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ABSTRACT
Title: Graphene Surface Plasmon Applications in Designing Novel Nanoheterostructure Arrays
Author: Seyededriss Mirniaharikandi
Advisor: Brian A. Lail, Ph.D.

Graphene is the flat monolayer of carbon atoms constructing a two-dimensional
honeycomb lattice with an exotic mechanic, electronic, magnetic, and optical
properties. Interestingly, the graphene has been experimentally shown its unique
properties in photonics, where the first commercial application of graphene has been
realized. Graphene possesses intrinsic plasmons that are electronically tunable,
adjustable, and have low dissipation. Recently, the combination of graphene with
noble metals and semiconductors structures promises a variety of exciting
applications for conventional plasmonics and photonics.
In this thesis, we present how to efficiently design heterostructure by combining
graphene plasmonic metasurface with noble metals and semiconductors.
First, we propose and demonstrate electronically tunable resonant nearly perfect
absorbers in graphene coupled to the metallic subwavelength structure. The
absorption is enhanced by the noble metals plasmonic effect, which results in
modulating reflecting light. The coupling efficiency of our proposed structure is
increased to overcome the mismatch wavevector using surface gratings.
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In our proposed device, numerical simulation results show that even with lowquality graphene, the perfect absorber is achievable in the near-infrared spectrum.
In the second device, we propose and demonstrate a tunable flat-top reflecting
bandpass by combing graphene plasmonic metasurface with subwavelength noble
metal nanosphere arrays. In this device, the broad range of tunability in the nearinfrared is achieved. By implementing the suitable number of gold nanospheres in
each unit cell, the high order flat-top bandpass filter in the near-infrared range is
introduced. Besides, the graphene monolayer, coupled to the subwavelength metallic
structure overcomes the low modulation depth in the conventional graphene
plasmonic devices. Top-gated electrostatic gating, along with a rapid cooling
method, is proposed to increase the carrier density for high Fermi levels dramatically.
Finally, we devise a platform to demonstrate a low threshold graphene-based
plasmonic ultraviolet nanolaser. In this device, we incorporated ZnO nanobars
coupled to graphene SPs along with using ITO/a-Si as a back reflector to mitigate
the ohmic loss (in the conventional metal-semiconductor lasing nanostructure),
increase the exciton-plasmon energy transfer and to miniaturize the nanolaser
dimension.

iv

PUBLISHED CONTENTS AND CONTRIBUTIONS
•

S.Mirniaharikandi, B.Lail, "Dynamically tunable reflecting NIR
bandpass filter based on hybrid graphene-nano metallic
structure," Applied Optics, vol.59, No.18.

•

S.Mirniaharikandi, B.Lail, "Dynamically tunable reflecting NIR
bandpass filter based on hybrid graphene-nano metallic
structure", Proceeding of SPIE, 2020.

•

S.Mirniaharikandi, B.Lail, "Low threshold UV plasmonic nanolaser
in strongly coupled graphene/ZnO hybrid nanocavity arrays",
Proceeding of SPIE, 2020.

•

S.Mirniaharikandi, B.Lail, "Tunable perfect absorption in a
subwavelength metallic grating-coupled graphene plasmonic
metasurface'', Frontiers in Optics 2019, OSA.

•

S.Mirniaharikandi, B.Lail, "Low threshold UV plasmonic nanolaser
in strongly coupled graphene/ZnO hybrid nanocavity arrays",
Submitted in IEEE Photonics Journal, 2020.

v

CONTENTS
Abstract………………………………………………………………iii
Published Content and Contributions……………………………...v
Contents……………………………………………………………...vi
List of Figures……………………………………………………….ix
Acknowledgments…………………………………………………..xi
Dedication…………………………………………………………..xii
CHAPTER 1…………………………………………………………1
Introduction………………………………………………………….1
1.1 Plasmonics on Noble Metal Surfaces……………………………..1
1.2 Surface Plasmon Polaritons Dispersion…………………………..1
1.3 Graphene………………………………………………………….6
1.3.1 Graphene Tunability Features………………………………8
1.3.2 Graphene Plasmons………………………………………...8
1.4 Scope of this dissertation…………………………………………9
CHAPTER 2………………………………………………………...10
Tunable Perfect Absorption in Graphene Plasmonic Metasurface
Coupled to Subwavelength Metallic Gratings……………………10
2.1 Introduction………………………………………………………11
2.2 Device Geometry and Light Modulation Mechanism……………12

vi

2.3 Tunable Near-Infrared Perfect Absorption in Graphene Plasmonic
Metasurface………………………………………………………13
CHAPTER 3…………………………………………………………16
Dynamically Tunable Reflecting Near-Infrared Bandpass Filter
based on Hybrid Graphene Nanometallic Structure……………...16
3.1 Introduction……………………………………………………….17
3.2 TM Modes of Graphene Plasmon………………………………...20
3.3 Model Construction and Mechanism of Bandpass Filter…………22
3.4 Tunable Reflectivity of Proposed Bandpass Filter using Graphene
Monolayer………………………………………………………..30
3.4.1 Filter Parameters……………………………………………34
3.4.2 Influence of Graphene Monolayer………………………….35
3.4.3 Filter Order………………………………………………….37
3.4.4 Geometry Optimization……………………………………..38
3.5 Simulation Methods………………………………………………41
3.6 Proposed Fabrication Method…………………………………….41
3.7 Conclusions……………………………………………………….42
CHAPTER 4…………………………………………………………43
Low Threshold Plasmonic Nanolaser in Strongly Coupled
Graphene/ZnO Nanocavity Arrays………………………………...43
4.1 Introduction……………………………………………………….41
4.2 Structure of Ultraviolet Plasmonic Nanolaser Devices…………...46
4.3 Numerical Analysis of Lasing Characterization………………….49
4.4 Conclusions……………………………………………………….58

vii

CHAPTER 5…………………………………………………………59
Conclusions…………………………………………………………..59
References……………………………………………………………61

viii

LIST OF FIGURES
Fig 1.1 (a) SPP excited on metal/dielectric interface (b) E-field distribution of SPP
excited on Ag/SiO2 interface (c) SPP dispersion curve excited on metal/air
interface…………………………………………………………………….4
Fig 1.2 E-field distribution of surface gratings of periodic metallic nanostructure at
390 THz…………………………………………………………………….5
Fig 1.3 (a) Graphene monolayer schematic (b) 𝑠𝑝2 -bonded atoms of the graphene
unit cell (c) electronic band structure at Honeycomb lattice (d) at Dirac
cone…………………………………………………………………………7
Fig.2.1. Perfect absorber device geometry (a) Top view (b) Side view of the
proposed perfect absorber…………………………………………….12
Fig. 2.2 Absorption in graphene plasmonic as a function of frequency
and Fermi level…………………………………………………………..14
Fig.2.3. Electric field distribution at the frequency 410 THz with Fermi
level 0.7 eV……………………………………………………………….15
Fig.3.1. (a) Illustration of the proposed bandpass filter (b)Top view (c) side view
of filter unit cell illuminated by TM polarized incident light configuration.
The geometrical parameters are as follows: D= 80 nm, G=30 nm, W=120
nm, L=650 nm, respectively
(d) The gate voltage (VG) vs. Fermi-level
EF………………………………………………………………………….23
Fig.3.2 Simulation results of electric field |Ey| distributions at free space frequency
(a) f= 100 THz (b) F=150 THz (c) f=210 THz (d) f=270 THz (e) f=350 THz
(f) f=400 THz………………………………………………………………26
Fig.3.3(a) Real part of permittivity and (b) Imaginary part of conductivity of isolated
graphene as a function of Fermi energy level……………………………..27
Fig.3.4.Optical response of high-doped graphene in the NIR and visible range.
Plasmonic and lossy regimes are shown by arrows on the top for a graphene
with EF= 1 eV . A narrow spectral range at which graphene behaves as a
dielectric occurs at 𝜔 = 2𝐸𝐹 ⁄ℏ inside the high frequency lossy regime…29.
Fig.3.5 (a) Simulated reflection spectra of the bandpass filters with 𝐸𝑓 equal to 0.7
, 0.8 , 0.9 and 1 eV, respectively and 𝜇=428 cm-1 V-1s-1 (b) The filter
parameters including bandwidth, center frequency, Q factor and modulation
depth of reflection spectra in Fig.3.5(a)…………………………………..32

