that like other semiconductors, 

the position of Fermi energy level in the band structure of graphene can be 

controlled by either chemical doping [151], or alternatively, using the electric 

field effect [152,153]. For the latter method, a DC voltage, known as the gate 

voltage, is usually applied between graphene and a metallic layer, separated 

by a very thin insulator layer. In practice, most graphene devices are based on 

the use of doped silicon substrates with a thin oxidized layer. In this case, the 

 

Figure 2.9 (a) Graphene lattice structure. Each original cell contains two 

symmetrical and inequitable carbon atoms A and B,(b) Graphene 

electronic band structure obtained in the tight-binding model; the valence 

and conduction bands connect in the Brillouin area (illustration taken from 

Ref [143]). 
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silicon is one plate of a capacitor, the SiO2 is the dielectric, and graphene is the 

other plate. The surface charge density introduced into the graphene  can 

be calculated as: 

where  = 8.854×10−12 F/m is the permittivity in free space,  is the electron 

charge,  are the thickness and permittivity of the thin dielectric layer. The 

variation in the carrier density will shift the Fermi energy level of graphene as 

follow: 

Figure 2.10 shows how the resistivity of perfect monolayer graphene varies 

with the gate voltage applied. Depending on the direction of the electric field, 

determined by the polarity of the gate voltage, electrons or holes can be added 

to the system. This ambipolar nature of graphene makes it particularly 

promising for applications in many photonic devices that require tunable 

functionality [124,154-160].  

Because the conductivity can be tuned in a large range within an atomic 

layer, this makes graphene a promising candidate to use in conjunction with a 

metasurface to directly control its electromagnetic response. Modelling the 
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conductivity of the graphene is thus of paramount importance in designing 

active optoelectronic devices. The conductivity of monolayer graphene can be 

modelled with the assistance of the Kubo formula, a quantum transport 

theoretical framework. Assuming the graphene sheet is in the x-y plane, its 

extended non-local anisotropic model for conductivity should follow the tensor 

form [159]: 

 

Figure 2.10 Resistivity of graphene as a function of gate voltage at 1K. The 

insets indicate changes in the position of the Fermi energy EF with varying 

gate voltage Vg (illustration taken from Ref [161]). 
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in which  are the conductivity tensor along  and  

directions. Noting that  and , equation (2.16) can be 

rewritten as: 

where  are the conductivities along diagonal and off-diagonal 

directions, and  are the symmetric and antisymmetric dyads. The general 

expressions for  of monolayer graphene, derived from the Kubo 

formalism [162], are: 

and  

where  is the energy of nth Landau level and 

is its Fermi-Dirac distribution,  is the excitonic 
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band gap,  are the charge of an electron, Boltzman constant and 

reduced Planck constant.  = 1.1×106m/s, as mentioned earlier, is the Fermi 

velocity of graphene, and  is the chemical potential, the same as Fermi 

energy level, and is dependent on the external electric field  for doping.  

is the external magnetic field applied TO the graphene, and  is the intrinsic 

scattering rate of graphene. Both diagonal and off-diagonal conductivities are 

very complicated and cannot be evaluated analytically. In this thesis, we 

assume both the magnetic bias field and the excitonic band gap are negligible. 

In this case, the off-diagonal conductivity term will vanish as , and the 

graphene can thus be regarded as isotropic. This will also simplify equation the 

to an approximation expression [159]: 

As can be observed from Equation (2.20), the final expression of graphene 

conductivity model is the sum of two terms. The first term accounts for the 

carrier transitions within the same band, known as intraband transitions, while 

the second term stands for interband transitions, transitions between different 

bands. 
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Based on Equation (2.20), Figure 2.11(a) plots the surface conductivities as 

a function of wavelength for monolayer graphene with different Fermi levels. In 

the terahertz and far-infrared regions, the conductivity of graphene is 

determined by the intraband transitions of electrons while interband transitions 

are dominant in the near-infrared band. A huge increase in graphene 

conductivity in the mid-infrared band can be observed as intraband transitions 

switch to interband transitions. Figure 2.11(b) also shows graphene has a very 

strong plasmonic behaviour (  >1) in the mid-infrared band.  

 

 

Figure 2.11(a) Real parts of intraband (solid lines) and interband (dash 

lines) surface conductivities of graphene with |EF| = 0.2 eV (in black) and 

|EF| = 0.4 eV (in red). The inset shows the band structure of graphene. (b) 

The optical response of moderately doped graphene in different spectral 

ranges (illustrations from Ref [163]). 



Chapter 2 

42 

 

These features, together with the high carrier mobility opens up a new era 

of plasmon research. Compared to the noble metal plasmon, graphene 

plasmon exhibits stronger energy confinement [158,164-166] and tunability 

[153,160]. Those two prominent properties can help to achieve the 

enhancement of light-matter interaction in a tiny area at a controllable frequency, 

which is ideal for selective sensing. Over the past 5 years, graphene 

nanoribbons have been intensively studied in the terahertz and mid-infrared 

regions to excite localized plasmon for detecting polar phonons of the substrate 

[160,167,168], molecular vibrations of adsorbates [151,164,166], and lattice 

vibrations of other atomically thin layers [169]. However, monolayer graphene 

can only achieve at most 2.3% absorption which limits its modulation depth. In 

order to reach the full potential of graphene plasmons. A metasurface can be 

used in conjunction with graphene to achieve a deeper modulation width 

[157,170]. 

 Thermal Properties 

Thermal conductivity is usually used to describe a material’s ability to 

transfer heat. In solid materials, heat is generally carried by electrons or through 

vibrations of atoms, known as phonons. As a result, the thermal conductivity  

can be calculated as , where  and  are the phonon and 
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electron contribution, respectively. For heavily doped semiconductors or metals, 

electrons are the main heat carriers due to the large concentration of free 

charges in those materials.  can be thus evaluated by the conductivity of 

the material  via Wiedemann-Franz Law [171] 

where  = 1.602×10-19 C is the charge of an electron,  = 1.38×10-23 J/K is 

the Boltzmann’s constant and  is the temperature of the material. However 

for non-metallic materials, is dominant in thermal conductivities. This is 

even applicable to some materials like graphite [160] or graphene which also 

have high electrical conductivity because of their strong covalent sp2 bonding 

as introduced in the last section. The phonon distribution  can be 

calculation as the summation of each phonon mode [172]: 

where  is the thickness of the material,  is the phonon energy of the 

th phonon mode at wave vector ,  is the Bose-

Einstein phonon equilibrium distribution function.  are the group 

velocity and relaxation time of the phonon from th branch. For graphene, its 

hexagonal lattice leads to the formation of six phonon modes (  = 6), three 

optical (O) and three acoustic (A) phonon modes [136]. Like other materials, 
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graphene has both longitudinal (L) and transverse (T) modes for acoustic and 

optical phonons. L modes correspond to atomic displacement along the 

propagation direction while T modes stand for the in-plane movement of atoms 

perpendicular to the propagation direction. However, the unique 2D nature of 

graphene also allows out-of-plane atomic displacements, known as flexural (Z) 

modes, which usually cannot be observed in typical 3D materials. The phonon 

dispersions of all these 6 modes are shown in Figure 2.12. For TA and LA 

modes, it can be observed that their dispersion relations are linear when 

 

Figure 2.12 Phonon dispersion diagram of single-layer graphene along the 

Γ-to- M crystallographic direction (illustration taken from Ref [136]). 
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wavevector is low ( ). Thus their group velocities can be calculated as the 

slope of the dispersion curves, . The values of the group 

velocities of those two modes are  = 13.6 km/s, and  = 21.3 km/s, at 

least 4 times larger than those in germanium or silicon due to its three strong 

in-plane  covalent bondings. Although the group velocity for ZA mode almost 

vanishes when  is approaching 0, Lindsey et al pointed out that ZA phonons 

are still the main contributors to the ultrahigh thermal conductivity of graphene 

because of their higher density of states resulted from less phonon scattering 

[173]. Their theory is supported by the fact that the thermal conductivity of 

suspended graphene is larger by an order of magnitude than that of supported 

graphene [174], in which graphene substrate interface scattering occurs to 

dissipate heat into the substrate and suppress the contribution of ZA phonons 

to the thermal conductivity. As a consequence, the graphene supported on a 

substrate can have an over 100-fold anisotropy of heat flow between the in-

plane and out-of-plane directions [136]. 

Attributed to its excellent thermal properties and high strength, there 

have been increasing research interest in using graphene as an incandescent 

emitter for light generation. Barnard et al encapsulated graphene grown by 

chemical vapour deposition in h-BN films on Si/SiO2 substrate for mid-infrared 

emitters [175]. These emitters were later experimentally tested by Mahlmeister 
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et al with a measurable modulation speed observed at 100kHz [19]. Kim et al 

fabricated the light source based on freely suspended, mechanically exfoliated 

graphene flakes [176]. One of the most fascinating phenomena of graphene 

emitters is the formation of the hotspot, where maximum emission occurs, and 

which can be manipulated by the gate voltage when a large source-drain 

current is applied [177]. As introduced in the electronic properties of graphene, 

the gate doping can introduce holes or electrons into the graphene channel. 

The gate voltage is equal to Dirac voltage of the graphene when the carrier 

density in graphene reaches a minimum (charge neutral point (CNP)) where 

the graphene has its maximum resistivity. Freitag et al found the Dirac voltage 

along the graphene channel becomes position dependant when a source-drain 

current is applied. By setting a constant gate voltage, one can manipulate the 

position where Dirac voltage is equal to gate voltage by change the source drain 

current. As consequence, a hot-spot (heat maximum) will be observed in Figure 

2.13 (a) at the position where the CNP is located (hotspot). However, the 

hotspots are usually spatially broad and thus make their positions challenging 

to be fine-tuned. Bae et al enhance the capacitive coupling between the back 

gate and the charge carriers in the channel by reducing the thickness of 

underneath oxide layer to 90 nm, the thermal distribution, as shown in Figure 

2.13(d) become more localized and sharper [178].  
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Figure 2.13 (a) Spatial images of the integrated infrared emission from 

graphene channels with different gate voltage, (b) Corresponding I-V 

characteristic, (c) Infrared intensity profile along the length of the graphene 

sample, (d) More localized hotspot with bias graphene on a substrate with 

thinner oxidized layer ((a-c) taken from Ref. [177], (d) taken from Ref. 

[178]). 
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3 Numerical Simulations 

 Introduction 

Numerical modelling plays a critical role in the study of optoelectronic 

devices for identifying new structures in the development of novel or improved 

applications. The most obvious advantage of numerical simulations is that it 

assists the prediction and optimisation of the design behaviour without 

unnecessary fabrication iterations, saving researcher lots of time and effort. It 

also provides such key information as field distribution, current density and far-

field projection that cannot be easily measured in experiments. In this chapter, 

we will mainly focus on two most popular technique for solving electromagnetic 

problems, the finite element method (FEM) and the finite-difference time-

domain (FDTD) method, as the device studied in this thesis were all simulated 

by these two mathematical modelling methods. We will first briefly introduce 

both algorithms and then discuss how to set up the material property, mesh 

size, boundary conditions in two commercial software package, COMSOL 

Multiphysics based on FEM and Lumerical FDTD Solutions based on FDTD 

method. These settings are crucial for us to build a valid simulation model and 

obtain a reliable, accurate simulation result.  
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  Solving Maxwell’s Equations 

Maxwell’s equations [179] are a set of equations describing the properties 

and interrelations of electric and magnetic fields. The propagation of all 

electromagnetic radiation, from hard X-rays to ultra-low frequency radio waves, 

under any circumstance is governed by those four equations whose differential 

form can be expressed as follow: 
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where  and  are the electric and magnetic fields, which we aim to solve, 

 and  are the permittivity and permeability in vacuum and  and  are 

the density of charge and current, respectively. As indicated in Equation (3.1), 

Maxwell’s equations are a set of coupled partial differential equations (PDEs) 

that cannot be solved with analytical methods for the vast majority of 

geometries and problems. In order to predict the interaction between the 

proposed structure and the electromagnetic field, Maxwell’s equations need to 

be calculated by numerical methods. In this section, two main approaches, the 
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FEM [180] as well as the FDTD method [181], for solving the differential 

equations are discussed. Although apart from these two numerical methods 

focusing on solving Maxwell’s equations in differential form, there are other 

means like the method of moments (MoM) [182], the finite integration technique 

(FIT) [183], the finite-difference frequency-domain (FDFD) method [184] can 

serve the same purpose under certain circumstances. However, those 

techniques suffer from disadvantages [185] which makes them not as common 

as the FEM and the FDTD method. 

 Finite Element Method  

The development of the FEM can be traced back to early 1940s when 

Richard Courant first proposed this method in solving torsion problems for 

multiply-connected domains [186]. Although he recognized such method can 

be applied to solve a range of problems, it took several decades before the 

approach became widely used in solving space-dependent problems which can 

usually be expressed in terms of PDEs. In the FEM, the target PDE over the 

desired solution domain is discretized in small regions, known as finite elements. 

For instance, as illustrated in Figure 3.1, in 2D applications, the domain is 

normally discretized into triangles while the most common shape of finite 

element for 3D models is tetrahedron. Such shapes of FEM elements provide 
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advantages on modelling structures with irregular geometries and capturing 

local effects. The numbered vertices of each created finite element are specific 

points (nodes) at which the value of the dependent variables are explicitly 

calculated. The calculated values at these nodes are then used to approximate 

the values of the dependent variables at non-node points inside the finite 

element. The nodes of this element are exterior nodes because they lie on the 

element boundary. Multiple elements are then used, connected at the exterior 

nodes, to approximate the entire domain geometry. After that, interpolation 

functions are selected for elements. Usually, interpolation functions are first, 

second or higher-order polynomials. Then, a system of equations is formulated 

 

Figure 3.1 Geometry for 2D and 3D meshes (elements) in COMSOL. 
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by using either the Ritz variational method or the Galerkin method. With related 

boundary conditions of the selected domain, the target PDE can be 

approximated by the equation system solved using linear algebra techniques. 

The numerical stable approximation will also guarantee the iteration will lead to 

a convergent result. 

 FDTD method 

The FDTD method, also known as Yee’s method, named after K. S. Yee 

who first proposed this method in 1966 [187], is a numerical technique 

specifically using finite difference approximation to solve Maxwell's equations 

in partial differential form. As observed in Equation (3.1), Maxwell’s curl 

equations are first-order partial differential equations related the electric and 

magnetic fields. All these first-order derivatives can be approximated by central 

difference formulas. For instance, the first-order derivative with respect to  for 

function  can be approximated by: 

as illustrated in Figure 3.2(a), the value of the first-order derivation of a 

continuous function  at certain point  can be evaluated by the 

slope of two points adjacent to . Similarly, in order to apply this central 



Chapter 3 

53 

 

difference method approximation to the 3D electric and magnetic fields, the 

electric and magnetic fields to be studied are defined and divided into discrete 

spatial and temporal grids, known as Yee grid, illustrated in Figure 3.2(b). The 

electric field is firstly solved at a given instant in time, then the magnetic field is 

solved at the next instant in time. This calculates each field component at a 

slightly different location within the grid cell. Because the FDTD method uses 

central difference approximation, the vector components of electric fields and 

magnetic fields of Yee cells are spatially staggering in the Cartesian 

computational domain, meaning that each electric field vector is located midway 

 

Figure 3.2 (a) A graphical representation of a central-difference 

approximation to the gradient at a point x0 (b). Illustration of a standard 

Cartesian Yee cell used for FDTD which is composed of an electric cell and 

a magnetic cell staggering in space (illustration taken from [188]). 
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between a pair of magnetic field vectors, and vice versa. Furthermore, as H-

fields are sampled at a half sampling interval difference than that of E-fields 

sampling, E-fields and H-fields are updated in a leapfrog scheme for marching 

forward in time. The process is repeated over and over until the desired 

transient or steady-state electromagnetic field behaviour is fully evolved. 