ix

Fig.3.6. Influence of graphene and number of NPs on performance of proposed filter.
(a) Comparing reflection spectra of the graphene based filter with nongraphene structure (b) graphene-based (c) non-graphene structure………36
Fig.3.7. Filter Order. Simulated spectra for the proposed filter at the various
number of NPs N= 1, 3, 5, and 7…….…………………………………..38
Fig.3.8. Geometry study of the structure. (a) The reflection spectra at the various
diameter of NP (D) and the fixed dielectric and back reflector size of t=150
nm, and 100 nm, respectively. (Inset) Modulation depth as a function of gap
size, (b) Simulated reflection spectra at the various dielectric thickness (t) and
fixed NP diameter (D) and back reflector…………………………………. 40
Fig.4.1. (a) Nanocavity-coupled to hybrid graphene/ZnO nanobars Device geometry.
The cross-sectional electric field in the gap region below ZnO nanobars. (b)
with
the
presence
of
graphene
monolayer
(c)
without
graphene…………………………………………………………………..47
Fig.4.2. The optical field distribution in the y-z plane (the cross-section plane) of (a)
graphene-based (b) non-graphene structure. (c) Comparison between The
resonance spectrum of the stored energy in graphene-based and non-graphene
based nanostructure………………………………………………………50
Fig.4.3.Comparison of total power dissipation of plasmonic and non-plasmonic
materials (Al, Ag, Au, ITO/a-Si) as a back reflector in the heterostructure
laser………………………………………………………………………52
Fig.4.4 Emission intensity of proposed ITO-based heterostructure laser as a function
of the incident wavelength………………………………………………..53
Fig.4.5. Finite element method (FEM)-calculated extinction, scattering, absorption
spectra of nanolaser under the normal incident. (a) with graphene (b) without
graphene heterostructure. (Inset) comparison of emission intensity as a
function of power density (MW/cm2)……………………………………55
Fig.4.6. Laser oscillation and threshold characteristics of UV plasmonic nanolaser.
(Inset) the nonlinear response of the output power to the peak pump
intensity…………………………………………………………………..56

x

Acknowledgments
It was a long journey to get the Ph.D., and I have ups and downs throughout recent
years. However, I was fortunate enough to have untiring support, sacrifices, and
encouragement of my beloved wife and my parents, who were with me in this
endeavor.
I would like to express my gratitude to my advisor Dr.Lail for his patience,
guidance, and support. His valuable feedback and encouragement were my
motivation to complete this research work successfully. I also would like to thank
the other members of the doctoral committee, including Dr.Kozaitis, Dr. Otero, and
Dr.Zec.
Last, I thank Cheryl Mitravich for her guidance and cooperation. My special thanks
go to all of my colleagues and friends in the Applied Computational
Electromagnetics lab for their useful discussions and their help.

Seyed Edriss Mirnia
June 2020
Melbourne Florida

xi

Dedication
To the memory of my grandfather, who made the most memories of my childhood
colorful.

xii

CHAPTER 1
INTRODUCTION

1.1 Plasmonics on Noble Metal Surfaces
The diffraction limit is a significant problem for utilizing the light in a broad
range of fields, including quantum information technology, data storage, biomedical
sensing[1-3]. Besides, intensifying the light-matter interaction is another element in
the light-energy conversion [4]. The mentioned aspects are why the plasmonics
feature of materials have drawn much attention. Surface plasmon polaritons (SPPs)
are electromagnetic waves coupled to free carriers collectively oscillating on noble
metals (e.g., gold, silver, aluminum) surface [5]. SPPs are excited on noble metals
and can travel along a metal/dielectric or metal/air interface, particularly in the
infrared and visible frequency spectrum. SPPs can confine the light below the
diffraction limit and enormously enhance the light intensity in a nanoscale region
resulting in strong light-matter interaction due to its low dimension properties[6].
Nanoscale fabrication technology advances allow for the realization of
subwavelength metallic structures exhibiting interesting plasmonic effects such as
surface-enhanced Raman scattering, artificially created metasurfaces, plasmonic
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optical circuits, plasmonic beam shaping and beam focusing in subwavelength
scale[7-11].

1.2 Surface Plasmon Polaritons Dispersion
An excited surface plasmon polariton is confined on metal/dielectric interface, as
illustrated in Figs.1.1(a) and (b). Since sometimes SP polaritons are also called SPs,
we also use the abbreviation for SP polaritons in this thesis. SPs dispersion relations
is characterized by the appropriate boundary conditions in Maxwell's equations. The
dispersion relation is given by [12]
𝜀 +𝜀

𝜔 = 𝑐0 𝑘𝑠𝑝 √ 𝜀𝑚 𝜀 𝑑
𝑚 𝑑

(1.1)

Where 𝑐0 is the light speed in the air, 𝑘𝑠𝑝 is the propagation constant of SPs, and
𝜀𝑚 and 𝜀𝑑 are the frequency-dependent permittivity of the metal and the dielectric
environment, respectively.
Based on the Drude model, the free electron of metal is treated as an ideal gas
without damping. Therefore, the relative permittivity of metal follows as
2
𝜔𝑝

(1.2)

𝜀𝑚 = 1 − 𝜔2

where 𝜔𝑝 = (𝑁 𝑞 2 /𝜀0 𝑚)1/2 is the plasma frequency, N is the electron density
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in the metal, q is a charge, m is the electron mass. The Eq.(1.2) could be negative
if𝜔 < 𝜔𝑝 ; it means the permittivity of the metal can be negative and metalbecome
absorptive, and it can satisfy the following condition in Eq. (1.3) if |𝜀𝑚 | = |𝜀𝑑 | [13].

(1.3)

𝜀𝑚 (𝜔𝑠𝑝 ) + 𝜀𝑑 (𝜔𝑠𝑝 ) = 0

The Eq.(1.3) shows collective oscillations bound to the metal/dielectric interface
with infinite surface plasmon propagation [13]. Assuming that the surrounding
dielectric is the air (𝜀𝑑 = 1), Eq.(1.4) is derived from Eqs.(1.2) and (1.3).
𝜔𝑠𝑝 =

𝜔𝑝
⁄
√2

(1.4)

The SPs dispersion relation on the metal/air interface is given by Eq.(1.5) based
on Eqs. (1.1) and (1.2), and the dispersion curve is plotted in Fig. 1.1(c)[14].

𝜔2

2

2

𝜔 = √ 2𝑝 + (𝑐0 𝑘𝑠𝑝 ) − [(𝑐0 𝑘𝑠𝑝 ) +

3

4
𝜔𝑝

2

1/2

]

(1.5)

Fig 1.1 (a) SPP excited on metal/dielectric interface (b) E-field distribution of SPP
excited on Ag/SiO2 interface (c) SPP dispersion curve excited on metal/air
interface.
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As shown in Fig.1.1(c), the dispersion curve approaches the light line in the air (𝜔 =
𝑐0 𝑘) at a small propagation constant limit (𝑘𝑠𝑝 ≪ 𝜔𝑝 /𝑐0). When 𝑘𝑠𝑝 ≫ 𝜔𝑝 /𝑐0 , the
dispersion curve is saturated to the 𝜔𝑝 in Eq. (1.4).
The propagation constant of SPs is always larger than the 𝑘0 (wavevector in the
air) as shown in Fig.1.1(c), and since light stays in the medium with larger
wavevector, we can confine the light below the subwavelength scale using SPs.

Fig 1.2 E-field distribution of surface gratings of periodic metallic nanostructure at
390 THz.
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To resolve the matching problem, we need to diffract the incoming light using
surface gratings structure[14].
In Fig.1.2, SP is excited by TM polarized light incident on the Au substrate with
nanosphere gold particles (NPs) as surface gratings. The incoming light is diffracted
by NPs to overcome the wavevector mismatch.

1.3 Graphene
Graphene is a monolayer of carbon atoms arranged in a two-dimensional
honeycomb pattern having two 𝑠𝑝2 -bonded atoms in the unit cell[15], as shown in
Fig.1.3 (a) and (b). Graphene's unique electronic structure is characterized by the
conduction and valence bands that cross at points 𝑘 and 𝑘 ′ in momentum space, as
illustrated in Fig.1.3(c).
The monolayer graphene has many exotic physical attributes, including incredibly
strong mechanical properties, high thermal conductivity with a value of ~ 5000
W/(mk) at room temperature[16]. Due to a linear electronic dispersion relation
resulting in massless Dirac Fermions, graphene possesses a superior electrical
property with high carrier mobility at room temperature up to 15,000 𝑐𝑚2 . 𝑉 −1 . 𝑠 −1
[17].
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Fig 1.3 (a) Graphene monolayer schematic (b) 𝑠𝑝2 -bonded atoms of the graphene
unit cell (c) electronic band structure at Honeycomb lattice (Fig.2 of
reference [18]) (d) at Dirac cone.
The linear dispersion of graphene is given by
E = ℏ𝜈𝐹 √𝑘𝑥2 + 𝑘𝑦2

(1.6)

Where 𝜈𝐹 is the Fermi velocity in graphene (𝜈𝐹 ≈ 1× 108 𝑐𝑚/𝑠). Here, the crossing
points are called Dirac point [19], and the conduction and valance bands meet at the
Dirac points, as shown in Fig.1.3(d).
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1.3.1 Graphene Tunability Features
The most important feature of graphene is that it can be electronically tunable
through changing the carrier density and permittivity under external electronic bias.
In an electrostatic gating method, the graphene carrier density is tunable from charge
neutral point up to the order of 1014 cm-2. It means that we can electronically tune the
optical response of graphene as well as the surface conductivity in graphene.

1.3.2 Graphene Plasmons
Like noble metals and semiconductors, the free carriers in graphene can be
excited and coupled with photons[20]. However, the intrinsic graphene plasmon has
been reported refreshingly different from plasmons in noble metals as they can be
tuned, do not exhibit large ohmic losses, and can be confined to tighter regions [21].
Due to the considerably more significant confinement factor of graphene plasmon, it
is beneficial to miniaturize the graphene plasmonic device compared to that of metalbased plasmonic structures. Electronically adjusting carrier density is the most
important advantage in graphene plasmons, which allows us to directly tune the
strong graphene plasmon resonance from near-infrared to terahertz spectrum range.
However, we can not electronically tune the carrier density in noble metals upon
fabrication. However, the applications of graphene in the photonics area suffer from
graphene's relatively inefficient interaction with light. In recent years, the hybrid
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structures of noble metals or semiconductors with graphene have been proposed to
enhance the efficiency of the graphene-based structure[5, 22].

1.4 Scope of this Dissertation
In this dissertation, we discuss how to electronically tune the plasmonic resonance
of graphene in near-infrared and visible spectrum range. Based on the graphene
tunability features, we devise an electronically tunable perfect absorber and flat-top
bandpass filter in the near-infrared range. In addition to the tunable graphene
plasmonic devices, we also design the low threshold UV plasmonic nanolaser based
on the graphene/ZnO hybrid structure to enhance the exciton-plasmonic effect and
increasing energy transfer between ZnO as a semiconductor and the graphene.
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CHAPTER 2
Tunable Perfect Absorption in Graphene Plasmonic
Metasurface Coupled to Subwavelength Metallic
Gratings

In the first light modulator, we propose and demonstrate electronically
tunable perfect absorption in graphene plasmonic coupled to the
subwavelength noble metallic grating in near-to-visible spectrum range. In
our design, the graphene plasmonic metasurface is intensified by the
plasmonic effect of noble metals such as gold. The purpose of our design
subwavelength nanostructure is to show how we could reach to the nearly
perfect absorber even with low-quality graphene of having carrier mobility
as low as 428 cm2 V-1s-1 . The nearly perfect absorption has been reported in
graphene plasmonic with maximum absorption of 99.5% at 410 THz[23].
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2.1 Introduction
In recent years, Graphene plasmons have been undergone rapid progress and
utilized due to its unique electrical and optical properties, tunability, and high
confinement of light features[24]. However, the efficiencies on graphene-based
nanostructures have been unsatisfying and limited because of its weak coupling
between free-space photons and graphene plasmons[25].
There has been much research contacted to circumvent the deficiencies of the
graphene-based nanostructure in the terahertz and mid-infrared region[26]. We
proposed a highly sensitive absorber in the near-infrared-to- visible range to
introduce perfect absorption when the interaction between the graphene plasmons
meta-surface and the noble metal substrate is designed to coupling to free-space.
Numerical simulation reveals 99.5% absorption in the graphene meta-surface at 410
THz, providing an ideal platform for strong light-matter interactions.
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2.2 Device Geometry and Light Modulation Mechanism
Figs.2.1(a) and (b) show the mechanism of a reflection-type light modulator
based on graphene meta-surface developed in this work. The device consists of
graphene meta-surface on Au substrate t=100nm and Au nanospheres of D=80 nm
with G=35 nm interspaces. TM polarized light is illuminated onto the structure with
the assumed graphene carrier mobility as low as 428 cm2 V-1s-1 to achieved perfect
absorption with the graphene Fermi level position varied from 0.7 to 1 eV. It is well
known that free carriers in graphene can be coupled with photons, and it excites
Fig.2.2. Perfect absorber device geometry (a) Top view (b) Side view of the
proposed perfect absorber.

plasmons similar to the plasmons on the noble metal surface[27]. However, graphene
plasmons show larger confinement and lower loss compared to that of noble metal
plasmons. To excite the graphene plasmons, the Fermi level is tuned to match the
graphene plasmonic resonance condition between the incoming light frequency and
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the graphene wavevector. Exciting graphene plasmons in our structure results in light
modulation via graphene plasmonic absorption. This modulation is achievable by
varying the graphene Fermi level, and therefore, It shows the light modulation is also
tunable depending on the graphene Fermi level.