This algorithm is capable of finding the corresponding electric and magnetic 

fields  and  at any point in space for any time  with any given 

excitation source. Because it solves the problem in the time domain, a wide 

range frequency as well as a fine frequency resolution can be obtained through 

Fourier transform. This is extremely useful in applications where resonant 

frequencies are not exactly known, or anytime that a broadband result is 

desired.  

 Simulation software and settings 

 Simulation Software 

Although both the FEM and the FDTD method offer proven approaches to 

numerically calculate the interaction between any artificial design and 

electromagnetic field, it still needs a vast material, financial support, manpower 



Chapter 3 

55 

 

and time to build a generalized 3D electromagnetic solver which contains the 

full 6-vector Maxwell's equations. Thanks to the progress in computer 

technology, various commercial software with automatic adaptive and graphical 

user interface (GUI) features nowadays can provide a fast, stable, accurate and 

multifunction EM simulator. The software packages which we chose in the 

simulations are COMSOL Multiphysics and Lumerical FDTD Solutions.  

COMSOL Multiphysics is a general-purpose simulation software based on 

FEM analyses for modelling designs, devices, and processes in all fields of 

engineering, manufacturing, and scientific research. The module mainly used 

in the simulations described in this thesis is the RF module. It provides a 

simulation environment to solve PDEs not only for electromagnetics but also 

for heat transfer, structure deformation, fluid flow, and so on. The commercial 

software chosen for the FDTD method is Lumerical FDTD Solutions, which is a 

leading 2D/3D Maxwell’s equation solver for the design, analysis, and 

optimization of nanophotonic devices, processes and materials. It implements 

the FDTD method to analyze the interaction of a broad spectrum of radiation 

with complicated designs and deliver reliable results. 

With the help of the powerful commercial software, we still need to make the 

right configurations on our model to obtain a trustworthy simulation result. The 
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following paragraphs will mainly focus on the settings on material properties, 

boundary conditions and mesh sizes. 

 Material Properties 

The most important settings of material properties are similar in both 

COMSOL Multiphysics and Lumerical FDTD Solutions. As the type of materials 

to be defined can usually be chosen from a list. Here we will list some of the 

most common materials. 

i) Dielectric 

For most non-conductive materials, the materials can be defined as ‘(n,k) 

material’ in Lumerical FDTD Solutions and ‘refractive index’ as the 

displacement field model applied on the material in COMSOL Multiphysics. In 

this case, the refractive index of the material will simply be modelled as 

, where  and  are the real and imaginary part of the refractive index. 

The value of  is usually positive which corresponds to the energy loss in the 

wave propagation. If the refractive index of the dielectric material is dispersive 

over the frequency of interest, its frequency dependant  and  can be 

extracted from the metrology of the material, like ellipsometry or 

spectrophotometer [189]. The result refractive index datasets can be loaded to 
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COMSOL Multiphysics and Lumerical FDTD Solutions and will be fitted by a 

generalized multi-coefficient function for simulation.  

ii) Metal 

For conductive materials like metal, since the current density  in Equation 

(4.1) can now be directly calculated by Ohm’s Law , the permittivity of 

conductive materials can thus be derived as . It is 

straightforward that in this relation, the loss of the metal is proportional to its 

conductivity. This is consistent with the fact that the metal will block the 

electromagnetic wave in low frequency. In COMSOL Multiphysics, the region 

for metal needs to be selected ‘real permittivity’ as the electric displacement 

field model, with the real part of permittivity and permeability set to 1, and a 

specified electrical conductivity. In Lumerical FDTD Solutions, an “3d 

conductive material” can be defined in the material library with  = 1, and the 

conductivity of the metal. 

iii) Monolayer graphene 

For two dimensional materials like monolayer graphene, it is no longer 

precise to use volumetric parameters like permittivities or refractive indices to 

represent their properties due to their atomic thickness. In the case of 

monolayer graphene, a surface conductivity model derived from the Kubo 
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formula is the preferable approach used in all our simulations. In Lumerical 

FDTD Solutions, this can be simply realized by defining 'Graphene’ as the type 

of material while in COMSOL Multiphysics graphene can be set as a resistive 

surface with the conductivity represented by Kubo formula.  

 Boundary Conditions 

The boundary conditions are critical in solving Maxwell’s equations, thus the 

boundaries set in the simulation model will dramatically affect the final result. 

Additionally, in some cases, the design of interest can be simplified in the 

simulation model by applying correct boundary conditions to save enormous 

simulation time. Take the simulation of a metasurface device as an example, 

due to its native periodic nature, this allows us to calculate the response of the 

entire device by using only one unit cell in the simulation. This can be done by 

applying Floquet/Bloch boundary conditions on all four boundaries 

perpendicular to the metasurface unit cell in COMSOL Multiphysics and 

Lumerical FDTD Solutions. The Floquet/Bloch boundary condition is a 

generalized type of periodic boundary condition. With a normal incident wave, 

the boundary condition will perform just like periodic boundary condition, simply 

copying the EM fields that occur at one side of the simulation and injecting them 

at the other side. For the case in which the wave injected on the device with an 
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angle, the Floquet/Bloch boundary condition will correct the phase discontinuity 

due to the oblique incidence in the EM fields between every two adjacent unit 

cells. For the remaining two boundaries parallel to the metasurface, perfectly 

matched layers (PMLs) are utilized to truncate the simulation region in order to 

absorb outgoing waves from the interior of the simulation region without 

reflecting them back into the interior. The type of source set for all the 

simulations is a plane wave. Although in fact, the source performs more like a 

Gaussian beam in the experiment, the Gaussian beam is equivalent to the 

plane wave in the case of simulating a single unit cell, as the waist beam 

diameter is usually thousands of times larger than the unit cell size. For 

 

Figure 3.3 The Lumerical FDTD Solutions model of the unit cell of graphene-

based metasurface modulator as introduced in Chapter 8. 
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example, in the case shown in Figure 3.3, the wave propagates along the z-

axis. Thus all the x-z boundaries and y-z boundaries in the black rectangle are 

set for Floquet/Bloch boundary conditions to make the design periodic in x- and 

y-axis directions. Meanwhile, all the x-y boundaries in the red rectangle are set 

for PML boundaries to eliminate the reflection from the top and bottom of the 

simulation region. 

 Mesh sizes 

Another critical parameter in both simulation software packages is the mesh 

size. As mentioned in Section 3.2, both methods are based on discretizing the 

model into smaller units (elements for the FEM and Yee cells for the FDTD 

method). Although a finer mesh may provide a more accurate result, it will also 

significantly increase the simulation time and memory usage in the meantime. 

The memory usage for a 3D model whose volume is  with a mesh step size 

 at certain wavelength  is approximately  and simulation time is 

around  [190]. Thus finding an appropriate mesh size to balance the 

result accuracy and simulation time is always a challenging work in every 

simulation model. Generally speaking, the mesh size should be at least smaller 

than half of the wavelength in the medium and the maximum size of meshes is 

approximately one-fifth of the wavelength in the medium. For both commercial 
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software packages, the automatically generated mesh sizes are classified to 

different levels, mesh sizes are classified by extremely coarse, coarser, coarse, 

normal, fine, finer, extremely fine in COMSOL Multiphysics and are divided to 

Level 1 (coarsest) to Level 8 (finest) in Lumerical FDTD Solutions. However, 

for small structures like thin films in the design, a refined mesh need to be 

manually defined to ensure there are at least three elements included in the 

smallest feature. 

 Comparison between FEM and FDTD 

method 

As a summary, both FEM and FDTD method provide proven computational 

electromagnetic approaches in solving Maxwell’s equations for different 

designs in 3D geometries. Although both of them are generalized numerical 

methods, they have their own advantages in some of the circumstances to 

make one more favourable than the other. 

Using the FDTD method, because it is based on the Fourier transform of the 

simulation result in the time domain, the final spectrum is usually in very high 

frequency resolution, which makes it preferable for simulating a broadband 

response from the design. Its meshing settings are also fairly easy and the 
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simulation won’t use so much memory compared to the FEM. However, simple 

meshes are also less suitable when discretizing curved edges or sharp corners. 

The staircase approximation error in meshing may lead to an error in the 

simulation results. The oblique incident will cause major difficulty in 

implementation of the FDTD method because the phase difference between 

corresponding points in different unit cells lead into time advance or delay that 

cannot be solved directly using the time-domain method. This delay requires 

knowledge of the future values of the fields at any step in the transverse plane 

which makes the FDTD method, the method depends mainly on the 

simultaneous time and space, difficult to implement the oblique source.  

In contrast, the FEM can also realize simulation covering a broadband 

frequency range. It normally divides the frequency range into several steps, 

runs the simulation at each discrete frequency and combines several discrete 

results into a spectrum result. This makes the FEM far less efficient comparing 

to the FDTD method. Furthermore, the meshing in COMSOL Multiphysics 

sometimes can be problematic and occupy a large amount of memory in PC, 

especially for some structures including anisotropic geometries like ultrathin 

films. However, the complicated mesh also has some advantages, it represents 

the original structure much better than FDTD meshes as shown in Figure 3.4, 

and leads to a more precise result. Apart from this advantage, for COMSOL 
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Multiphysics, we can use Multiphysics function to take other effects like heat 

transfer, chemical reaction, etc into the consideration of the simulation. 

The simulation results shown in Chapter 6 & 8 all used Lumerical FDTD 

Solutions as the simulation engine while the results in Chapter 7 used COMSOL 

Multiphysics because of the oblique incidence of the wave on the prism. 

 

Figure 3.4 The automatically generated mesh for a sphere with 5 μm radius 

in (a) Lumerical FDTD Solutions (mesh setting: level 4) and (b) COMSOL 

Multiphysics (mesh setting: normal). 
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4  Device Fabrication 

 Introduction 

Due to the fact that the scale of mid-infrared metasurface devices is usually 

in the order of sub-micrometers, high precision in fabrication is required to 

realize devices. Thanks to the significant advances in lithography technology in 

the past decade, which has dramatically shrunk the size of devices that can be 

achieved, the discoveries of nanoscience can be implemented in real-world 

nanoscale devices. In this chapter, we will introduce the nanofabrication 

techniques involved in the fabrication of our devices. The lithography, 

deposition and lift-off processes for metasurface fabrication and transfer, 

etching processes for 2D materials like graphene, and h-BN will be discussed 

in Section 4.2 and 4.3, respectively. Finally, in Section 4.4, a list of all the 

fabricated devices used in the experiments presented in this work is provided. 

All the devices presented in this thesis are all fabricated in an ISO Class 5 

cleanroom, whose temperature and humidity are strictly controlled to ensure 

the precision of fabrication. 
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 Metasurface fabrication 

 Electron beam lithography 

Lithography is the process of transferring patterns from one medium to 

another. For many years, particle beams of various types have been used in 

lithography. The electron source has the benefit of extremely high diffraction-

limited resolution due to its extremely low wavelength and has been used for 

transferring patterns with nanoscale feature sizes. Unlike conventional optical 

lithography, which needs a mask for each design, electron beam lithography 

(EBL) doesn’t require a mask as the pattern could be directly loaded from 

computer-aided design (CAD) files. This maskless lithography system uses an 

electron gun to generate a collimated electron beam that has precise kinetic 

energy. This kinetic energy, which is controlled by the electron beam current, 

defines the resolution of the lithography. The beam of electrons is then 

introduced to a conductive surface covered with an electron sensitive resist 

layer at certain area depending on the pattern. As depicted in Figure 4.1, due 

to the exposure to the electron beam, the solubility of the resist will change, 

enabling selective removal of either the exposed or non-exposed regions of the 

resist by immersing it in a developer.  
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In the lithography process, there are three main important parameters for 

that need to be optimized for a reliable fabrication recipe: beam current, 

exposure dose and development time. The beam current defines the resolution 

of the exposure, and normally needs to be set corresponding to the smallest 

geometric feature in the design. Although smaller beam current can give us 

higher spatial resolution in fabrication, it will take much longer time in doing the 

lithography and thus result in low production efficiency. Exposure dose, 

together with the beam current determine how many electrons are emitted from 

the gun per unit area, which is directly relevant to the pattern quality. 

Development time is another crucial parameter that needs to be controlled 

precisely. The resist will not dissolve completely if the sample is 

underdeveloped, and the pattern will be distorted if overdeveloped. There are 

 

Figure 4.1 Schematic diagrams of the lithography processes on positive 

resist (top row) or negative resist (bottom row). 
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also other parameters that could affect the quality of a lithography process, 

such as resist types, the thickness of the resist, developer concentration, and 

so on. 

In our device fabrication process, the EBL system used is a Nanobeam nB4 

system which is able to attain a minimum beam current as low as 1 nA, and the 

photoresist chosen is 6% single layer polymethyl methacrylate with 950,000 

molecule weight in anisole (950K PMMA, A6), which is spun on the prebaked 

substrate in a spinner at 4000rpm to form a uniform 400 nm-thick positive resist 

layer. After exposing in the EBL, the sample is rinsed for 40 seconds in a 

solution of isopropyl alcohol (IPA), methyl iso-butyl ketone (MIBK) and methyl 

ethyl ketone (MEK) in a ratio of IPA:MIBK:MEK = 3:1:0.2. before placing in IPA 

to wash the developer away and blowing dry by nitrogen. Finally the sample will 

be inspected using optical microscopy, and is then ready for post-processing 

like etching or metallization. The aforementioned parameters of dosage, beam 

current, development time, and concentration of the developer in the recipe 

were optimized through dose tests and proved to downscale the pattern 

resolution to ~50 nm. 
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 Metallization 

Metallization is required to form the metallic structure based on the 

patterned PMMA resist after the lithography process. This normally includes 

two main steps, coating and lift-off. Sputtering and thermal evaporation are the 

two most common ways to deposit metal material on a sample. A sputter 

generates energetic ions to collide with a metal target to thus eject target 

material, while the thermal evaporator relies on heating the metallic 

material over the vaporization temperature. Although, in theory, sputtering 

can form a metallic layer with higher uniformity and purity than thermal 

evaporation, thermal evaporation was chosen for all the graphene devices as 

the high energy of the sputter atoms will inevitably cause damage to the 

graphene on the substrate for all the graphene-integrated devices. The thermal 

evaporator used in the fabrication process is an HHV Auto306 Thermal 

Evaporator, which is able to evaporate up to 4 different kinds of metal at one 

time. In the device fabrication, gold is chosen as the material for metamaterial 

structure as well as the contacts due to its high conductivity. However, due to 

the poor adhesion of the gold layer on the substrate, a thin layer of chromium 

is needed to be deposited as the adhesion layer before the gold layer is coated. 

The thickness of the Cr layer is usually about 5-10 nm, not thick enough to alter 

the property of the fabricated device, but helps to prevent gold from flaking off 
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from the substrate. The deposition process starts with mounting the sample on 

the holder and loading Cr pellets and Au wires in separate carrier boats. After 

sealing and evacuating the chamber to a pressure < 2e-6 mbar, the metals in 

carrier boats will be heated through a resistive heating process. This causes 

the evaporation of the metal, whose deposition is controlled by the amount of 

current applied to the boat, which then condenses on the much cooler sample 

and forms a metal thin film. The rate of deposition is kept constant at 0.8 Å/s for 

both the Cr and Au deposition, which is monitored using a quartz crystal. In all 

of these cases, 5 nm of Cr followed by 100 nm of Au was deposited on top of 

PMMA as well as directly on the substrate where the PMMA has already been 

developed. As shown in Figure 4.2, in order to remove the unwanted metal and 

PMMA, a lift-off process is required to reveal those metallic nanostructures after 

the deposition. In this process, the sample will be rinsed in a beaker with warm 

acetone at 60°C for several hours to dissolve the PMMA. In some small gaps

 

 

Figure 4.2 Schematic diagram of metallization process on an EBL 

patterned sample. 
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where the acetone is unable to dissolve PMMA entirely covered by metallic 

sidewalls, an ultrasonicator is needed to aid in the lift-off process. 