2.3 Tunable Near-infrared Perfect Absorption in
Graphene Plasmonic Metasurface
In our numerical simulation, the graphene Fermi level varied from 0.7 eV to 1
eV with relaxation time τ-1=3×10-14 seconds, and temperature T=300 K. Fig.2.2
shows the absorption map in graphene plasmonic as a function of frequency and
Fermi level. Our result shows as the frequency and Fermi level increase, the
resonance absorption is blue shifted. The maximum absorption of 99.5% achieved at
frequency 410 THz with Fermi level 0.7 eV and 428 cm2 V-1s-1.
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Fig.2.2. Absorption in graphene plasmonic as a function of
frequency and Fermi level
For the same frequency level, the absorption level of 6% is achieved at Fermi
level 1 eV. It is observed for the frequency levels between 300 to 440 THz, and the
absorption rate decreased from lower Fermi level 0.7 eV to higher fermi level 1.
However, it is vice versa for the frequency of less than 300 THz. What is more, the
absorption rate of higher than 90% is achieved between the frequency range of 340
-410 THz at the fixed Fermi level of 0.7 eV.
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Fig.2.3. Electric field distribution at the frequency 410 THz
with Fermi level 0.7 eV

Fig.2.3 shows electric field distribution at the frequency 410 THz with Fermi
level 0.7 eV in which perfect absorption has been reported. It is worth noting that the
absorption of graphene metasurface depends on the oscillator strength of the
graphene, in which low carrier mobility of the graphene results in poor performance.
To compensate the deficiency, the noble metallic grating is incorporated to enhance
near-field around graphene meta-surface as large as 5 order of magnitude, as shown
in Fig.2.3. The maximum absorption of 99.5 % paves the way to introducing perfect
absorption light modulation by coupling graphene plasmonic resonances to noble
metal plasmonic resonances
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CHAPTER 3
Dynamically Tunable Reflecting Near-infrared
Bandpass Filter Based on Hybrid GrapheneNanometallic Structure
Dynamically tunable reflecting near-infrared bandpass filter based on a hybrid
graphene-nanometallic structure is demonstrated by numerical simulation. The
proposed filter is constructed by unit cells with graphene monolayer embedded into
the nanometallic grating structure. The gradual transition of graphene monolayer,
from very thin metal to dielectric, plays the key role to tune the reflection spectrum
of the structure. Its frequency spectrum is also analyzed, which clearly shows a blueshift of passband with increasing graphene Fermi energy. The filter parameters are
investigated by varying graphene Fermi energy through external voltage gates. The
modulation depth, center frequency, bandwidth, and quality factor of the filter could
be tuned. We achieved stable modulation depth as high as 0.735, and the quality
factor as high as 3.5. The center frequency can be tuned in a broad range from 210
to 230 THz and bandwidth tuning from 60 to 95THz[28, 29]. The effect of nanogap
size and environment refractive index is also numerically investigated. These results
are very promising for the future use and integration of the proposed filters as a key
element of the optical communication system and infrared sensing.
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3.1 Introduction
Surface plasmon polaritons (SPPs) are localized transverse magnetic (TM)polarized optical surface waves that have the potential to guide light at a deep
subwavelength scale[30, 31]. The SPPs propagate along with metals and dielectric
materials typically at the visible or infrared wavelength and have the unique ability
to overcome the diffraction limit in conventional optics. Nanophotonics research
initially studied on SPPs in active metal-based, and later semiconductor-based,
plasmonic devices in the ultraviolet to near-infrared. However, the presence of a
resistive heating loss in noble metals such as gold and silver and lack of dynamic
spectral tuning constrained the performance of the former plasmonic devices[32].
Because of these drawbacks, graphene as a monolayer of carbon atoms packed into
a dense 2D honeycomb crystal lattice has attracted worldwide interest due to its
remarkable electronic, mechanic, and optical properties including low losses,
extreme confinement [33], light absorption[34, 35], high carrier mobility[36, 37],
bipolar electrical tunability[38] and anomalous quantum Hall effect in electrical
transport [39, 40]. In particular, the surface conductivity of graphene can be
dynamically tuned by changing the Fermi energy through chemical doping [41, 42]or
electrostatic gating[43] and allows for unprecedented tunability of graphene-based
electromagnetic structures since engineering SPP waves is feasible by tuning the
surface conductivity of graphene through external voltage gating. Owing to its
unique properties, graphene has become a platform for the design and investigation
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of new plasmonic devices at the near infrared region and beyond. Currently, plenty
of graphene-based plasmonic components have been designed and investigated
ranging from detectors[44, 45], waveguides[46, 47], antennas[48-50], reflect
arrays[51], optical polarizers[52, 53] and filters[54-59]. All these devices provide
basic building blocks for the implementation of graphene-based plasmonic devices
and next-generation integrated optical circuits.
Plasmonic filters are essential elements of compact optoelectronic devices, which
are commonly used in infrared sensing and information processing systems. Due to
low confinement and difficulty to adjust characteristic parameters of traditional
metal-based plasmonic filters upon fabrication [31, 60], graphene-based plasmonic
filters have been introduced and widely investigated [54-57, 61]. In graphene-based
structures, filter parameters such as center frequency and bandwidth are dynamically
tuned in a more convenient way by varying surface conductivity of graphene, and
plus, they exhibit better performance than that of traditional metal-based filters.
Despite its atomically small thickness, graphene can be a promising candidate for
tunable and high-speed plasmonic components, especially in structures with high
localized field enhancement.
In our work, we propose a tunable flat-top bandpass filter based on graphene
embedded into the nanogaps of plasmonic nanoparticles (NPs) to achieve broad
tunability in a higher-order near-infrared (NIR) reflecting filter. The structure is
composed of a graphene monolayer constructed on a gold substrate. A chain of NPs
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is used to overcome the mismatch of the incident free-space light wavevector to the
surface plasmon resonance. In addition, since a general way to achieve a higher-order
filter is to have mutually-coupled resonators, coupled adjacent NPs play the key role
in realizing a higher-order bandpass filter with flatter passband, sharper roll-off and
higher out of band signal rejection. Thanks to embedded graphene in the nanogap,
we achieve dynamic control of the bandpass filter resonances with a large tuning
range of 150 THz to 3000 THz based on varying the Fermi level of the surface
conductivity of graphene through external voltage gates. The filter center frequency
can be tuned from 210 to 230 THz with a stable modulation depth as high as 0.735,
Q-factor as high as 3.4, and tuning bandwidth from 60 to 95 THz based on electrical
tunability of graphene. Therefore, filter parameters can be adjusted by varying
graphene Fermi energy.
Thus, the aim of the paper is twofold: first, we propose a novel hybrid graphenenanometallic structure that makes use of the advantages of NPs in the graphenebased NIR filter. Second, we measure how much improvement can be obtained.
The proposed plasmonic filter exhibit outstanding characteristics and will benefit
compact, versatile integrated optical circuits in the near-infrared region for optical
communication, biomedical diagnostics, and biological sensing.
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3.2 TM Modes of Graphene Plasmon
The dispersion relationship of TM modes of a graphene monolayer is expressed as
[62]
𝜀𝑟1
2
√𝛽(𝜔)2 − 𝜀𝑟12𝜔
𝑐

+

𝜀𝑟2
2
√𝛽(𝜔)2 − 𝜀𝑟22𝜔
𝑐

=−

𝜎(𝜔)𝑖

(3.1)

𝜔𝜀0

where 𝜀𝑟1 and 𝜀𝑟1 are the relative permittivities of surrounding media above and
below the graphene, respectively, and σ(ω) is the frequency-dependent complex
surface conductivity of the graphene monolayer. The dispersion relation of graphene
plasmons in the quasi-static regime (𝛽(𝜔) ≫ 𝜔⁄𝑐) is obtained
𝛽(𝜔) =

2𝑖𝜔𝜀𝑒𝑓𝑓 𝜀0

(3.2)

𝜎(𝜔)

where 𝜀𝑒𝑓𝑓 is effective environment permittivity. The complex surface conductivity
of graphene in infrared and visible region is calculated using Kubo formula as
𝜎(𝜔) = 𝜎𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑖𝑛𝑡𝑒𝑟 , where 𝜎𝑖𝑛𝑡𝑟𝑎 corresponds to the intraband electron-phonon
scattering and 𝜎𝑖𝑛𝑡𝑒𝑟 is interband transition. The simplified frequency-dependent
optical conductivity of graphene σ(ω)considering both the interband and intraband
optical transitions is shown
𝑗𝑒 2 |𝐸 |

𝑗𝑒 2

2|𝐸 |−(𝜔+𝑗𝜏−1 )ℏ

𝑓
( 𝑓
)
𝜎(𝜔, 𝜏 , 𝐸𝐹 ) = 𝜋ℏ2(𝜔+𝑗𝜏
−1 ) + 4𝜋ℏ ln 2|𝐸 |+(𝜔+𝑗𝜏 −1 )ℏ
𝑓
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(3.3)

Here 𝐸𝑓 is the graphene Fermi level, e is the elementary charge, ℏ is the reduced
plank constant, and 𝜏 stands for intrinsic relaxation time of graphene considering
electron impurity, electron defect, and electron-photon scattering. The intrinsic
relaxation time 𝜏 is given by[63]

𝜏=

𝜇|𝐸𝐹 |

(3.4)

𝑒𝜗𝐹2

where 𝜇 is graphene carrier mobility and 𝜗𝐹 is Fermi velocity in the graphene
(𝜗𝐹 ≈1×108 cm/s). The carrier mobility of the high-quality suspended graphene was
reported in excess of 15000 cm2 V-1s-1[64].The mobility could reach to 40000 cm2 V1 -1

s on a silica substrate. To improve the credibility of our numerical simulation

results, we limit the carrier mobility to 428 cm2 V-1s-1 at room temperature (T=300
K) corresponding to the relaxation time 𝜏= 0.03 ps for 𝐸𝑓 =0.7 eV. The simulation
results are based on the fixed relaxation time 𝜏= 0.03 ps and varied Fermi energy.
Note that the Fermi energy employed in our work is limited to the range of 0.7-1 eV
in order to have the low-loss plasmonic response of graphene in NIR[65]. By using
equations (3.1-4), the complex permittivity of graphene is calculated as a thin film
with a thickness of 1 nm (see methods).
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3.3 Model Construction and Mechanism of Bandpass Filter
The proposed bandpass filter is depicted in Fig.3.1. The periodically linear array
of Au nanoparticles (NPs) with diameters D=80 nm are located over a graphene
monolayer. The interspace between adjacent NPs is G=30 nm as displayed in the
inset (b) of Fig.3.1. Moreover, the graphene monolayer is deposited on the SiO2
substrate with a thickness of t=150 nm and 100 nm gold as a back reflector. In
addition to couple with the graphene, the silica layer ensures the tuning feasibility of
the chemical potential. The period of the proposed filter unit cell is W=120 nm on xdirection and L=650 nm on y-direction. As displayed in the inset (c) of Fig.3.1, the
transverse magnetic (TM) polarized incident plane wave is diffracted by the
periodically corrugated structure, and then the scattered lights as a result of
diffraction induce surface plasmons around Au NPs. The excited localized surface
plasmons around the NPs then tunnel through the subwavelength top metal slits and
excite surface plasmon polaritons (SPPs) of the graphene monolayer.
The top metallic pad serves as the electrodes to tune the Fermi level of the
graphene by applying a gate voltage (VG). It is worth noting that the charge carrier
density at the graphene-gold contact is not pinned and can be tuned by an electrostatic
gate[66, 67].
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Fig.3.1. (a) Illustration of the proposed bandpass filter (b)Top view (c) side view of
filter unit cell illuminated by TM polarized incident light configuration. The
geometrical parameters are as follows: D= 80 nm, G=30 nm, W=120 nm,
L=650 nm, respectively.(d) The gate voltage (VG) vs. Fermi-level EF .
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An expression to relate 𝐸𝐹 and the applied top-gate voltage (VG), is given by [68],

𝑉𝐺 =

𝐸𝐹
𝑒

𝑛𝑒

+𝐶

𝐺

where n is the charge carrier concentration and 𝑐𝐺 is the geometric capacitance. Since
the Fermi energy in graphene follows as 𝐸𝐹 (𝑛) = ℏ|𝜈𝐹 |√𝜋𝑛 and 𝑐𝐺 ≈ 2.2
× 10−6 𝐹. 𝑐𝑚−1 (as top-gated graphene using a solid polymer electrolyte ), From Eq.
(3.5) we get

𝑉𝐺 = 1.16 × 10−7 √𝑛 + 0.723 × 10−13 𝑛

(3.6)

Where n is in units of 𝑐𝑚−2 . Note that the charge carrier density (n) in a top-gated
graphene could reach up to 1014 𝑐𝑚−2 [69]. Fig.3.1(d) shows how VG can be
changed with the various Fermi level.
Fig.3.2 indicates that by increasing incident wave frequency from 100 THz to
400 THz, one can see we have a large reflection at 210 THz and almost reflectionless
transmission across the NPs at out of band frequency such as 350 THz and 400
THz.Furthermore, at the higher frequencies, the localized surface plasmons of
subwavelength metal slits and graphene monolayer are intensified, and the electric
field strength in the nanogap is stronger than that of other areas with the Fermi energy
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level of graphene fixed at 0.7 eV. It is worth noting that the effect of graphene
monolayer outside of the nanogaps is almost negligible since the strength of hotspots
resulting from graphene-light interaction within the nanogap is much larger than
other areas[50]. The presence of graphene within the nanogaps of adjacent NPs
resembles cascading multiple resonators into the system. Meanwhile, absorption is
maximized due to the strong plasmonic resonance effect by increasing free-space
frequency to the 400 THz. It is worth mentioning that in our structure, absorption A
2
2
is calculated from the complex S-parameters by A=1-|𝑆11
|-|𝑆21
|,

where 𝑆11 is the reflection coefficient and 𝑆21 is the transmission coefficient. Since
in our design, the ground is Au, and its thickness is 100 nm, which is much larger
than its skin depth, the transmission coefficient 𝑆21 =0. Therefore, the absorption
2
expression could be simplified as A = 1- |𝑆11
|.
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Fig.3.2 Simulation results of electric field |Ey| distributions at free space frequency
(a) f= 100 THz (b) F=150 THz (c) f=210 THz (d) f=270 THz (e) f=350 THz
(f) f=400 THz.