  2D-material fabrication 

 2D material transfer 

Apart from metasurface, another group of nanoscale constituents in most of 

the devices discussed in this thesis is 2D materials which include graphene and 

hexagonal boron nitride (h-BN). Due to the recent progress in synthesizing 2D 

materials through chemical vapour deposition (CVD), large-area 2D materials, 

which can never be realized by conventional mechanical exfoliation method, 

are now commercially available [191]. Mono- and multi-layer CVD 2D materials 

like graphene and h-BN are all commercially available through multiple outlets 

and are widely used for research purpose. However, the CVD method usually 

requires a metal substrate such as Cu, Ni, Al [192,193], to form 2D materials, 

so 2D materials need to be transferred on an appropriate substrate before 

device fabrication. For all the fabrication described in this thesis, all CVD 2D 

materials used are grown on copper foil (from Graphene Supermarket) and 

Si/SiO2 substrate is the target substrate on which the devices are fabricated. 

To achieve transferring 2D materials grown on Cu foil to Si/SiO2 substrate, the 
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transfer methodology we adapted is the wet transfer method [194]. This method, 

whose illustration is shown in Figure 4.3, takes advantage of PMMA as a 

supporting layer. A 200 nm-thick PMMA layer is spun on top of the whole sheet 

of monolayer 2D material grown on Cu foil. After the spinning process, the 

sample is placed on a hot plate and baked at 150 °C for 8 minutes to remove 

the solvent in PMMA. As the CVD process results in the growth of 2D material 

on both top and bottom sides of the Cu foil, the 2D material on the bottom side 

of the Cu foil which is not coated by PMMA needs to be removed by reactive 

ion etching (RIE) whose details will be discussed in § 4.3.2. The PMMA coated 

2D material only on the top side of Cu foil is then cut into the desired size before 

floating it on top of a 0.1 M solution of ammonia persulfate (APS). Due to the 

high transparency of PMMA, a visual inspection can be conducted directly to 

check if the Cu foil underlying has been sufficiently removed or not. Most 

 

Figure 4.3 Schematic diagram of transferring of CVD 2D material grown on 

Cu foil to a Si/SiO2 substrate. 
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importantly, because of the flexibility and dissolubility to etchant of PMMA, the 

2D material with PMMA on top will remain floating on top of the solution when 

the Cu foil is totally etched. This is then scooped out with a glass spoon and 

then rinsed in DI water six times, based on a standard recipe, in order to remove 

any remaining etchant residue. This PMMA covered 2D material is then 

transferred to the Si/SiO2 substrate and finally removed with warm acetone after 

the water between the Si/SiO2 substrate and 2D material is completely dried 

out in the air.  

 Reactive ion etching 

RIE, in conjunction with EBL, is used in order to pattern the 2D materials 

into desired shapes. EBL process as described in § 4.2.1 is firstly conducted 

on the Si/SiO2 substrate with CVD 2D material(s) on top and will leave a layer 

of patterned PMMA which will act as a hard mask later in RIE. The RIE process 

is a high-resolution etching process based on reactive gas discharges. Specific 

process gases are introduced into the vacuum chamber and then ionized by 

radiofrequency (RF) power to form the plasma. Meanwhile, a negative DC bias 

is applied on the substrate plate to accelerate the positively charged ions 

colliding with the negatively biased sample on the plate and results into a high 

anisotropic, selectivity etch profile. 
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A JLS Designs RIE 80 Etching System is used in our fabrication process 

for etching 2D material, the sample is first loaded into a vacuum chamber which 

is then pumped down to low pressures (around 1 milli-Torr). Selected process 

gases, oxygen and argon, with a flow rate of 10 sccm (standard cubic 

centimetre per minute) and 20 sccm respectively, purge the chamber for 20 

seconds. Once the concentration of process gas stabilizes, the plasma is then 

initiated by applying a 15 W RF field and -100 V DC to the sample. Such plasma 

is able to etch a single layer of 2D material or 50 nm-thick PMMA in 30 seconds. 

Due to the different etching rates of PMMA and 2D material, we can control the 

etching time and the thickness of the PMMA mask to ensure the 2D material 

under PMMA is kept while the rest part is removed, as illustrated in Figure 4.4. 

Finally, the whole sample is rinsed in a beaker of warm acetone to remove the 

PMMA residue on the 2D material. 

  

 

Figure 4.4 Schematic diagram of etching 2D material transferred on Si/SiO2 

substrate. 
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 Fabricated Devices 

The results presented in the experimental chapters of this thesis are from 

devices listed in Table 4.1 below. 

 

Chapter No. Project name Device Name Measurement setup 

 

6 
Metamaterial-based 

surface thermal emitter 

GTE_MM_1 

FTIR Reflection & 

FTIR Emission 

GTE_MM_2 

GTE_MM_3 

GTE_MM_4 

 

7 
Enhanced attenuated 

total reflection detection 

ATR-Si-MM01 

FTIR-ATR 

ATR-SO-MM01 

ATR-SO-MM02 

ATR-SO-MM03 

 

8 
Graphene metasurface 

modulator 
GMM_01 FTIR Reflection 

Table 4.1 List of fabricated devices characterized and discussed in this thesis
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5 Characterisation 

 Introduction 

This chapter mainly focuses on introducing the equipment used in testing 

the fabricated samples, both for morphology and spectroscopic characterization. 

Three common microscopy technologies for assessing nanoscale structures, 

optical microscope, scanning electron microscope (SEM) and atomic force 

microscope (AFM) are introduced and compared in Section 5.2. Section 5.3 

describes a series of spectroscopic measurement setups based on a Bruker 

Vertex 80v FTIR spectrometer. More details on the measurement steps for 

acquiring the transmission, reflection or emission spectrum can be found in § 

5.3.1-5.3.3. The attenuated total reflection (ATR) measurement setup is also 

presented in § 5.3.4. This technique is particularly useful when measuring 

samples in liquid form. 
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 Metrology 

 Optical Microscopy 

Optical microscopy, as the name suggests, utilizes light and optical systems 

to visualize objects of small sizes that are not visible to the human eye. As the 

oldest form of microscopy, it does not compete with modern microscopy 

techniques such as electron-based SEM and TEM or laser-based AFM. 

Nonetheless, optical microscopy requires no sample preparation and does not 

suffer from charging issues; it serves as a good candidate in checking sample 

morphology on large scales. 

A Nikon LV150 upright optical microscope equipped with 5×, 10×, 20×, 50× 

and 100× bright field objective lenses as well as camera operated in reflective 

light mode was used in this study.  

 Scanning Electron Microscopy 

Due to the fact that most of the smallest features in the metasurface 

structures designed and fabricated in this thesis are the size of several hundred 

nanometers, which is below the resolution limit of optical microscopes, the 

nanoscale structures cannot be directly observed under the optical microscope 

even with its maximum magnification. In order to inspect and measure the 
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fabricated nanostructure, an SEM is used as the alternative because of the 

extremely short wavelength of electron beam. SEMs are special kind of 

microscopes making use of the interactions between an electron beam and 

sample to examine conductive objects on a very fine scale. An SEM usually 

generates electrons in high vacuum with an electron gun fitted with a tungsten 

filament cathode, similar to how EBL form electron beam as introduced in § 

4.2.1. Figure 5.1 shows the schematic diagram of a conventional SEM. After 

the electrons are emitted, they are then accelerated down and passing through 

a combination of lenses and apertures to produce a focused beam of electrons 

which hits the surface of the sample. As the electrons interact with atoms at a 

depth of a few microns within the sample, depending on the accelerating 

voltage and the working distance between the sample and the bottom lens, 

various types of signals are produced including secondary electrons, 

backscattered electrons and characteristic X-rays, etc [194]. These signals are 

collected by one or more detectors to form images which are then displayed on 

the computer screen.  

The SEM used in the metrology of our fabricated samples is an FEI Nova 

NanoLab DualBeam FIB-SEM system. The system is able to supply the 

accelerating voltages up to 30 kV to achieve a high resolution of 1.1 nm and a 

maximum magnification factor up to 600000×. A comparison between the 
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optical microscope and SEM is shown in Figure 5.2, in which the images of 

metasurface composed of split-ring resonators were taken under both 

conventional optical microscope with a 2000× magnification factor and under 

SEM. Although the image obtained from the optical microscope can still show 

the shape of each split ring resonator, the resolution is too low to measure the 

geometry parameters precisely. In contrast, the photo acquired from SEM is 

much clearer and enables accurate measurement of the geometry size of the 

structure for characterizing the fabrication errors. 

 

Figure 5.1 Schematic diagram of SEM working principle (illustration 

taken from [194]). 

 

Figure 5.1 Schematic diagram of SEM working principle (illustration 

taken from [1]) 
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 Atomic Force Microscopy 

Although the SEM is powerful enough to provide an informative image for 

characterizing nanoscale structures on the surface, the image based on the 

intensity of the secondary electron emission from the sample at each point 

during the raster scanning of the electron beam across the surface does not 

contain too many conclusive information in the direction perpendicular to the 

surface. In order to measure the height of metasurface on the structure still 

under SEM, the sample has to be tilted during the measurement or cross-

sectioned. Both of those methods have obvious drawbacks, the former method 

 

Figure 5.2 Images of a split ring resonator structure proposed in Chapter 8 

measured under (a) optical microscope and (b) SEM by using a secondary 

electron detector. 

 

Figure 5.2 Images of a split ring resonator structure proposed in 

Chapter 8 measured under (a) optical microscope and (b) SEM 
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still unable to provide precise height information as usually the sample plate 

can only be tilted to a limited angle, while the latter one will inevitably to lead to 

irreversible damage to the sample. Complementary to SEM measurement, 

AFM measurement provides a non-destructive method to map the 3D 

topography of a sample surface with Angstrom scale resolution height 

information. An AFM, usually in the configuration as shown in Figure 5.3, 

composed of a sharp tip mounted on a cantilever, a laser source, a quadrant 

photodiode detector and a piezoelectric stage. With the tip raster scanning on 

the sample, the atomic force the sample imposes on the tip deflects the spring 

cantilever and thus changes the position of the laser as detected by the 

photodiode, which is outputted as a voltage difference and fed back to an XYZ 

piezoelectric motor. The piezoelectric motor will be self-adjusted by the 

controller to ensure that the laser is always situated in the centre of the 

photodiode. The voltage difference compensated by the piezoelectric motor on 

each stage is finally recorded and converted into images with information on all 

three dimensions [196]. Figure 5.4 shows the AFM image of a ring resonator 

metasurface designed for thermal emitter in Chapter 6 by using Gwyddion 

software [197]. 
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Figure 5.3 Schematic diagram of AFM working principle (illustration 

taken from [196]). 

 

Figure 5.4 (a)2D image and (b)3D image of ring resonators on an h-BN 

encapsulated graphene filament. 

 

 

Figure 5.4 (a)2D image and (b)3D image of ring resonators on a h-BN 
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 Electromagnetic response characterization  

 Transmission Measurement 

A state-of-art FTIR spectrometer from Bruker GmBH was used in most of 

the experiments conducted in this study to measure the electromagnetic 

response of the device in the mid-infrared range. The Bruker FTIR Vertex 80v, 

whose schematic is shown in Figure 5.5, is an ideal instrument to measure the 

transmission spectrum of the sample. The infrared wave emitted from the 

source passes through an aperture wheel which can reduce the beam size 

down from 8mm to 0.25mm. The beam with a desired size is then collimated by 

a parabolic mirror before entering into the Michelson interferometer composed 

of a beamsplitter, a precise linear air bearing scanner [198] and a stationary 

mirror. In the interferometer, the beamsplitter transmits half of the wave to the 

mirror on the scanner and reflects the remaining half to the stationary mirror. 

Since the mirror mounted on the scanner moves, it changes the optical path 

length in comparison to the light reflected from the stationary mirror and results 

in periodic interference known as interferogram when the beams recombine at 

the beamsplitter. The output signal from the interferometer then passes through 

the sample compartment and finally the transmission spectra will be obtained 

by Fourier transforming the interferogram data recorded at the detector located 
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at the left side of the sample compartment. The FTIR comes with a wide range 

of sources, beamsplitters and detectors which enable the spectra to cover far-

IR, mid-IR, NIR, ranges from 80cm-1 to 7000 cm-1. Because the frequency band 

under our interest is mainly mid-IR, globar emitter, KBr beamsplitter, and liquid 

nitrogen cooled mercury-cadmium-telluride (MCT) detector are chosen in all the 

experiments to ensure high precision measurement between 800 to 4000 cm-1 

with a wavenumber resolution less than 1 cm-1 in transmission mode. For the 

transmission measurement, a reference spectrum is usually firstly measured 

 

Figure 5.5 Schematic diagram and beam path of a Bruker Vertex 80v FTIR 

spectroscopy (illustration taken from [198]). 

 

Figure 5.5 Schematic diagram and beam path of an Bruker Vertex 80v FTIR 

spectroscopy (illustration taken from [6]). 
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without the presence of the sample. After that, the sample is mounted on the 

sample holder located at the focal point in the sample compartment for another 

transmission spectrum measurement. The transmittance of the sample is 

calculated by normalizing the spectrum from the sample to the reference 

spectrum. The optical bench can be evacuated rapidly down to a pressure of 3 

mbar via a mechanical pump to reduce absorption due to the water vapour and 

carbon dioxide in the air. 

 Reflection measurement 

For the measurement in reflection mode, a self-built reflection setup based 

on the Bruker FTIR Vertex 80v was built in order to measure the reflection 

spectrum of samples, including graphene thermal emitters introduced in 

Chapter 6 and graphene modulator presented in Chapter 8. In the reflection 

mode which is schematically sketched in Figure 5.6, the computer will control 

the internal mirrors in the FTIR to guide the beam from the interferometer to exit 

port 4 as illustrated in Figure 5.5 instead of the sample compartment. The size 

of the collimated beam is first reduced by using a pair of Au parabolic mirrors. 

Then the small collimated beam will pass through another beamsplitter and 

later be collected by a 40× reflecting objective lens mounted on a motorized XY 

stage, which focused the collimated beam onto the sample. The reflected wave 
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from the sample will be collimated again by the reflecting objective lens and 

then pass through the beamsplitter one more time. The refracted portion will be 

focused onto the MCT detector with a third Au parabolic mirror. Unlike in 

transmission where one can easily align the area to be measured to the infrared 

beam spot which is indicated by the built-in HeNe laser, it is hard to estimate 

where the infrared beam is incident on the sample in the reflection mode. In 

order to make sure the beam locates on the desired area, a raster scan is 

usually run on the sample before the spectrum measurement. However, due to 

the existence of the second beamsplitter in the setup as well as the inevitable 

misalignment of the system, the reflection signal coming back to the MCT 

 

 

Figure 5.6 The external setup of FTIR spectroscopy for reflection 

measurement. 

 

 

Figure 5.6  
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detector will be very faint compared to the signal obtained in transmission mode. 

A lock-in amplifier is thus used in the reflection mode in combination with an 

optical chopper in order to increase the signal-noise ratio of measurements. 