In order to gain more physical insight into the function of our proposed structure,
the isolated graphene permittivity and imaginary part of its surface conductivity are
surveyed. As shown in the inset (a) of Fig.3.3, one can see the graphene acts as a
metal at a lower frequency range started from 100 THz at the various Fermi levels
due to its negative real part of relative permittivity. Also, the graphene is
experiencing spectral regions where the real permittivity is positive; hence a
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crossover point between these two regimes exists. As a result, one can see the effect
of transition condition in the frequency response as frequency increases and the
crossing through epsilon-near-zero (ENZ) condition where Re(𝜀~0). Since phase
velocity for electromagnetic waves depends on permittivity 𝜀 and permeability 𝜇 and
it is then given as 𝜈=1/√𝜀 𝜇, phase velocity approaches a very high value resulting
in long-wavelength at higher frequency[70]. As a result, we expect to see the
dispersion effect associated with ENZ show slowly varying spectral shifts for
resonance frequency beyond the ENZ condition[71]. In addition to the graphene
permittivity, the imaginary part of complex surface conductivity (𝜎 = 𝜎𝑟 + 𝑖𝜎𝑖 ) also
plays a key role in the scattering response of the structure.

Fig.3.3(a) Real part of permittivity and (b) Imaginary part of conductivity of isolated
graphene as a function of Fermi energy level
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As shown at the inset (b) of Fig.3.3, the imaginary part of its conductivity can attain
negative and positive values in different spectral regions depending on the Fermi
energy levels varied from 0.7 eV to 1 eV. It is well known that when 𝜎𝑖 >0 , a
graphene monolayer can be regarded as a very thin metal layer which supports TM
electromagnetic SPP surface waves and for 𝜎𝑖 <0, graphene may only support
weakly

guided

transverse-electric(TE)

electromagnetic

SPP

surface

wave[72].Therefore, gradual the gradual transition of graphene monolayer from
metal to dielectric leads to different reflection and absorption behaviors of the metalgraphene interface.

ℏ𝜔
𝜎

ℏ𝜔
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Fig.3.4. Optical response of high-doped graphene in the NIR and visible range.
Plasmonic and lossy regimes are shown by arrows on the top for graphene
with EF= 1 eV. A narrow spectral range at which graphene behaves as a
dielectric occurs at 𝜔 = 2𝐸𝐹 ⁄ℏ inside the high-frequency lossy regime.
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3.4 Tunable Reflectivity of Proposed Bandpass
Filter using Graphene Monolayer.
A filter is typically characterized by parameters such as center frequency,
bandwidth, modulation depth, and selectivity[73]. Modulation depth (MD) is an
important figure-of-merit defined as MD=(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛 )/𝐼𝑚𝑎𝑥 where 𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛
are the maximum and minimum reflectivity, respectively[74]. In practical filters,
bandwidth is commonly defined as the frequency range that exists between two cutoff frequencies (𝑓1 and 𝑓2 ) where 𝑓1 and 𝑓2 are the lower and higher cut-off
frequency of the reflectance characteristic, respectively. These cut-off frequencies
are 3dB below the maximum center or resonant peak. The bandwidth of a filter is a
crucial factor to show its ability to isolate, or filter out, within a particular band of
frequencies; hence bandwidth determines the resolution of the filter. The center
frequency f0 is the arithmetic mean of f1 and f2. In addition to the bandwidth,
selectivity also cooperates to determine the resolution capability of a filter.
Selectivity is a critical parameter of a filter indicating its ability to separate
components of widely different levels. The quality factor is a common figure of merit
parameter of the selectivity defined as the center frequency of bandpass divided by
the 3-dB bandwidth.
A numerical simulation using a commercial finite-element method software
(COMSOL Multiphysics) was performed to analyze the proposed filter. The
reflection spectra of the periodic structure as a function of frequency and Fermi level
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(𝐸𝑓 ) is shown in Fig.3.5(a). The subwavelength metal slits significantly enhance the
reflection by exciting SPPs of the graphene monolayer from the range of frequency
150 THz to approximately around300 THz based on graphene Fermi energy levels.
Tunable reflection can be observed in the proposed filter structure due to the presence
of graphene SPPs at broad spectral range as the negative permittivity region extends
to all frequencies below the bulk plasma frequency (𝜔 < 𝜔𝑔𝑝 )[75]. One can see by
increasing the Fermi energy level, the corresponding plasma frequency of graphene
linearly increases; therefore, for a higher Fermi level, we expect a broader reflection
spectrum, as illustrated in Fig.3.5(a).
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Fig.3.5 (a) Simulated reflection spectra of the bandpass filters with

𝐸𝑓 equal to

0.7 , 0.8 , 0.9 and 1 eV, respectively and 𝜇=428 cm-1 V-1s-1 (b) The filter
parameters including bandwidth, center frequency, Q factor and modulation
depth of reflection spectra in Fig.3.5(a).
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Fig.3.5(a) shows the reflection spectra of the proposed filter structure with
different Fermi energies under normal incidence illumination. Graphene Fermi
energies are set as 0.7 eV , 0.8 eV, 0.9 eV and 1 eV, respectively. It is seen that the
leading edge and falling edge of the filter spectrum are dynamically blue-shifted via
manipulating the Fermi energy of the graphene layer through controlling external
gate voltage. The blue shift effect is explained by applying perturbation theory to
Maxwell's equations for small shifts in dielectric interface[76]. So when graphene as
a tunable material is placed in the vicinity of a metamaterial resonators, the effect of
the electrostatic of graphene doping on the resonant angular frequency 𝜔 is given
by[50]

2

3

∆𝜔⁄ = − ∭ ∆𝜀|𝐸| 𝑑𝑟
𝜔
2 ∭ 𝜀|𝐸|2 𝑑𝑟 3

(3.5)

Where ∆𝜔 is the total resonance shift, ∆𝜀 is the change in permittivity. As previously
shown in Fig.3.3(a), when the graphene Fermi energy increases, the real part of the
graphene permittivity decreases ∆𝜀 <0;

with regard to Eq.(3.5), the total resonance

will be blue-shifted ∆𝜔 >0. The falling edge, compared with the leading edge of the
filter frequency spectrum, has slowing varying frequency shifts for all Fermi levels
due to the aforementioned reason of being beyond the ENZ point. As illustrated in
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Fig.3.5(a), it can be seen that larger Fermi energy level causes wider bandwidth with
an increase in amplitude. In particular, better passband shape without ripples appear
for a smaller value of 𝐸𝑓 . Moreover, destructive interference, which is the result of
the multi-reflection process between the graphene-metal, generates reflection peaks
on the right rejection band, this degradation exists only on the right side of the
frequency response of the filter because absorption increase and plasmonic response
tends to reduce on graphene layer for the frequencies satisfying ℏ𝜔 > 2𝐸𝑓 . For
instance, this criterion occurs around at 270 THz showing resonant dip for the Fermi
energy 0.7 eV, as depicted in Fig. 3.5(b).

3.4.1 Filter parameters
The robust analysis of reflection properties is displayed in Fig.3.4(b) . Our results
show that when the Fermi level is increased from 0.7 eV to 1 eV, all filter parameters
except Q-factor have an increasing rate; therefore, it should is a trade-off between Q
factor of the proposed filter and other parameters. It should be noted that the
modulation depth indicates slight variations of 0.025. The modulation depth is as
high as 0.735for 𝐸𝑓 =0.8 eV, and as low as 0.71 for 𝐸𝑓 =0.9 eV. The filter exhibits an
electrical tunability. When 𝐸𝑓 increases from 0.7 to 1 eV, the center frequency
experiences a blue shift from 210to 230THz, showing 20 THz tunability range. The
bandwidth in the tuning process increases from 60 to95 THz for 𝐸𝑓 =0.7 eV and 1
eV, respectively. For 𝐸𝑓 =0.7 eV, we have better selectivity parameter with Q = 3.4,
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while the filter set Q=2.4 for 𝐸𝑓 =1 eV. One can see the frequency response of lowest
Fermi energy 𝐸𝑓 =0.7 eV offers better selectivity, flatter-top and sharper roll-off.
Plus, we observe that the proposed filter exhibits high-order Chebyshev bandpass
filter characteristics with small ripples on the passband and sharp roll-off.