The optical chopper is placed at the focal point of the first external parabolic 

mirror to modulate the beam at a specified frequency, which is usually a prime 

number to avoid magnifying higher-order harmonic of electric hums (multiple of 

50 and 60 Hz). For all the experiments conducted in this thesis, the rotation 

frequency of the chopper is chosen as 647 Hz. Another important function of 

the chopper is to provide a synchronous reference signal driving the reference 

channel of the lock-in amplifier whose input channel is connected to the MCT 

detector and its corresponding pre-amplifier. The MCT detector converts any 

recorded infrared signal into voltage and the lock-in amplifier rejects any 

discrete frequencies or noise voltages not equal to the reference frequency. In 

such a way, the lock-in amplifier magnifies the signal while getting rid of most 

of the noise. A MATLAB script was written to plot the spatially resolved 

reflection map by recording the lock-in amplifier readings while moving the XY 

stages. Judged on the surface map obtained, the stage is then moved to the 

coordinates of interest for reflection spectrum measurement. For the reflection 

spectrum measurement, the lock-in detection method is abandoned because 

the chopper will interrupt the measured time signal in the rapid scan mode. The 
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reflection spectra are measured without optical chopper and lock-in amplifier, 

but with averaging more scans to increase the signal-noise ratio. Like the way 

we calculate the transmittance, the reflectance is computed by normalizing the 

reflection spectra of the sample to that of a standard reflector, 100 nm Au film 

on Si substrate.  

 Emission measurement 

An emission measurement system based on the same Bruker FTIR was 

also built to measure the metasurface-based graphene thermal emitter, result 

from which will be presented in Chapter 6. As illustrated in Figure 5.7, the 

 

 

Figure 5.7 The external setup of FTIR spectroscopy for emission 

measurement. 

 

 

Figure 5.7  
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thermal emitter is placed in a vacuum chamber with a polished 2 mm-thick 

calcium fluoride (CaF2) window for optical access. The beam generated from 

the emitter will be first collected and collimated by the same 40× objective lens 

used in the reflection measurement. Similarly, the objective lens is also 

mounted on the XY motorized stage to enable the spatially resolved emission 

measurement to identify the location of the filament of the emitter. The beam is 

then guided to the input port 2 of FTIR by a parabolic mirror. After the beam 

going through the interferometer, it exits from output port 4 and will be finally 

focused on the MCT detector via another parabolic mirror. As the power 

supplied to the thermal emitter is only several milliWatts, the signal recorded on 

the MCT detector is mostly buried in noise. Similar to the configuration for 

reflection setup, lock-in detection method is also used in this experiment to filter 

out the noise and increase the sensitivity of the system to the signal. In contrast 

to the optical chopper used in the lock-in detection of reflection, electrical 

chopping is chosen as an alternative to modulate the signal at a certain 

frequency, thanks to the fast response time of the graphene emitter. For the 

emission spectrum measurement, because the signal-noise ratio remains faint 

even after averaging over 256 spectra in the rapid scan mode, lock-in detection 

in conjunction with step scan mode is applied to distinguish the signal from the 

noise instead. In step scan mode, the FTIR interferometer mirror moves in 
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discrete steps to each of the interferogram points and data is acquired at each 

point which means it will take minutes to perform one full scan instead of 

running tens of scans per second, as the rapid scanning method does. However, 

step scan mode is necessary because the lock-in needs time to measure and 

average the signal at each point (at least 3× the time constant). By moving the 

mirror in the interferometer step by step, this enables us to retrieve the whole 

spectrum of the chopped signal. 

 Attenuated total reflection Measurement 

The previous three setups are ideal for solid samples because the samples 

all need to be mounted on a sample holder in the measurement. To measure 

samples in a liquid state or an aqueous environment in these systems, liquid 

cells are usually required to hold to the liquid analytes with a fixed and suitable 

optical path length. However, it is hard to achieve a quantitative conclusion 

based on this method because the thickness is usually not constant from 

measurement to measurement. This method is also not suitable for volatile 

chemicals that may vaporize during the measurement. Alternatively, the 

attenuated reflection measurement provides the possibility to measure a wide 

variety of liquid samples without complex sample preparation. As shown in 

Figure 5.8, the crucial part of the ATR measurement is the ATR crystal, which 
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is usually an IR transparent material with a high refractive index and a polished 

surface. The infrared beam is incident on the ATR crystal at an angle larger 

than the critical angle and is totally reflected at the crystal to sample interface. 

Due to its wave-like properties, the light is not reflected directly on the boundary 

surface but penetrates a certain distance, in the form of an evanescent wave, 

into the sample which is in intimate contact with the crystal. Its penetration depth, 

typically a few microns, depends on the wavelength, the refractive indices of 

ATR crystal and sample and the angle of the entering light beam. After the 

interaction with the sample, the IR beam exits the ATR crystal and will be finally 

directed to the IR detector. For the work presented in Chapter 7, a Bruker 

Platinum ATR unit [199] was used to characterize the chemical analytes and 

also the metasurface device to enhance the sensitivity of such ATR 

measurement. This ATR unit is designed specifically to be used in Vertex series 

FTIR spectrometer so that it can be locked at an exact and reproducible position 

when putting inside the sample compartment of the spectrometer. The crystal 

integrated into this ATR unit is diamond, whose refractive index is around 2.65 

in the waveband of our interest. In this case, the theoretical critical angle for the 

wave impinges from air to the crystal is 22.6°, while in the real setup, the wave 

injects on the diamond crystal with an incident angle of 45°, much larger than 

the theoretical critical angle to guarantee the generation of total internal 
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reflection. The wave will only go through one total internal reflection and then 

exit to the MCT detector located in the detector compartment. The analytes of 

the ATR measurement can either be dripped on the surface if they are liquid or 

be pushed firmly on the crystal surface by lowering the lever if the samples are 

in solid form. 

  

 

Figure 5.8 (a) Bruker Platinum ATR module (illustration taken from [199]) 

(b) Schematic diagram of the mechanism of ATR measurement. 

 

Figure 5.8  
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 Conclusion 

To summarize, for the metrology, AFM is mainly used to extract the 

thickness information from the samples while SEM is widely used in our 

experiment to check the fabrication tolerance of the samples. The fabricated 

samples, which were found within the design tolerance, were then 

characterized in the FTIR. Several setups were built up to extend the 

capabilities of FTIR spectroscopy. With the assistance of these setups, we were 

able to obtain reliable transmission, reflection, emission and ATR spectrum 

results for the study of mid-infrared devices. 
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6 Metamaterial-based Graphene Thermal Emitter 

6.1 Introduction 

Efficient sources of light are a critical component of optical systems. 

Especially in the mid-infrared wave band which ranges from 3-12 µm, there 

is a continuing need for the development of new sources for low cost portable 

mid-infrared gas sensors for applications such as emission detection, and 

gas monitoring. There are two main streams in the research of emitting 

devices operating in the mid-infrared frequency band: thermal emitters [200-

202], which include conventional incandescent bulbs [203], membrane 

filaments and photonic sources, like lasers [204] or light-emitting diodes 

(LEDs) [205,206]. Although conventional incandescent sources have a larger 

output power and are easier to fabricate, their performance is restrained by a 

number of drawbacks including slow response time and limited lifetimes due 

to the fragility of the source. In addition, they are usually enclosed in a glass 

bulb with inert gas, which limits the emission wavelength range due to the 

spectrum will be cut off by thick glass from 3.5 µm [16]. Improvements on the 

incandescent sources, like thin membrane emitters, can be essentially 

regarded as thin film versions of the conventional incandescent sources. As 
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the thermal mass of the filament is decreased, this complementary metal-

oxide-semiconductor (CMOS) compatible design offers a slightly faster 

responding time compared to incandescent bulbs, leads to higher modulation 

frequency ranging from 20-100 Hz [201,202,207], but still not fast enough to 

monitor the biological events in situ and in real time. In contrast, 

semiconductor LEDs can respond in a much faster speed, normally in 

nanosecond scale, often limited by the delay in a driven circuit, which makes 

it a natural route for the replacement of these sources. However mid-infrared 

LEDs also suffers from relatively poor internal and external quantum 

efficiencies [208] due to the narrow bandgap required to achieve emission at 

the relatively long wavelengths for sensing gases such as NOx. Furthermore, 

sophisticated material growth and extreme growth temperatures [209] 

increase not only the difficulty but also the cost of fabrication.  

Graphene, two-dimensional graphite, has some unique properties as 

atomic thickness [210], excellent electrical conductivity [211], superior 

strength [139], and thermal stability [212], which qualify it as an attractive 

candidate for the use as an emission source. On one hand, the atomic 

thickness of graphene made it much thinner than any other micro-machined 

thin membrane. Thus it can achieve an extremely low thermal capacitance 

and high modulation frequency [175]. Besides, it can also achieve a higher 
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radiation power than those quantum emitters. All those made graphene 

thermal emitter to be the promising source in the mid-infrared range. The 

previous work of my group has shown that the encapsulated graphene 

emitter architecture allows sustained operation of the devices in the air, and 

that there is measurable modulation of the emission up to a drive frequency 

of 100 kHz [19], which is capable of achieving a responding time in sub-

milliseconds. Although graphene thermal emitters seem to be favourable 

alternatives to those conventional incandescent emitters, its emission 

spectrum is broadband due to the thermal radiation mechanism defined by 

Planck’s law. In reality, researchers are more interested in the emission at 

specific wavelength than over a broad wavelength range. For example, in 

order to measure the concentration of CO2 gas precisely, we only need to 

detect its main fingerprint absorption peak at 4.2 µm, the signal-noise ratio 

(SNR) and conversion efficiency could be improved by removing any other 

wavelength that is out of interest.  

In this chapter, we demonstrate the feasibility of patterning a layer of 

ultrathin metasurface design on top of a multilayer graphene filament 

encapsulated by multilayer hexagonal boron nitride (h-BN) in order to achieve 

the narrowband emission spectrum. We also show that even a relatively 

simple metamaterial consisting of annular ring resonators can be used in this 
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architecture to engineer the spectral characteristics, with an enhancement in 

the thermal emission at the characteristic absorption wavelength of the target 

molecule, and at a second wavelength that could be used for a reference 

channel. The integration of the metasurface into the h-BN encapsulated 

graphene thermal emitter to tailor the spectral characteristics, and the huge 

scope for optimization, demonstrates the feasibility of ultimately creating IR 

sources that have some of the attractive features of semiconductor LEDs, but 

that also could be more sustainable and cost-effective to manufacture.  

As the infrared community prefers to describe the spectrum in terms 

of wavelength, the unit throughout this chapter will be chosen to wavelength 

unless otherwise specified. Wavelength will also be set as the primary axes 

for all plots of spectra in this chapter, while secondary axes will be chosen as 

frequency, which is the preference of academic scholars, for comparing to 

other results in this thesis or others’ papers. 

6.2 Design 

6.2.1 Single Band Emitter 

The randomly polarized wave emitted from the graphene requires the 

frequency selective surface (FSS) designed to tailor the broadband grey body 
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emission spectrum to be insensitive to the polarization state of the emitted 

beam. We start with closed-loop annular ring resonators, the most symmetric 

structure, as schematically shown in Figure 6.1. It has already been shown and 

proved in previous research that an induced current along the circumference of 

the annular ring resonator will be generated when an external electric field is 

applied, and thus lead to interesting spectral features that enable its 

applications as bandpass or band stop filters [213], or perfect absorbers 

[82,214]. The relation between the resonance wavelength of the metallic 

annular ring resonator and its geometric parameter is given by [215]: 

where  is the mode number  is the effective radius of the 

annular ring, and  is the effective permittivity of the whole structure which

 

 

Figure 6.1 (a) 3D schematic and (b) top view of the unit cell of the 

design modelled in the simulation.  
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can be extracted from the S-parameters obtained from the simulation results 

[62]. 

Numerical simulations were then undertaken using Lumerical FDTD 

solutions. The gold annular ring resonators in the design are 50 nm-thick with 

a conductivity  = 4.57×107 S/m. Due to the fact that those annular ring 

resonators need to be integrated into the hexagonal boron nitride (h-BN) 

encapsulated graphene thermal emitter, the substrate of annular ring 

resonators is thus selected as multilayer graphene encapsulated in 13 nm-thick 

h-BN film on both sides topped on a 300 nm-thick thermal oxidized SiO2 layer 

followed by a 500 µm-thick highly doped Si wafer. Although previous research 

has demonstrated the existence of surface optical (SO) phonon modes in 

thermal oxidized SiO2 layer, those SO phonon modes doesn’t interfere with our 

design as the working wavelength of our device is designed for 3 to 7.5 μm, out 

of the range where phonon modes occur. This allows us to set the relative 

permittivity of h-BN and SiO2 for 4.1 and 3.9, respectively [216,217], while the 

conductivity of the silicon is 5×104 S/m, given by the wafer supplier. The 

graphene is also modelled as a conductive sheet as introduced in § 2.3.2. In 

order to investigate the electromagnetic response of such a metasurface design, 

we start our simulation with aforementioned simulation configuration as well as 

electric field applied on x-axis direction and magnetic field along y-axis direction 
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for unit cells with following geometric parameters: periodicity  = 1.8 μm, width 

of annular ring resonator = 200 nm and the inner radius of annular ring 

resonator  = 200 nm. 

The simulation results, as plotted in Figure 6.2, demonstrate the design 

has a negligible transmission of the infrared wave due to the high loss of the 

heavily doped silicon substrate while a minimum is observed at ~ 4.5 µm in the 

simulated reflection spectrum. As the total absorbance of the metasurface can

 

 

Figure 6.2 Simulated transmission (black line), reflection (red line) and 

absorption spectrum of the unit cell of single annular ring resonator on the 

top of h-BN encapsulated graphene thermal emitter. 

 

 

Figure 5.7  
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be calculated as , where  and  are the transmittance and 

reflectance, the minimum in the reflection spectrum will hence lead to a gain in 

the absorbance. In order to further investigate the origin of the minimum in 

reflection spectrum, cross-sectional electric field distribution at resonance 

wavelength in the x-y plane is extracted from the simulation results for analysis. 

Figure 6.3 clearly shows that at the resonance wavelength, the current on the 

metasurface (red arrows in Figure 6.3) flows in parallel from left to right at the

 

 

Figure 6.3 Cross sectional electric field distribution (colour plot) and 

surface current (red arrows) in x-y plane between metasurface and 

substrate at λ = 4.4 µm. 

 

 

Figure 5.7  
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upside and the bottom side of the annular ring resonator, leading to an electric 

dipole mode like electric field distribution. The excitation of this electric dipole 

oscillation will trap the energy at resonance wavelength and achieve an 

increase in absorbance. As the absorbance of the device is equal to the 

radiation emitted from the device at thermodynamic equilibrium according to 

the well-known Kirchhoff’s law of thermal emission [218], the mid-infrared 

emitter will thus have an emission peak as well at the resonance wavelength. 

 

 

Figure 6.4 (a) Simulated absorption/emission spectra of single annular ring 

resonator unit cell with different radii ranges from 100 nm to 400 nm. (b) 

The resonance wavelength of single annular ring resonator as a function of 

radius of the annular ring resonator. 
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Another advantage of such a metasurface design is that the resonance 

wavelength can be directly controlled by the geometric parameters of the 

annular ring resonators. Figure 6.4(a) shows the simulated emissivity 

(absorbance) of the device with annular ring resonators of different inner radii. 

A clear trend of redshift of the emissivity peak is observed as the radius 

increases from 100 nm to 400 nm. The resonance wavelengths corresponding 

to the emissivity peaks were extracted and plotted as a function of the radius of 

annular ring resonators in Figure 6.4(b). A linear relationship is shown between 

the resonance wavelength and the radius of the annular ring resonator in the 

metasurface, which matches the early prediction in Equation (6.1) 

6.2.2 Dual Band Emitter 

Bearing in mind that our design is potentially aimed for mid-infrared 

sources applied in gas sensing, an advantageous design for such application 

will be a dual-band emitter instead of a single band one, with the wavelength of 

one emission band resonant with the absorption of the target gas, and the other 

emission band being centred at the wavelength of a transparent window, 

providing a reference. For example, if we choose CO2 as our target gas for 

monitoring, we can allocate our detection window at 4.2 μm which is 

corresponding to the wavelength where strong absorption appears due to the 
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asymmetric stretching of C=O double bond while set the reference window to 

another wavelength far apart from the detection window or strong absorption of 

other gases in atmosphere, i.e. 6.6 μm [3] in our following design. 

So as to obtain two emissivity peaks for detection and reference 

windows, two annular ring resonators with different radii are needed. According 

to Equation (6.1) and Figure 6.4, we calculated the corresponding inner radii of 

annular ring resonators should be 200 nm and 400 nm respectively. We also 

extend our design into a fourfold symmetric 2×2 unit cell by placing annular ring 

resonators with = 400 nm on the diagonal direction and the other set of 

annular ring resonators with = 200 nm on the off-diagonal direction while 

 

Figure 6.5 (a) Top view and (b) simulated emission spectrum of double 

annular ring resonator designs for dual band metasurface-based graphene 

thermal emitter. 
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remaining  = 1.8 μm and  = 200 nm. Numerical simulations, as depicted in 

Figure 6.5(a), confirmed that two emission peaks are achieved at desired 

wavelengths by the improved metasurface structure. The electric field 

distribution, together with the surface current density of the metasurface in 

Figure 6.6 also suggests that the emission peaks at 4.2 and 6.6 μm originate 

from the electric dipole oscillation mode from the small ring resonators in the 

anti-diagonal direction and large ring resonators in the diagonal direction, 

 

Figure 6.6 (a) Electric field and (b) surface current distributions in x-y plane 

between the metasurface and substrate at 4.2 μm, (c) Electric field and (d) 

surface current distributions in x-y plane between the metasurface and 

substrate at 6.6 μm 
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respectively. In order to verify the flexibility of the metasurface design, four 

graphene/h-BN encapsulated thermal emitters with metasurface of different 

geometric parameters were designed for fabrication and characterization as 

shown in Table 6.1.  

Table 6.1 A list of double annular ring resonators based emitters with 

different geometric parameters for fabrication and measurement. λ1 and λ2 are 

the theoretical resonance wavelengths related to the large annular ring 

resonators and small annular ring resonators. 

6.3 Fabrication 

The fabrication process of graphene/h-BN encapsulated thermal emitters 

with metasurface, as sketched in details in Figure 6.7, starts with a 525 µm-

thick silicon substrate with 300 nm silicon dioxide layer. The multilayer chemical 

Sample r1 (µm) r2 (µm) p (µm) w (um) λ1 (µm) λ2 (µm) 

GTE_MM_1 0.35 0.1 3.4 0.2 3.3 6 

GTE_MM_2 0.4 0.2 3.6 0.2 4.2 6.5 

GTE_MM_3 0.45 0.3 3.8 0.2 5.5 7.5 

GTE_MM_4 0.5 0.35 4.0 0.2 6.3 8.3 



Chapter 6 

106 

 

vapour deposition (CVD) h-BN film on Cu foil and multilayer CVD Graphene 

film on Ni are all commercially obtained from Graphene Supermarket. The wet 

transfer method is applied to transfer the h-BN and graphene on the surface of 

the substrate. After that, an area of 500 µm×500 µm emission area was 

patterned by electron beam lithography (EBL) and the surrounding area was 

etched in reactive ion etching (RIE) machine. A 50 nm-thick Au followed by 7/70 

nm-thick Cr/Au contacts were then deposited on the outer edge of the emission 

area for improved contact resistance. Another h-BN layer was then wet 

transferred and etched again on the top of the sample which ensures the total 

encapsulation of 
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the graphene film. 5/50 nm-thick Cr/Au bonding pads and metasurface structure 

were finally patterned and deposited on the sample. In order to gain a direct 

comparison between the performance of an emitter with and without 

metamaterial structure, devices in which the emitting area was divided into four

  

Figure 6.7 The cross section diagrams of fabricating the sample (i)-(vi): 

Formation of the emission area. (vii)-(xii): Deposition of first and second 

contact on outer edge. (xiii)-(xv) Transfer of top layer h-BN. (xvi)-(xix) 

Evaporation of contact pads and metamaterial ring resonators. 
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250 μm × 250 μm quadrants were fabricated, as shown in Figure 6.8. The two 

quadrants in the diagonal direction were patterned with metasurface while the 

two quadrants in the anti-diagonal direction had no metasurface structure as a 

reference.  

 

Figure 6.8 (a) Top view of the schematic illustration of graphene 

narrowband thermal emitter with quadrants. (b) Microscope image taken at 

50× magnification of the top of the emitter. (c) AFM image taken from 

within the red dash box shown in (b). 
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6.4 Reflection Measurement 

As all those four fabricated devices are designed on the basis of the same 

principle, their reflection spectra are all expected to have two dips except the 

discrepancies in the resonance wavelength where dips are observed due to 

different annular ring resonator radii. Thus results from GTE_MM_2, the device 

with the same geometric parameters used in the previous simulation will be 

mainly discussed here. The devices were first mounted on a chip holder and 

their reflectivity was characterized using a Fourier transform infrared (FTIR) 

Spectroscopy with reflection configuration as introduced in full details in § 5.3.2. 

As identifying the position of the beam spot in a reflection configuration is not 

as trivial as in transmission configuration, scanning of the entire reflection 

intensity from the surface of devices were first undertaken to identify each 

quadrant on the surface. The measured spatial variation of reflection from 

GTE_MM_2 on a logarithmic scale is presented in Figure 6.9, where the areas 

with the largest overall measured intensity, the red regions at the right and left 

sides of the images, are the gold contacts. In the middle of the images, two 

distinct regions are clearly visible pertaining to two groups of quadrants. The 

two green quadrants on the anti-diagonal direction are the quadrants with 

double annular ring resonators on top of the encapsulated graphene filament, 



Chapter 6 

110 

 

whilst the two blue quadrants on the diagonal direction, with lower measured 

intensity compared to the green quadrants, are the two quadrants of 

encapsulated graphene filament without metasurface on top. Quadrants with 

metasurface have a higher overall reflection intensity than those without 

metasurface as expected due to the higher reflectivity of metallic annular ring 

resonators in its non-resonance wavelength compared to bare h-BN 

encapsulated multilayer graphene without metasurface. Spectral 

measurements were then performed from the centre of quadrants with and 

without metasurface under atmospheric conditions. The reflection spectra from 

 

Figure 6.9 Measured spatial variation of the total reflection intensity 

from the surface of GTE_MM_2 on a logarithmic scale. 
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both quadrants on all four samples, as well as the reference reflection spectrum 

obtained from a flat gold mirror, are plotted in Figure 6.10. Although the results 

from quadrants without metasurface on every sample all show little dependence 

on wavelength, the reflection spectra from quadrants with different metasurface 

appear more dispersive and vary across all devices. However, it is hard to draw 

any quantitative conclusions at this point due to atmospheric absorption and 

the overall spectral response of the measurement system. To correct for this, 

the reflectance of quadrants with and without metasurface are calculated by 

normalizing the spectra measured from the quadrants to that from the gold 

mirror. Figure 6.11 plots the reflectance as a function of wavelength for all 

device from different quadrants as well as the simulated reflectance of 

quadrants with metasurface for comparison. As expected, the reflectance from 

quadrants without metasurface are consistently non-dispersive through the 

wavelength range except the peak at 4.2 µm corresponding to CO2 absorption, 



Chapter 6 

112 

 

 

Figure 6.10 Measured reflection spectra of gold mirror reference (red 

dash lines), quadrants without metasurface (black dash lines) and 

quadrants with metasurface (solid lines in different colors) from (a) 

GTE_MM_1; (b) GTE_MM_2; (c) GTE_MM_3; (d) GTE_MM_4. 



Chapter 6 

113 

 

 

7 and 9 µm due to the phonon mode of the underlying h-BN film and SiO2 layer, 

respectively [160,219]. However, the reflectance spectra from quadrants with 

metasurface show a strong wavelength dependence. A two main reflection 

minima feature, ‘W’ shaped spectral response, can be observed in all four 

 

Figure 6.11 Normalized (red solid lines) and simulated (blue solid lines) 

reflectance of the quadrants with metasurface and normalized reflectance 

(black dash lines) of quadrants without metasurface from (a) GTE_MM_1, 

(b) GTE_MM_2, (c) GTE_MM_3, (d) GTE_MM_4. 
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spectra, in good agreement with simulated results. The two resonance 

wavelengths, where the reflectance minima occur, also change across all 

devices because of their different radii of the annular ring resonators and 

periodicities.  

6.5 Emission Measurement 

The emission characteristics of the same device were also measured via 

the emission setup of FTIR, the device mounted in a chip carrier was fixed on 

a ceramic chip holder and placed in a vacuum chamber. The chamber was 

evacuated to approximately 10-5mbars by a turbo pump. A low DC bias current 

generated by Keithley 2400 source meter was applied on the contacts of the 

device to heat up the graphene filament. In order to avoid thermal shock on the 

graphene filament, the applied current is gradually increased to a peak injection 

current 50mA, where the radiant power from the device is strong enough for 

measurement. A similar routine of measurements, surface scanning to locate 

the position of each quadrant followed by emission spectra at the centre of each 

quadrant was carried out for all four devices, Figure 6.12 shows the spatial 

variation of the emission from GTE_MM_2 on a logarithmic scale. There is a 

noticeable difference between the emission from the quadrants with and without 
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resonators, with a higher emission intensity from the quadrants without 

resonators, consistent with the lower reflection intensity obtained from the same 

quadrants in Figure 6.9. Measured emission spectra under atmospheric 

conditions, plotted in Figure 6.13, from both quadrants with and without 

resonators are broadly that of a grey body with same CO2 absorption at 4.2 µm 

and h-BN and SiO2 phonon modes at 7 and 9 µm as observed in the reflection 

measurements. However, when the emission spectrum from the quadrants with 

metasurface is normalized to that from quadrants without metasurface, a strong 

wavelength-dependent response is observed. The normalized emissivity 
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Figure 6.12 Measured spatial variation of the total emission intensity 

from the surface of GTE_MM_2 on a logarithmic scale. 
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Figure 6.13 Measured emission spectra of quadrants without 

metasurface (black dash lines) and quadrants with metasurface (solid lines 

in different colors) from (a) GTE_MM_1; (b) GTE_MM_2; (c) GTE_MM_3; 

(d) GTE_MM_4. 
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obtained, after Savitzky-Golay smoothing, as plotted in Figure 6.14. An ‘M’ 

shaped spectral response is observed which, as predicted, is an opposite trend 

with respect to that of the reflectance of the devices. Overall there is a good 

qualitative agreement between the simulations and the experiments as both 

reflectance and emissivity data sets exhibit the increment in resonance 

wavelengths with increasing ,  and . Additionally, the quantitative 

agreement between the emission and reflection measurements is also good in 

 

Figure 6.14 Normalized (solid lines with different colors) and simulated 

(black solid lines) emissivity of the quadrants with metasurface from (a) 

GTE_MM_1, (b) GTE_MM_2, (c) GTE_MM_3, (d) GTE_MM_4. 
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terms of the resonance wavelength. These results clearly demonstrate the 

metasurface enhance the thermal emission from the graphene-based filament, 

leading to maxima in the emission at wavelengths determined by their geometry. 

This ability to tune the broadband graphene emission spectra through the 

careful design of the metasurface unit cell, highlighting the potential of this 

device architecture to be used to engineer devices with specific characteristics, 

for example for sensing of different gases. 

6.6 Quality Factor Improvement 

Although the metasurface-integrated graphene thermal emitter on a Si/SiO2 

substrate demonstrate its capability of tailoring the broadband graybody 

emission into a dispersive emission, the quality factor (Q-factor) of both 

emission peaks are still low due to the lossy silicon substrate. The relationship 

between the variation in conductivity of the substrate and the Q-factor of the 

resonance was also studied as shown in Figure 6.15. Numerical simulations 

revealed that the performance of the emitter will be dramatically improved when 

the conductivity of substrate is increased from 0.05×106 S/m to 50×106 S/m. As 

the substrate becomes more conductive, more energy reflects into and 

resonances in the lossless SiO2 and h-BN cavity which results into the 
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Figure 6.15 (a) and (b) Emission spectra for substrates with different 

conductivities. (c) Calculated radiation spectrum of the metamaterial-based 

graphene thermal emitter on an aluminium substrate (blue line) based on the 

measured radiation spectrum of a bare graphene thermal emitter (red line). 
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increasing decay rate of the emission peak. As a result, the amplitude together 

with the Q-factor of the emission peaks will be logarithmically increased. This 

feature results from the fact that the resonance of the metasurface at resonance 

wavelength will constructively interfere with the thermal radiation and 

consequently enhance the emission energy. As the silicon used in the 

fabrication is already the highest doped silicon wafer can be purchased from 

the commercial market, the Si/SiO2 substrate needs to be replaced by an 

aluminium substrate on which a 300 nm-thick SiO2 was ion beam sputtered as 

a spacer layer in order to increase the Q-factor from 6.5 to 13 (Figure 6.16).  

 

 

Figure 6.16 Calculated Q-factors of both emission peaks (blue line for 1st 

emission peak and red line for 2nd emission peak) for substrates with 

different conductivities. 
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6.7 Summary 

In summary, a metasurface composed of annular ring resonator is first 

investigated for tailoring the randomly polarized, broadband emission from h-

BN encapsulated graphene filament into a narrower bandwidth. Numerical 

simulations present that the electric dipole oscillation of the annular ring 

resonator can lead to an emission peak at a specific resonance wavelength. 

The annular ring resonator design is then extended to a fourfold 2×2 unit cell 

with a set of large annular ring resonators on diagonal direction and the other 

set of small annular ring resonators on anti-diagonal direction for the purpose 

of building up a gas sensor with dual emission peak, one interacting with the 

target gas while the other one providing the reference. Four emitters with such 

metasurface of different geometric parameters were designed for emission 

peaks located at various points between 3 - 8.5 µm. The initial measurements 

performed on the fabricated emitters were FTIR reflection measurements. 

Distinct overall spatial variations of total reflection intensity can be observed 

between the quadrants with and without metasurface. Normalized reflection 

spectra also demonstrate that all four devices exhibit a ‘W’ shaped spectral 

response at different resonance wavelengths due to the different radii and 

periodicities of the design, as we predicted. Similarly, when the devices are 



Chapter 6 

122 

 

driven by DC current, the emission measurement under FTIR with emission 

configuration also shows distinguishable total emission intensities from 

quadrants with and without metasurface. The normalized emission spectra all 

exhibit a dual-peak ‘M’ shaped spectra response as desired. Both the 

normalized reflection and emission spectra of four devices also show the 

resonance wavelengths increase with the increment in the radii of annular ring 

resonators, ,  and periodicity , all agree well with the simulated results, 

which can be concluded that such dual annular ring resonators metasurface 

design can be utilised to predictably tune the graphene emission spectrum. 