3.4.2 Influence of graphene monolayer
Fig.3.6(a) compares the reflection spectra of the graphene-based metallic
grating structure and non-graphene structure. It is illustrated graphene-based
structure with 𝐸𝐹 =0.7 eV and 𝜇=428 cm2 V-1s-1 provides better selectivity and out
of band filter characteristics compared to that of non-graphene structure. To be more
specific, graphene-based structure has almost two times higher Q-factor and
smoother spectral line shape in the passband. The total field distributions of the
graphene-based and non-graphene structure at f= 250 THz are shown in Figs.3.6(b)
and (c). It is clear that the instructive interface of the radiated waves produced by the
coupled NPs at the non-graphene structure leads to high reflection. In contrast, the
graphene-based structure is experiencing the absorption beneath the subwavelength
metal gaps exhibiting low reflection at the f= 250 THz, as shown in Fig.3.6(b).
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Fig.3.6. Influence of graphene and the number of NPs on the performance of the
proposed filter. (a) Comparing reflection spectra of the graphene-based filter
with non-graphene structure, (b) graphene-based (c) non-graphene structure.
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3.4.3 Filter order
A comparison of the passband characteristics of filters composed of N= 1, 3, 5,
and 7 coupled NPs is shown in Fig.3.5(b). The Fermi level of graphene is fixed at
0.7 eV and 𝜇 = 428 cm2 V-1s-1. As depicted in Fig.3.5(b), the number of NPs offer
dramatic control over the plasmonic response and improve the filter performance
over that of a single NP by providing larger out of band signal rejection and more
flat passband response. It is worth noting the coupled NPs show the number of filter
order[77, 78], as the filter order increases or, in other words, as the number of NP
increases, the filter has overall better performance. However, for the array with more
than five NPs, for instance, in the case of N= 7, the filter shows a weak performance
with distorted passband. So the NPs array composed of five Au NPs is chosen as the
highest order that the proposed filter can get to have flatter passband and better out
of band rejection performance.
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Fig.3.7. Filter Order. Simulated spectra for the proposed filter at the various
number of NPs N= 1, 3, 5, and 7.

3.4.4 Geometry optimization
To achieve an optimum filter response, we performed full-wave simulations for
an array of five NPs with varying diameter D=20, 40, 80, 100 nm, and the fixed SiO2
thickness, t=150 nm, and 100 nm gold as a back reflector. The calculation performed
for E_f=0.7 eV and a graphene carrier mobility ( μ) of 428 cm2 V-1s-1, as shown in
Fig.3.8(a). One can see that the bandwidth decreases as the diameter of the NPs
increase, however the Q factor and out of band rejection show better performance for
the larger NPs. We have chosen the D=80 nm over D=100 nm as an optimum
diameter of NPs for having more efficient passband, better out of band rejection
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performance, and for serving as smaller size filters. The inset of Fig.3.8(a) shows the
modulation depth as a function of the gap size of adjacent NPs with the fixed
diameter D= 80 nm. The simulation results reveal that the modulation depth
improves by 5 percent at G= 30 nm. It should be pointed out gap size is chosen to be
much smaller than both free-space wavelength and the graphene plasmon wavelength
to fulfill the condition of impedance matching, which can broaden bandwidth and
flatten the band with a high reflection[21, 50].
Figure 3.8.(b) shows the reflection spectra for the various SiO2 thickness t= 80
nm, 100 nm, 120 nm, and 150 nm with the fixed NPs D= 80 nm, the same thickness
of 100 nm for the back reflector. It can be seen that the filter spectrum is red-shifted
via changing the dielectric thickness (t). The thickness of t=150 nm provides at least
20% better out of band rejection performance in comparison with the smaller
thickness, as shown in Fig.3.8.(b).
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Fig.3. 8. Geometry study of the structure. (a) The reflection spectra at the various
diameter of NP (D) and the fixed dielectric and back reflector size of t=150
nm, and 100 nm, respectively. (Inset) Modulation depth as a function of gap
size (b) Simulated reflection spectra at the various dielectric thickness (t) and
fixed NP diameter (D) and back reflector.
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3.5 Simulation Methods
The proposed nanostructure is numerically modeled using a three-dimensional
(3D) frequency-domain finite element method (FEM). In 3D simulations, Floquet
ports with the perfectly matched layer (PML) absorbing boundary conditions were
used to reduce the reflection from boundaries. In addition, the unit cell with periodic
boundary conditions in x and y directions was also performed. A TM polarized plane
wave is used as the incident wave. In calculation, a dynamic mesh setting is
implemented to maximize the numerical calculation efficiency and guarantee good
convergence for simulated results. The minimum mesh size inside the graphene layer
equals 0.5 nm and gradually increases outside the graphene layer for saving storage
space and computing time. The graphene sheet is modeled as an infinitesimally thin
layer with finite dimensions in the x-y plane. The surrounding medium is considered
to be uniform with refractive index n=1.

3.6 Proposed fabrication method
A large area graphene sheet is typically grown on a piece of Cu foil using
atmospheric pressure chemical vapor deposition (CVD). After spin-coating
Polymethylmethacrylate (PMMA) on top, it is first transferred on one side of the
foil, and the Cu foil is subsequently washing away. The graphene/PMMA film is
rinsed in deionized water and transferred onto the substrate. Then the PMMA layer
is typically removed with acetone. The NPs array and metal contact pads are
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fabricated on the graphene sheet by electron beam lithography (EBL), electron beam
evaporation, and lift-off. The 100 nm Au layers could also be deposited on the
backside of the substrate by e-beam evaporation[21, 51, 52].

3.7 Conclusion
Dynamically tunable reflecting passband filters based on the hybrid graphenemetal structure are proposed and numerically investigated at near-infrared frequency
regions. The proposed high-order bandpass filter can obtain a high broadband
reflection and flat-top bandpass filtering in the spectral range of 150 to 300 THz via
embedding a graphene monolayer as a spacer material of the metallic grating
structure. Specifically, the modulation depth, bandwidth, center frequency, and Qfactor for the filter can be flexile and blue-shifted by increasing Fermi energy of
graphene monolayer through external voltage gating instead of re-constructing the
geometric structure. The filter has a stable modulation depth, which is as high as
0.735, and the bandwidth is linearly increased from 60 to 95 THz with the increment
of graphene Fermi energy. Moreover, the center frequency is progressively tuned
from 210 to 230THz, while the Q-factor is downgraded from 3.4 to 2.4. These
findings hold the potential to impact the fabrication of versatile, compact devices in
the near-infrared region for all-integrated graphene plasmonic devices, sensors, and
optical communication.
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CHAPTER 4
Low Threshold Plasmonic Nanolaser in Strongly
Coupled Graphene/ZnO Nanocavity Arrays