Finally, simulations show that the addition of a conducting layer below the SiO2 

layer can greatly increase the Q-factor of the resonance features in the 

emission spectrum. The possibility of tailoring the emission characteristics of 

these devices, which can reduce manufacturing costs and allow for modulation 

at relatively high frequencies, demonstrates their potential for use in 

applications such as infrared gas sensing. 
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7 Wave Trapping Sensor for Attenuated Total 

Reflection Spectroscopy 

 Introduction 

As highlighted in previous chapters, the infrared region of the spectrum is 

highly attractive due to its use in providing a powerful, label-free, non-

destructive analytical technique to identify chemicals [2,7,220]. The mid-

infrared photon, whose energy ranges from 0.06 to 0.4eV, can be absorbed by 

the unique vibrational mode of specific chemical bonds. Since different bonds, 

or the same bond with different vibrational modes have their own unique 

infrared absorption spectra, known as the molecular fingerprint, corresponding 

to the photon energy they require to excite their vibrational transitions, this 

enables us to analyse the compound in the chemical by simply observing the 

spectrum obtained from an infrared spectroscopy. However, conventional 

infrared spectroscopies have two main drawbacks. Firstly, the interaction 

between the mid-infrared wave and molecule is weak due to the size mismatch. 

The spot size of the infrared wave is in the size of tens or hundreds of microns 

far bigger than the scale of atoms. So the spectroscopic measurement on trace 

amounts of analytes remains an intractable challenge [221]. Secondly, due to 
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the native aqueous environment of many analytes under test, the strong 

absorption of water will severely interfere with the measurements on the 

absorption of target molecules. Hence additional sample preparations, such as 

drying the samples or applying the samples in the form of a thin film with the 

same thickness [222], are required for the measurements which makes it 

unrealistic to characterize those samples in real time. 

Attenuated total reflection (ATR) infrared spectroscopy, as introduced in 

Chapter 5.3, can be viewed as an improvement on the conventional infrared 

spectroscopy, to some extent overcomes both aforementioned disadvantages. 

Under ATR condition, the evanescent wave generated through total internal 

reflection mechanism interacts with the analytes will be confined within a 

distance, which is on the order of the wavelength, from the interface [223]. This 

dramatically reduces the detection volume of infrared radiation, which is 

normally the spot size in conventional infrared spectroscopy cases, and thus 

results in an enhanced light-matter interaction. Meanwhile, the water absorption 

is also suppressed under ATR condition which also allows straightforward 

analyses on samples in its aqueous form, without specific sample preparation 

[224,225]. Although the ATR approach has improved the capability of achieving 

qualitative measurement in situ, the relatively weak interaction between the 

infrared radiation and the analytes limits the sensitivity for quantitative analysis. 
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In order to make the light-matter interaction stronger, the evanescent wave 

needs to be confined in a subwavelength volume with minimal energy loss. 

Metasurfaces, once again turns out to be the solution as they offer high flexibility 

in controlling the propagation of surface waves and the resultant field 

distributions [226,227]. Pioneering research on such metasurface structure as 

aggregates [228], arrays [158], and nano-antennas [229,230] have already 

demonstrated the enhancement in absorption at the resonance frequency 

under conventional transmission or reflection setup. The localization of the 

collective oscillations of electrons at the surface enables those designs to 

confine the wave in a subwavelength scale area without significant energy loss. 

In this chapter, an equivalent model was built to simulate the 

electromagnetic response of the device tested under ATR configuration. Based 

on that model, a metasurface design was proposed to enhance the interaction 

between the evanescent wave in mid-infrared and different trace chemical 

analytes. Different substrates, Si and Si/SiO2 were used as substrates in 

fabrication to determine whether the phonon mode in SiO2 will further improve 

the detection sensitivity. 

From the result obtained, we show that a metasurface can be used to 

relatively easily increase the sensitivity of infrared attenuated total reflection 
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spectroscopy. Using such an approach, improved trace chemical detection was 

demonstrated in mixtures of butyl acetate and oleic acid, which are two 

important constituents in many foods. These results offer researchers, both in 

academia and industry, a new tool for higher sensitivity infrared spectroscopy 

that could be used, for example, to investigate the adulteration of food items.  

Wavenumbers expressed in reciprocal centimetres, cm-1, will be chosen as 

the major unit throughout the chapter as it is commonly used in spectroscopy. 

It will also be the primary axis for all spectrum figures while the frequency will 

be selected as the unit of the secondary axis for comparison. The conversion 

of a wavenumber in cm-1 to a frequency in THz should follow , 

where  is the frequency in THz,  is the speed of light and  is the 

wavenumber in cm-1. Special thanks are given to the undergraduate students 

Ms Jacqueline Pitts and Mr Callum Penrose and my colleague Dr Prarthana 

Gowda for their assistance in making chemical solutions and doing the ATR 

measurements. 
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 Modelling 

 Modelling of ATR configuration 

It is clear that under the ATR configuration, it is the evanescent wave 

generated by the total internal reflection mechanism that interacts with the 

analytes. As a result, in order to investigate the responses of the device and 

 

 

Figure 7.1 (a) 3D schematic of the simulation model used to generate 

evanescent wave with incident wave propagates along z-axis with an angle 

of incidence θ and electric field polarized along x-axis. (b)The electric field 

distribution in x-z plane at k = 1000 cm-1 with incident angle = 10° (left) and 

45° (right). 

 



Chapter 7 

128 

 

analytes in an ATR setup, the evanescent wave is required to be used as the 

source in our simulation. Unfortunately, few commercial software packages can 

directly choose evanescent wave as the source for simulation. Here a 

simulation model, which is equivalent to the ATR setup used in our experiment 

as shown in Figure 5.8, is introduced for the purpose of generating the 

evanescent wave. The simulation model as schematically shown in Figure 7.1, 

generates the evanescent wave by total internal reflection through injecting an 

oblique incident wave on the diamond ATR crystal towards the air. The area 

highlighted in red is the source port, which generates an oblique 

electromagnetic wave along the blue arrow direction. The green arrow in the 

schematic shows the polarization of the wave. In addition, the refractive index 

of the diamond crystal is set to 2.64, same refractive index as the ATR crystal 

used in the measurement according to the manual and periodic boundary 

conditions are applied on all x-z and y-z boundaries. Here restricted by the 

shortage of FDTD method in simulation oblique source, FEM-based software 

COMSOL Multiphysics was used for all the simulation work in this chapter, as 

it performs much better in the case of simulating oblique incident wave with a 

broad frequency range. The electric field distributions in Figure 7.1(b) suggest 

that when the angle of incidence  is low, wave beam can still penetrate into 

air through refraction while when  increases, for instance  = 45° as the 
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incident angle in our experiment, it can be seen that instead of getting any 

refraction, there is evanescent wave propagates along the interface between 

the crystal and air. This is also verified by the simulation results when the angle 

of incidence is swept from 0° to 45°. The reflectance as a function of incident 

angles shown in Figure 7.2, and clearly illustrates that total internal reflection 

condition is achieved when the angle of incidence exceeds  = 22°, agrees 

well with the theoretical critical angle  ≈ 22.5°. 

 

 

Figure 7.2 Reflectance obtained from the simulation model as a 

function of incident angle. 
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 Modelling of the device 

The metasurface designed for the aim of achieving high spatial confinement 

as well as enhancement of randomly polarized infrared radiation is a periodic 

gold complimentary annular ring resonator structure on top of a supporting 

substrate as schematically shown in Figure 7.3. The periodicity, , in both 

vertical and horizontal directions are 4 µm; the inner radius of the ring,  

equals to 1.6 µm while the width of the air gap, , is 300 nm. Non-doped silicon 

( = 3000ohm·cm) was initially chosen as the substrate for our design attributed 

to its low absorption in the mid-infrared regime. The design was simulated in 

the configuration as introduced in the last section. Simulation result presented 

 

 

Figure 7.3 (a) 3D perspective view and (b) top view with geometric 

parameters of the device proposed for enhancing the sensitivity of ATR 

spectroscopy. 
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in Figure 7.4(a), shows a series of reflection minima throughout the spectrum. 

Investigations on the electric field distribution at the wavenumbers where 

reflection minima are observed were carried out to identify the origin of these 

spectral features. The magnitudes of the electric field, | |, in Figure 7.4(b)&(c) 

indicate that those reflection minima correspond to the even-order resonance 

mode of the metasurface. As can be clearly observed, the electric field intensity 

is mainly confined at the top and bottom of the air gaps, forming a dipole mode 

for the resonance at 450 cm-1. As the resonance frequency increases, the 

dipoles split into quadrupoles, hexapoles, and so on. Due to the oblique incident 

 

 

Figure 7.4 (a) Simulated reflectance spectra of the metasurface on Si 

substrate (b) and (c) shows the electric field distribution for x-y plane at 450 

cm-1 (dipole mode) and 860 cm-1 (quadrupole mode). 
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of the electromagnetic wave in the ATR system the resonant modes also 

become less symmetric, and weaker in electric field confinement for a higher 

order of resonance. Although the confinement of the electric field in the small 

gap at its resonance mode is what we expected, the low reflectance at the 

resonant frequency which will directly lead to a low SNR and thus poor 

sensitivity for the measurement, make it not a good design for ATR system. In 

fact, having a good confinement of the energy at the surface of the device and 

achieving high reflectance from the device seems to conflict with each other. In 

order to overcome this obstacle, the substrate is changed to 300 nm thermal 

oxidized SiO2 on top of the non-doped Si wafer. Previous research has proved 

the existence of surface optical phonon modes in thermal oxidized SiO2 in the 

range of 400 to 1300 cm-1 [160]. By overlapping the resonance modes of 

metasurface and the phonon modes of SiO2, these two modes will couple with 

each other and the energy trapped in the gap will excite the collective oscillation 

of phonons in SiO2. Numerical simulations are conducted to prove the existence 

of this hybrid resonance model. The permittivity of SiO2 is modelled by using 

the ionic dielectric function of the form: 
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where  is the frequency of the th phonon mode, and their values are taken 

to be [464.8, 810.9, 1129.0] cm−1 for three phonon modes (  = 3), following 

data obtained from the literature [231,232], providing that  is larger 

than  under any circumstance.  is the oscillation strength 

of the nth mode, and are taken [0.75, 0.15, 0.60] and  = 2.4 is the high-

frequency dielectric constant for the SiO2 substrate. Figure 7.5 shows the 

calculated real part and imaginary of the refractive index of SiO2 which agrees 

well with previously reported values. Based on this, the dispersion diagram of 

the device on Si/SiO2 substrate is also calculated by simulating the device with 

different scales, as shown in Figure 7.5. The figure clearly shows the coupling 

between the dipole and quadrupole resonance modes of the metasurface and 

the SO phonon mode of SiO2 layer at 470 cm-1 and 1084 cm-1. It should be 

noted that although SiO2 also has another phonon mode at 810 cm-1, the 

oscillation strength of phonon mode is only ¼ of the other two phonon modes, 

this makes its coupling with metasurface resonance mode quite weak. The data 

can be extracted from the dispersion diagram for the wavevector  = 15.8×103 

cm-1, the same parameter as used for simulation of the device on Si substrate 

and compare the reflection spectra of both spectra. It can be observed from 

Figure 7.6 that despite of the slight blueshift of the resonance frequency caused 

by the lower refractive index of the SiO2 layer, there now appears to be two 
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Figure 7.5 Simulated dispersion diagram of metasurface on Si/SiO2 

substrate. The two red dashed lines show the calculated resonance 

frequencies (dipole mode and quadrupole mode) of uncoupled 

metasurface. The three black dash lines represent frequencies of three 

surface optical phonon modes in SiO2. The vertical white line represents 

the spectral response of the metasurface on Si/SiO2 substrate presented in 

this paper. 
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peaks at the resonant frequencies of dipole mode and the quadrupole mode 

due to the hybridization of metasurface resonance and SiO2 phonon mode. This 

hybrid resonance mode has a much higher Q-factor as well as reflection 

amplitude, which can reflect up to 80% of the signal back while confining the 

energy on the surface at 1100cm-1. 

 

   

 

Figure 7.6 Comparison between the reflection spectra of metasurface 

on Si substrate (black line) and on Si/SiO2 substrate (red line).  
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Device 

Number 

p(µm) r(µm) w(nm) Substrate 

ATR-Si-M01 4 1.3 0.3 Si 

ATR-SiO2-M01 4 1.3 0.3 Si/SiO2 

ATR-SiO2-M02 3.2 1.04 0.24 Si/SiO2 

ATR-SiO2-M03 4.8 1.56 0.36 Si/SiO2 

Table 7.1 List of devices fabricated and measured in the experiment as 

well as their geometric parameters. 

 Fabrication and Measurement 

 Device Fabrication and Measurement 

Four devices, as listed in Table 7.1, were fabricated using standard 

semiconductor fabrication technique as introduced in details in Chapter 4. The 

substrates chosen were 525 µm low-doped silicon (  = 3000~5000 Ω·cm) 

wafer and the same wafer but with 300 nm-thick thermal oxidized SiO2 on the 

top, all commercially purchased from Inseto Inc. The metasurface was 

patterned on top of the substrates by using electron beam lithography, followed 

by gold deposition on the surface on the device using thermal evaporation and 

a lift-off process with the assistance of ultrasonication. The substrates were 

finally diced to ensure that only the area covered with metasurface will be left 
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on the device for testing. Fourier Transform Infrared Spectroscopy (Bruker 

Vertex 80v) in conjunction with Attenuated Total Reflection module (Platinum 

ATR Accessory) which has been introduced in Chapter 5 was used to 

characterize the devices first in the experiment. Spectra were recorded with 

8cm-1 wavenumber resolution and 8.0 mm size aperture in the wavenumber 

range from 400 to 2000 cm-1 that are averaged over 256 scans per 

measurement. All samples were placed on top of the ATR spectrometer with 

the metasurface side of the device always facing the ATR crystal and a 

pressure application device was pivoted on the sample to ensure the distance 

between the ATR crystal and the metasurface is the same throughout the 

measurement. Figure 7.7(b) plots the reflectance spectra of the devices with 

the same metasurface structure but different substrate (ATR-Si-M01 and ATR-

SiO2-M01). Two minima in the reflection spectra of the metasurface on Si 

substrate (ATR-Si-M01) are observed at 450 and 858 cm-1 while two hybrid 

resonance modes occur at 476 and 1076 cm-1 instead for metasurface on SiO2 

substrate (ATR-SiO2-M01). Measurements are also conducted on metasurface 

structure with different size scales on Si/SiO2 substrate (ATR-SiO2-M01, ATR-

SiO2-M02, ATR-SiO2-M03). The reflectance spectra obtained from the 

measurement, shown in Figure 7.8(a) reveal that although the resonance of 
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metasurface (indicated by ▼in different colours) will redshift with the increasing 

size of the metasurface structure, the wavenumber of hybrid resonance mode 

(indicated by ▲ in different colours) will remain the same due to the phonon in 

SiO2 can only be excited at specific wavenumber. The corresponding 

wavenumbers of maxima and minima shown in the spectrum were extracted 

and overlaid on the dispersion diagram previously shown in Figure 7.5. It is 

quite clear to see all the minima (▼) drops in the blue area representing the 

metasurface resonance modes while the maxima (▲) all aligned in the red area 

which stands for the hybrid modes (Figure 7.8 (b)). The good agreement 

between the measurement results and simulation results proves the previous 

prediction that the coupling of phonon mode in SiO2 and the resonance mode 

of metasurface can generate the hybridized resonance mode. 

 

Figure 7.7 (a) the SEM photo of ATR-Si-M01; (b) measured reflectance 

spectra of ATR-Si-M01 and ATR-SiO2-M01 under ATR configuration. 
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Figure 7.8 (a) Measured reflection spectra of metasurface with different 

scales on Si/SiO2 substrate in the ambient atmosphere, spectra are 

consecutively shifted by 0.25 vertically for clarity; (b) dispersion diagram as 

shown in Figure 7.5 with extracted wavenumber of maxima and minima 

overlaid. ▼ and ▲ in blue, red and black corresponding to the maxima and 

minima observed in the spectrum of ATR-SiO2-M03, ATR-SiO2-M01, and 

ATR-SiO2-M02 respectively. 
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 Chemical Analytes Measurement 

Butyl acetate and oleic acid were chosen as analytes in our experiment. 

Both chemicals are key constituents in most kinds of edible oil. Detecting the 

concentration of those two chemicals is thus crucial for identifying the quality 

and adulteration of the edible oil. In the experiment, the butyl acetate (purity ≥ 

99.9%) and oleic acid (purity ≥ 99.9%) used were purchased from Sigma Aldrich. 

For each measurement, 5 µL of chemical was dropped uniformly on the surface 

of ATR crystal via an air displacement micropipette. Measurements were first 

carried out on pure butyl acetate and oleic acid. The measured absorption 

spectra of both analytes are shown in Figure 7.9, which are in agreement with 

the results shown in the online database [233,234]. A distinct difference in the 

wavenumbers of the characteristic absorption peaks between these two 

 

 

Figure 7.9 Measured absorption spectra of (a) 99.9% oleic acid and (b) 

99.9% butyl acetate. 
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chemicals was observed due to their different molecular structure.  

For example in the absorption spectra of oleic acid, the first fingerprint 

region between 660 cm-1 and 740 cm-1 are due to the overlapping of out-of-

plane vibration of cis-disubstituted olefins and CH2 rocking vibrations, the 

absorption peak at 933 cm-1 is attributed to the O-H out-of-plane bending 

vibration, the absorption peak occurring in the region between 1193 cm-1 and 

1321 cm-1, 1394 cm-1, 1475 cm-1, and at 1706 cm-1 result from the stretching 

vibrations of C-O bond, in-plane O-H bending vibration, and C=O stretching 

vibration in the carboxyl functional group [45]. As for butyl acetate, several extra 

peaks can be observed at 595 cm-1 to 642 cm-1 which is due to the in-plane 

bending vibration of O-C=O group, 1029 cm-1 and 1250 cm-1 which are both led 

by the C-O vibration, and 1737 cm-1 due to the C=O stretching vibration from 

ester functional group [45]. Furthermore, butyl acetate was then diluted with 

different amount of oleic acid and produced four different liquid mixtures, 0.1%, 

1%, 10% and 99.9% acetate, for testing the sensitivity of an ATR system in 

detecting the concentration of chemicals. The measured absorption spectra for 

different concentration of butyl acetate are plotted and compared in Figure 7.10. 

The extinction ratio spectra between the chemicals, calculated as , 

where  is the measured amplitude of referenced chemical and  is 
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that of the chemical for comparison, demonstrate the current limitation of FTIR-

ATR in detecting trace chemicals, it is able to detect analytes with a large 

difference in concentration, but unable to distinguish samples with a slight 

difference in concentration. In this case, it’s the butyl acetate peak at 1029 cm-

 

Figure 7.10 Measured absorption spectra for mixtures in the ambient 

atmosphere, spectra are consecutively shifted by 0.5 vertically for clarity; 

(b) Extinction spectra for mixtures without the presence of metasurface. 
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1, although it is easy to distinguish 99.9% butyl acetate from the rest three 

mixtures, the discrepancy between the other three mixture is hard to be 

observed. 10% butyl acetate yields an insignificant difference of 0.016 in this 

peak’s absorption intensity from 1% acetate meanwhile the difference between 

the 0.1% butyl acetate and 1% butyl acetate is negligible. 

 Measurement of Chemical Analytes with 

metasurface devices 

The electromagnetic response of these various concentrations of butyl 

acetate with ATR-Si-M01 and ATR-SiO2-M01 was then measured for 

comparison. The pipette was again used to drop the mixture analyte on the 

crystal first, and then the metasurface devices with its metasurface structure 

facing towards the crystal were pressed firmly on the analyte via the pressure 

application device to ensure the same pressure. The absorption spectra for 

different mixtures in the presence of metasurface devices are calculated by 

normalizing the measured spectra of different concentrations of acetate with 

metasurface devices to that of metasurface devices along (

), as shown in Figure 7.11 and Figure 7.12. For the chemical 

analytes together with ATR-Si-M01, apart from the major fingerprint absorption 
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Figure 7.11 (a) Measured absorption spectra of mixtures in the presence of 

ATR-Si-M01 in the ambient atmosphere, spectra are consecutively shifted 

by 0.2 vertically for clarity; (b) zoomed extinction spectra of mixtures in the 

presence of ATR-Si-M01 for the carbon oxygen stretching band region 

between 800 cm−1 and 1200 cm−1. 
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peaks which introduced in the article above, two main dips can be observed at 

500 cm-1 and 950 cm-1 in Figure 7.11(a). These two dips resulted from the dipole 

and quadrupole resonance modes of the metasurface, proved that the 

interaction of metasurface on chemical analytes. These two resonance modes 

also shifted to a lower frequency with the increase in the concentration of butyl 

acetate. In this case, as the refractive index of butyl acetate is higher than that 

of oleic oil, this leads to the effective refractive index of metasurface with 

biological samples becomes higher with the increasing percentage of butyl 

acetate. However, apart from this tiny blue shift of both resonance dips, it is still 

not trivial to tell the difference between 0.1%, 1% and 10% butyl acetate from 

the extinction spectrum shown in Figure 7.11(b). For the measurements of 

chemical analytes with the presence of ATR-SiO2-M01, there is much more 

overlap between the resonance modes of the metasurface and the vibrational 

modes in butyl acetate. This overlap has a strong effect on the measured FTIR-

ATR spectra for the different mixtures on the metasurface, which are plotted in 

Figure 7.12(a). The plot of the extinction ratio, Figure 7.12(b), shows how the 

shape of the spectra now changes with the concentration of butyl acetate, 

indicative of coupling between the vibrational resonance of butyl acetate at 

1029 cm-1 and the hybridised metamaterial phonon mode. As the concentration 

of acetate increases, the minimum seen at ∼1000 cm−1 (marked by a black 
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. 

 

Figure 7.12 (a) Measured absorption spectra of mixtures in the 

presence of ATR-SiO2-M01 in the ambient atmosphere, spectra are 

consecutively shifted by 0.2 vertically for clarity; (b) zoomed extinction 

spectra of mixtures in the presence of ATR-SiO2-M01 for the carbon–

oxygen stretching band region between 800 cm−1 and 1200 cm−1. 
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arrow) splits into two minima (marked by up arrows in red) and form maxima in 

the middle (marked by a down arrow in red). In this case, even in the mixture 

containing only 1% butyl acetate, a clear maximum is seen in the measured 

spectra at around 1020 cm−1. The coupling becomes even stronger for pure 

butyl acetate (see blue arrows), which results into the increase in the extinction 

ratio. 

In summary, a COMSOL model was first used to generate evanescent wave 

as that produced by an FTIR spectroscopy with ATR configuration. With the 

assistance of this ATR-equivalent model, a complimentary annual ring 

resonator was investigated. Numerical simulation results present that at certain 

wavenumbers, the metasurface will produce resonance in a dipole mode, and 

this resonance mode will split into higher even-order resonance mode with 

increasing wavenumber. The electric field distribution also confirms that the 

electric field will be trapped in the annual gap at resonance modes which will 

potentially increase the sensitivity of ATR spectroscopy due to the 

enhancement in the interaction between molecular vibrations and the mid-

infrared evanescent waves in an ATR setup. The design was patterned onto 

both Si and Si/SiO2 substrates as simulation shown that the phonon modes in 

SiO2 should couple with the metasurface resonance mode according to the 

simulation and further increase the sensitivity of the measurement. The spectral 
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properties of both devices were characterised using an FTIR-ATR system. 

Resonant features were observed corresponding to the resonance of the 

metasurface on the Si substrate device, and the hybrid resonance of phonon 

modes and metasurface resonance on the Si/SiO2 substrate, both in good 

agreement with simulations. Preliminary experiments were undertaken using 

four different mixtures of butyl acetate diluted with oleic acid. Without the use 

of a metasurface, the minimum concentration of butyl acetate that could be 

detected was 10%, whereas the use of the metasurface on the Si/SiO2 

substrate allowed the detection of 1%, due to the coupling of the vibrational 

resonances of the butyl acetate with the hybridised metamaterial phonon mode. 

These results demonstrate the potential of the use of metamaterials to improve 

the sensitivity of FTIR-ATR measurements, and offers a new route for improved 

trace chemical detection.  
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8 Graphene-based Mid-infrared Modulator 

 Introduction 

It has been illustrated in the last two chapters that a metasurface can be 

used to control mid-infrared light spectrally and spatially. However, the 

metasurface devices described so far are considered to be passive as their 

response to mid-infrared light are fixed with the geometric parameters of the 

metasurface structure. For example, to change the emission wavelength of the 

metasurface-based graphene thermal emitter introduced in Chapter 6, another 

emitter with different geometric parameters has to be fabricated to achieve this 

goal. Lack of sufficient tunability limits the applications of conventional 

metasurface devices in certain fields like high data rate communication 

[132,133], reconfigurable surfaces [235,236], and imaging [237], etc. Intensive 

efforts have been made to control the response of metasurface devices 

dynamically [132-238], as modulators are of paramount importance for tunable 

devices. Although those fast, highly tunable modulator can easily be achieved 

by integrating metasurfaces with varactor diodes for millimetre wave [123,235] 

or compound of semiconductors like GaAs for terahertz band [132], such 

modulators in the mid-infrared range remain challenging due to a limited choice 
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of materials. Modulators based on electrical controlled liquid crystal (LC) [122] 

or thermal controlled vanadium dioxide (VO2) [135] suffer from slow modulation 

speed, while others based on semiconductor quantum wells require precise 

control on material growth and temperature [238]. Recent work has also 

investigated devices based on a combination of a MEMS (micro-electro-

mechanical-system) platform and metasurface to steer mid-infrared light [239], 

but such devices require sophisticated integration techniques to realize. 

Thanks to its unique gapless band structure, graphene, whose carrier 

density can be easily and smoothly controlled by shifting the Fermi levels, 

provides a highly tunable conductivity via electrostatic gating, or optical 

excitation [210,240,241]. This modulation usually can be accomplished within 

the order of nanoseconds, far quicker than the conventional LC and VO2 

modulators. Thus, integrating graphene into metasurface is a promising 

approach for designing active mid-infrared modulators. Although up to now, 

theoretical studies have been intensively conducted on patterned graphene 

modulator [242,243] and graphene-integrated metasurface modulator [244-

247], not too many experimental results are reported.  

In this chapter, we present the experimental demonstration of a high-speed, 

compact graphene integrated metasurface mid-infrared modulator, which 
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allows a wide range of amplitude and phase modulations by tuning the Fermi 

level of graphene with gate voltage control. The tunability achieved by the 

design architecture of our device is essential for obtaining a highly modulated 

phase under ambient conditions. Furthermore, a prototype mid-infrared 

reconfigurable surface is proposed to function as a beam steering lens, 

realizing the switch from normal reflection to anomalous reflection with a high 

conversion efficiency and responding time. 

 Design 

Our design integrates monolayer chemical vapour deposition (CVD) 

graphene into a metasurface Salisbury screen absorber, as sketched in Figure 

8.1(a). The Salisbury screen absorber, named after American engineer Winfield 

Salisbury, was originally designed as an absorbent device for radar detection, 

and consists of three layers: a frequency selective surface (FSS) on the top, a 

lossless dielectric spacer layer, and a metallic ground plane to block all the 

wave propagations. As fully explained in § 2.3.2, the reflection from the device 

can be totally eliminated when the impedance matching condition is fulfilled, i.e. 

the effective impedance of the device  is equal to that of the wave in free 

space . The circuit diagram of the structure is shown in Figure 8.1(b), in 
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which  and  are the wave impedance of free space and the dielectric 

layer, respectively.  is the impedance of metasurface and  is the 

conductivity of monolayer CVD graphene. As the metasurface can be viewed 

as an RLC circuit, which can be used to match the wave impedance of free 

space and the device at the desired frequency. In addition, due to the 

integration of the monolayer graphene into the metasurface, the effective 

impedance of the graphene integrated metasurface can be directly tuned by 

shifting the Fermi energy level of the monolayer graphene via optical excitation 

  

Figure 8.1 schematic of the graphene metasurface modulator (a) 3D 

view, (b) equivalent circuit diagram (c) top view. 
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or electrostatic gating. This will shift the frequency at which the impedance 

matching condition is met, thus leading to a dynamical control on the reflection 

spectrum. 

The metasurface design, shown in Figure 8.1(c), is a split-ring resonator 

(SRR) structure as it leads to better confinement of energy, which is critical in 

obtaining a wide range of tunability. The inner radius of the SRR is  = 900 nm, 

with  = 200 nm ring width and = 32° angular split gap on the ring. The SRR 

is arrayed in both vertical and horizontal direction with the same periodicity  

= 2.8 µm. The thickness of SRR is set to 100 nm, the same as that of the ground 

plane, while the thickness of SiO2 spacer is chosen as 300 nm. Numerical 

simulations were carried out using Lumerical FDTD solutions. Unlike the 

previous two designs in Chapter 6 and 7, this design is sensitive to the 

polarization of the electric field due to its asymmetric geometry. In order to 

stimulate the resonance of SRR, the polarization of the electric field is set 

parallel to the direction of the gap. Moreover, in the simulation, the conductivity 

of the aluminium ground plane and gold SRR are set as 3.77×107 S/m and 

4.1×107 S/m, respectively [248], and a value of 1.35 for the refractive index of 

ion beam sputtered (IBS) SiO2 spacer layer according to the datasheet provided 

from the wafer manufacturer, Laseroptiks. The monolayer CVD graphene 

sandwiched between FSS and spacer layer in this device is modelled as a 
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conductive surface whose complex conductivity  is defined by a 

simplified Kubo formula presented as equation (2.20) in Chapter 2. The 

parameters in this formula are chosen as  = 300 K for room temperature and 

 = 50 fs for the carrier relaxation time, consistent with the measurement of the 

carrier mobility in similar devices [157,160]. Solid curves presented in Figure 

8.2 are the calculated conductivities of monolayer graphene with different Fermi 

energy levels. An increase in the conductivity of the graphene is observed with 

higher doping level. 

 

 

Figure 8.2 Calculated conductivity of non-doped ( |EF| = 0 eV) and doped 

( |EF| = 0.4 eV) monolayer graphene-based on simplified Kubo formula. 
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The simulated reflection spectra, together with the relative effective 

impedance  retrieved by the method introduced in § 2.3.2 are 

plotted in Figure 8.3 for devices with non-doped graphene and doped graphene 

with | | = 0.4 eV. It shows clear evidence that the reflection minimum in the 

 

Figure 8.3  Reflection and normalized effective impedance spectra of 

designs with (a) non-doped graphene ( |EF| = 0 eV); (b) doped graphene 

( |EF| = 0.4 eV). Minimum of reflection occurs when the normalized 

effective impedance equals to 1 ( Zeff/Z0 = 1). 
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spectrum occurs when the effective impedance is equal to the free space wave 

impedance (relative effective impedance  = 1). Furthermore, it also proved 

the effective impedance of the device is also changed due to the difference 

between the conductivity of graphene with different Fermi energy levels. This 

results in a shift in the intersection between the relative effective impedance 

and the impedance matching line (  = 1), and consequently move the 

frequency of reflection minimum in the spectrum from 59.2 THz to 61.3 THz.  

Previous research has already proved it is practicable to tune the Fermi 

energy level of graphene between 0 eV and 0.4 eV by electrostatic gating. 

Numerical simulations were undertaken for designs with a number of different 

Fermi energy levels within that range. Figure 8.4(a) demonstrates that the 

frequency at which the reflection minimum occurs is directly dependant on the 

Fermi energy level of graphene. As a result of the spectrum shift, a modulation 

of amplitude at a certain frequency in reflection is obtained. For example, at 60 

THz, a 40% modulation width in reflectance can be achieved by this design. In 

addition, following the method of Smith et al [62], precise phase information of 

the reflected wave is also extracted by subtracting the additional propagation 

phase from the wave source to the device and the device to the monitor. 

Substantial phase modulation can be observed in Figure 8.4(b) accompanied 

with the change on reflection amplitude when the Fermi level increases. The 
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phase modulation reaches a maximum of 150° at 60 THz when the Fermi level 

increases from 0 eV to 0.4 eV.  

  

 

Figure 8.4 (a) Simulated reflection spectra and (b) retrieved phase 

information of reflection from designs with Fermi level of graphene ranging 

from 0 eV (non-doped) to 0.4 eV (doped). 
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The field distribution was also investigated to see the interaction between 

the ring resonators and the graphene. As shown in Figure 8.5, the electric field 

is highly confined in the gap of SRR both in x−y plane (laterally) and along z-

axis (vertically). Since this strong localized field overlaps with the graphene, this 

strong coupling can introduce a wide tuning range to the device.  

 

 Experiment 

Devices were fabricated by patterning periodic SRR arrays on a CVD 

graphene heterostructure. The whole fabrication process first started with 

 

Figure 8.5 cross-sectional normalized electric field distribution at 60THz in 

the x-y plane (left) and in the x-z plane intersecting the gap of SRRs (right). 
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transferring monolayer CVD graphene on top of the substrate, which is a 300 

nm-thick silicon dioxide (SiO2) spacer layer and a 50 nm-thick Al layer ion beam 

sputtered on the silicon wafer. The graphene layer was then etched into a 2 

cm×2 cm square by reaction ion. An array of periodic split-ring resonators as 

shown in Figure 8.6(a), together with electrical contacts, were patterned by 

electron beam lithography (EBL) and metalized by chromium and gold via 

thermal evaporation on this graphene square. The sample was finally mounted 

and wire bonded to a ceramic chip carrier for characterization, as shown in 

Figure 8.6(b)  

 

Field effect characteristic of the device was first measured by the setup 

schematically shown in Figure 8.7(a). The resistance of graphene ( ) with 

patterned metasurface, which was calculated by monitoring the voltage drop on 

 

Figure 8.6 (a) SEM image and (b)photograph of the fabricated device. 
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the electrodes ( ) with a constant 100 nA source-drain current ( ), is 

measured as a function of the applied gate voltage ( ).The calculated 

resistance is then compared to that of the device without the metasurface. 

Measured field effect curves plotted in Figure 8.7(b), without too many 

differences, both show a peak value of resistance at  ≈ 60 V corresponding 

to the charge neutral point (CNP) where Fermi level is at Dirac point (| | = 0 

eV). Such result suggests that the metasurface doesn’t have a huge impact on 

the field effect characteristic of the graphene as expected, and the CVD 

graphene used has a significant intrinsic hole doping indicated by the large 

positive value of  which is consistent with the previous experimental 

results [160].  

Investigations were then conducted on how the reflection spectrum of the 

device can be dynamically controlled by the gate voltage driven on the device, 

the sample was mounted on a chip holder and measured in an FTIR 

spectroscopy with reflection setup. A polarizer was added to ensure the mid-

infrared light sourced from FTIR is linearly polarized in the direction parallel to 

the gap of the SRRs. A surface scan was then run to locate the position of the 

metasurface structures and the spatial variation of reflectance is shown in 

Figure 8.8(a). The area with the smallest overall measured reflection intensity, 
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the blue region in the middle of the image, corresponds to the location of the 

SRRs patterned on the graphene, as the metasurface cancels out the reflection 

at its resonance frequency where the impedance matching condition is fulfilled. 

After determining the location of the metasurface area through spatially 

resolved reflectance measurements, spectral measurements were carried out 

under atmospheric conditions from the middle of this area, with applied gate 

voltage varied from -90V to 90V. Results in Figure 8.8(b) revealed the 

frequency of main reflection minimum shifts from 59.47THz when graphene is 

at its CNP (  = 60 V) to 60.4 THz when a -90 V gate voltage is applied (note 

that at the feature at 70THz is due to the presence of CO2).  

 

Figure 8.7 (a) schematic of the field effect characteristic measurement 

setup (b) Field effect characteristic curves of graphene with metasurface 

patterned on the top and without metasurface on the top. 
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In order to compare the simulation results to the experimental results directly, 

the relationship between the Fermi level ( ) of the graphene in the model and 

the gate voltage applied on the device can be determined by Equation (2.15). 

In our case, the charge neutral point is  = 60 V and the gate voltage varies 

from -90 V to 90 V, so that the gate voltage range applied in the experiment 

corresponds to the Fermi energy level of graphene ranging from 0 eV to 0.288 

eV in the simulation. The frequencies at the reflection minima in both simulation 

and experiment spectra are extracted and plotted as a function of gate voltage 

for comparison. As shown in Figure 8.9, there is good agreement between the 

simulation and experimental results regarding the frequency at which the 

 

Figure 8.8 Spatially resolved reflectance map from the graphene 

metasurface modulator (b) Measured Reflection Spectra of graphene 

metasurface modulator with gate voltage ranging from -90 V to 60 V (VCNP). 
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reflection minimum is observed. The slight differences between the simulation 

and experimental results are mainly due to the fact that in the experiment the 

incident light is not exactly a plane wave because of the use of a reflecting 

objective lens [249]. In addition, the extra contact pads and bonding wires on 

the device may also retransmit electromagnetic signal and therefore affects the 

resonance performance of the modulator.  

 

 

Figure 8.9 Extracted resonance frequency as a function of gate voltage, 

the same extracted simulation data is also presented here for comparison. 

For the simulation curve, the gate voltage is converted from the Fermi level 

by Equation (2.15). (Lines are guided for the eye and not fitted curves) 
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 Application 

The wide amplitude and phase modulation achieved by our modulator 

design make it an ideal building block for reconfigurable metasurfaces, which 

have a wide range of promising applications such as countermeasures to radar 

detection [235], compact lenses [250,251], beam steering devices [130,252], 

dynamic holograms [236,253,254], just name a few. Here we construct a 

reconfigurable metasurface by using the same metasurface design with 

different geometric parameters. Proof-of-principle simulation results of such 

graphene-integrated beam steering metasurface show the capability of 

reflecting the reflective beam to an anomalous angle under a normal incident 

plane wave at 60 THz when the graphene is electrostatically gated.  

As mentioned in § 2.3.2 if a phase discontinuity is introduced at the interface 

between two media, the beam will be reflected to an anomalous angle, which 

can be calculated from Equation (2.13). Due to the graphene metasurface 

modulator is capable of achieving a wide range of phase modulation, we can 

dynamically control the phase gradient  along the interface and thus 

manipulate the direction of the reflection. The geometric parameters of the 

modulator design were swept to find four designs that can cover a linear spatial 

phase profile from 0 to 2π at 60 THz when the Fermi level of graphene is 0.4eV 
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and have nearly identical reflection phases when the Fermi level of graphene 

returns to the Dirac point. This enables the interface to reflect the incident wave 

specularly when no gate voltage is applied on the lens, and to deflect the wave 

anomaly when a gate voltage is driven. 

The geometric parameters of four specifically designed modulators are 

shown in Table 8.1. If a lens is constructed by periodically aligning four 

modulators into a 4×1 super cell as illustrated in Figure 8.10(a), the phase 

profile in Figure 8.10(b) shows that there is a neglectable phase discontinuity 

in the phase profile along the interface when the graphene is non-doped (  

= 0 eV) ,and when the graphene is doped, a  = π/2 phase increment 

between two adjacent modulators along x-axis direction will be established as 

soon as the Fermi level of graphene increase to 0.4eV. In this case, by changing 

the voltage added on the metasurface lens directly, we can alter the reflection 

angle from 0° to 29.6° at 60THz, according to equation (2.13). Figure 8.11(a) 

and (b) demonstrate the simulated farfield scattering pattern of the device in 

polar coordinates, which clearly show the beam is steered by 30°, in great 

agreement with the theoretical reflection angle. The steering efficiency, the 

intensity of wave at deflection angle normalized to that of the incident wave, 

can reach up to 45%, can be attained. This efficiency can be even higher if 
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more modulators are added into the super cell to overcome the discreteness of 

the phase discontinuity along the interface. 

Modulator r1 (nm) w (nm) θ (deg) p (nm) Graphene integrated? 

1 900 120 20 2600 No 

2 900 220 32 2600 Yes 

3 900 120 20 2600 Yes 

4 1120 70 66 2600 Yes 

Table 8.1 Geometric parameters of modulators used in beam steering lens 

 

 

Figure 8.10 (a) Schematic of two adjacent super cells of beam steering 

lens constructed by four modulators with different geometric parameters to 

achieve the necessary reflection phases. (b) The phase profile along x-axis 

at f = 60 THz for non-doped and doped graphene devices shown in (a). 
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Figure 8.11 Numerical simulations of scattering farfield pattern of non-

doped graphene (a) and doped graphene device (b), showing specular and 

anomalous reflection at f = 60 THz respectively. 
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 Summary 

In this chapter, it is shown that the electromagnetic response of the 

metasurface design can be manipulated via applying voltage on it by integrating 

monolayer graphene into it. The variation in the conductivity of graphene 

caused by tuning the gate voltage applied to it will change the effective 

impedance of the graphene integrated metasurface design and thus shift its 

reflection spectrum. The design proposed in this chapter, a graphene-

integrated SRR Salisbury screen, is able to achieve a good tunability by 

enhancing the nonlinear response of graphene via localizing the electric field 

on it. Numerical simulations show that due to the strong confinement at the split 

gap of SRR, the design is able to achieve a 50% modulation width in reflectance 

and 150° in reflection phase when the Fermi level of graphene is altered from 

0eV to 0.4eV accordingly. The fabricated modulator was then tested in an FTIR 

reflection setup, although only a 0.288eV Fermi level can be achieved, it is still 

observed that the resonant frequency at which the minimum in reflection occurs 

can be directly controlled by an applied bias, with the size of the shift being in 

good agreement with the simulations. We also demonstrate the feasibility of 

creating a beam steering lens by constructing four such modulators but with 

different geometric parameters as a new super cell. Simulations show that, as 
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a 0 to 2π phase variation over the super cell will be established as soon as the 

Fermi level of graphene is increased to 0.4 eV, the metasurface lens will reflect 

the beam with an extra 30° compared to when the graphene is undoped. 
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9 Conclusions and Outlook 

The work presented in this thesis focuses on the development of a 

series of new generation mid-infrared devices which are compact in size 

and powerful in performance. Three different devices, narrowband mid-

infrared thermal emitter, wave trapping sensor, and phase modulators 

were designed exploiting the unique properties of the two ultrathin 

building blocks: metasurface and graphene. Preliminary prototypes were 

fabricated in a cleanroom using modern semiconductor fabrication 

technology like RIE etching, e-beam lithography, and thermal 

evaporation. Results measured under different setups based on FTIR 

spectroscopy showed good agreement with simulation results.  

However, it should be noted that there is still room to improve the 

performance of the devices described in Chapter 6,7,8. Some of the latest 

work on metasurface design and graphene synthesis, which could benefit 

our devices are highlighted in Section 9.2.  
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 Conclusions 

 Metasurface-based Narrowband Graphene 

Thermal Emitter  

A metasurface, composed of two groups of metallic annular rings 

in diagonal and off-diagonal directions, was designed as a frequency 

selective surface and integrated into the graphene thermal emitter for 

reducing the emission bandwidth. Simulation, as well as experiment 

results, show that the broadband emission from the Joule heating of the 

graphene filament is tailored into two narrow windows, which directly 

related to the resonance frequencies of both groups of annular ring 

resonators. The resonance of annual rings will constructively interferes 

with the thermal radiation from the graphene filament, leading to maxima 

in the emission spectra at wavelengths determined by their geometry. 

Simulations also show that the addition of a conducting layer below the 

emitting layer greatly increases the Q-factor of the maximum in the 

emission spectrum. 

The possibility of tailoring the emission characteristics of these 

devices, which can reduce manufacturing costs and allow for modulation 
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at relatively high frequencies, demonstrates their potential for use in 

applications such as infrared gas sensing. 

 Metasurface-enhanced ATR Spectroscopy 

In this work, a metasurface was designed to localize and enhance 

the field distribution in a small area for increasing the sensitivity of 

detecting chemical or other biological samples in an aqueous 

environment. Resonant features were observed corresponding to the 

resonance of the metasurface on the silicon substrate device, and the 

hybrid resonance of phonon modes and metasurface resonance on the 

SiO2/Si substrate. Field distribution profiles obtained from the simulation 

results suggests the strong localized field enhancement in the nano gap 

at the centre of the complimentary ring resonators, where the light-matter 

interactions are strengthened. Preliminary experiments were undertaken 

in an FTIR-ATR system using mixtures of butyl acetate diluted with oleic 

acid. Without the use of a metasurface, the minimum concentration of 

butyl acetate that could be detected was 10%, whereas the use of the 

metasurface on the SiO2/Si substrate allowed the detection of 1%, due to 

the coupling of the vibrational resonances of the butyl acetate with the 

hybridised metamaterial phonon mode.  
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These results demonstrate the potential of the use of 

metamaterials to improve the sensitivity of FTIR-ATR measurements, 

and offers a new route for improved trace chemical detection.  

  Graphene based metasurface phase modulator  

Graphene is used in conjunction with metasurface to achieve a 

dynamic control on the response of the mid-infrared wave. A mid-infrared 

reflective modulator was achieved by split-ring resonator and CVD 

graphene. When a gate voltage is applied, the Fermi level of graphene is 

shifted leading to a change of its conductivity, which will consequently 

change the effective impedance at the interface. Simulations show that 

the device can achieve a phase modulation up to 150° when the Fermi 

level increases from 0eV to 0.4eV. Based on the design of modulator, we 

also demonstrate the feasibility of creating a beam steering lens by 

constructing four such modulators but with different geometric 

parameters as a new super lattice. Simulations show that, as 0 to 2π 

phase variation over the unit cell will be established as soon as a gate 

voltage is applied, the gated lens will reflect the beam with an extra 30° 

compared to when the lens is unbiased. 
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The compact and ultrafast modulators we proposed could promote 

a wide range of mid-infrared application in free-space communications, 

imaging, LIDAR, and homeland security, etc 

 Outlook 

 Metasurface 

Due to the limited choices of fabrication equipment, the 

metasurface proposed in this work is all made of gold, which suffers from 

drawbacks such as low Q-factor as a result of high Ohmic losses. 

However, it has been proved in previous research that strong and high 

Q-factor resonance is achievable by using metasurface made of 

dielectrics with high permittivity, which can generate magnetic dipoles, 

electric dipoles and higher order dipoles due to Mie resonances [255]. 

This could potentially improve the performance of our metasurface-based 

graphene thermal emitter.  

 Graphene 

The area of graphene has become a cutting-edge and promising 

researching direction in recent years, but there is still a very long way to 
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go for the mass production of graphene devices. Although CVD graphene 

can now be probed in a very large area, surface impurities introduced 

during the synthesis process will introduce detrimental impacts upon the 

intrinsic properties of graphene and thus device performances. The 

exfoliation method, on the other hand, can provide better quality 

graphene with higher purity and superior electrical and thermal 

performance, but is not ideal for large-scale monolayer graphene 

synthesis. Progress has been made on the research on the synthesis 

method of large-area, high quality monolayer graphene sheet. Zhang et 

al from Berkley, have recently reported their experiments of dewetting the 

catalytic metal during the CVD process [256]. In this case, the graphene 

will be directly attached to the dielectric layer which may eliminate 

impurities produced from CVD and transfer.
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