Plasmonic nanolaser operation at a visible regime is typically constrained by large
Ohmic and radiation losses. As a result, lasing action at the visible range is usually
achieved either with a high threshold or at cryogenic temperatures. Particularly, the
bending-back effect of surface plasmon (SP) dispersion at high energy makes the SP
lasing below 450 nm more challenging. In this work, we demonstrate a robust singlemode ultraviolet plasmonic nanolaser with a graphene monolayer coupled to ZnO
nanobar arrays with novel heterostructure design that can operate at room
temperature with an extremely low threshold (~2.2 MW/cm2). Through the coupling
between graphene SP modes and conventional optical nanocavity modes of ZnO, the
improved lasing performance was realized, including the lowered lasing threshold,
the improved lasing quality and the remarkably enhanced lasing intensity. The
underlying mechanism of the improved lasing performance was proposed based on
theoretical simulation. The results are helpful to design new types of optic and
photoelectronic devices based on SP coupling in graphene/ZnO hybrid structures for
biological applications and information technologies.
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4.1. Introduction
In recent years, surface plasmon (SP) nanolasers have motivated rapid progress
and utilization due to the unique capability of generating small coherent light
sources in an ultra-deep subwavelength regime[1]. The SP lasing of noble metals
has

been

demonstrated

in

many

literatures

such

as

insulator/metal

nanowaveguides[79, 80], metal nanosphere cavities[81], and coupled plasmonic
crystal[82, 83]. However, the efficiencies of metal-based plasmonic nanolaser have
been unsatisfying and limited due to high intrinsic metal Ohmic losses and radiation
leakage compared to their dielectric counterpart, particularly in the visible and
ultraviolet (UV) regime [84-86].
UV laser (200-400 nm) has numerous potential applications such as highresolution bio-imaging, laser therapy, optical storage, and subwavelength
photolithography[87-89]. However, the lasing below 450 nm is challenging due to
the intrinsic Ohmic loss[30, 90]. Recent efforts on UV laser particularly using
semiconductor materials such as zinc oxide (ZnO) has been considered as a
competitive candidate for UV lasing based on its wide bandgap (3.37 eV) and high
exciton energy (60 meV) [91-94]. However, its big cavity losses and the diffraction
limit make it difficult to realize high lasing output [1, 84].
Graphene has attracted much attention since its discovery in 2004 due to its
remarkable electrical, optical, and mechanical properties. Unlike its low absorption
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feature in the visible range, graphene shows an abnormal absorption in the UV
region due to its especial electronic structure and Dirac-Fermionic energy
dispersion [95]. This unique absorption feature indicates the excitation of the
spectrally broadened SP modes in graphene [1]. Graphene, coupled to ZnO,
revealed to improve optical performance and support efficient exciton-plasmon
energy transfer.
In this study, we report a strong single-mode room temperature graphene/ZnO
UV (~340 nm) plasmonic nanolaser with an extremely low threshold (2.2
MW/cm2). We demonstrate the outstanding performance of the proposed hybrid
plasmonic nanolaser is unambiguously attributed to the efficient exciton-plasmon
energy transfer between ZnO nanobars and graphene monolayer. Also, the coupling
between graphene SP modes and the conventional optical nanocavity modes. In
addition, we investigated using Indium Tin Oxide (ITO)/ amorphous Silicon(a-Si)
as a back reflector to mitigate the Ohmic loss in the cavity and offering excellent
lasing performance in our novel UV lasing heterostructure. The interaction
mechanism was demonstrated through numerical method simulation.
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4.2. Structure of Ultraviolet Plasmonic Nanolaser Devices
In nanolaser device, it is well known there are three significant factors to realize
an SP lasing in UV region: contact interface, high-quality cavity, and effective
coupling of plasmons and excitons. The graphene/ZnO UV nanolaser structure is
illustrated in Fig.4.1(a). The nanolaser system is comprised of silicon nitride (SiNx)
and silicon dioxide (SiO2) as a membrane with a thickness of 45 nm and 8 nm,
respectively.

Since the membrane plays a role as optical nanocavity, the careful geometry
study has been performed to determine the optimized membrane thickness to have a
single robust mode plasmonic laser in the wavelength of range between 330 to 350
nm. Besides, a 5 nm indium tin oxide (ITO) and a 60 nm amorphous silicon (a-Si)
are used as a back reflector to form an optical nanocavity below the graphene
monolayer. The optical cavity maximized the electric field on the surface, which
leads to enhanced absorption in graphene monolayer. The near field intensities
around graphene are observed.
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Fig. 4.1. (a) Nanocavity-coupled to hybrid graphene/ZnO nanobars Device
geometry. The cross-sectional electric field in the gap region below ZnO
nanobars. (b) with the presence of graphene monolayer (c) without
graphene.

The rectangle array of ZnO nanobars with the 100 nm length, 50 nm width, and 50
nm height placed on a graphene monolayer excite both the localized surface
plasmons (LSPs) and the surface plasmon polaritons (SPPs). The interspace between
adjacent ZnO nanobars is 30 nm. In addition to the nanocavity thickness, the ZnO
width also plays an essential role in having a single-mode laser. Since ZnO width is
a small value of 50 nm, the only surface plasmon mode could exist in the cavity, as
shown in Fig.4.1(b). The sufficient photonic and plasmonic coupling existence

Intensity (W/𝑚2 )

Intensity (W/𝑚2 )

Fig 4.1(c). The presence of graphene leads to a sharper and stronger cross-sectional
electric field in Fig4.1(b) compared with the Fig4.1(c) in which graphene is not
present.
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between ZnO exciton and graphene SPs improve the lasing performance. In fact,
unlike cylindrical nanowire with a point interface, a large contact area of ZnO
ensures a more considerable photonic-plasmonic modal overlap. It implements an
effective energy-transfer channel of exciton-plasmon coupling to make full use of
the optical gain from nanocavity. A more explicit comparison of lasing behavior
and performance with a graphene/non-graphene structure is shown in Fig4.1(b) and

4.3. Numerical analysis of lasing characterization
A numerical simulation using a commercial finite-element method software
(COMSOL Multiphysics) was performed to analyze the optical field distribution and
the model structure in the bare and hybrid nanocavity.
Figure.4.2 (a) and (b) shows the optical field distribution in the y-z plane (the
cross-section plane) of the graphene/non-graphene-based nanostructure. As shown
in Fig.4.2(a), the graphene-based structure demonstrates better lasing performance
compared with the non-graphene-based nanostructure due to the coupling of SP
modes with conventional optical nanocavity modes. As aforementioned, graphene
SPs strengthen the light-matter interaction as SPs provided the highly subwavelength
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confinement. To be more explicit, after the graphene monolayer was covered on the
SiO2/SiN nanocavity, its abnormal UV absorption can lead to localized SP excited
along with the interface of the graphene with ZnO nanobars and the optical cavity
(SiO2/SiN). As a result, the graphene monolayer formed an overlap region along
with the interface.
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Fig.4.2. The optical field distribution in the y-z plane (the cross-section plane) of (a)
graphene-based (b) non-graphene structure. (c) Comparison between the
resonance spectrum of the stored energy in graphene-based and non-graphene
based nanostructure.
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The excited SP wave, which has the evanescent nature, would be confined in the
overlap region and strongly localized at the deep-subwavelength scale. Therefore,
the electric field intensity around the graphene monolayer largely depends on
ZnO/graphene contact area and Fabry Perot interference. While the back reflector
(ITO/a-Si) increases the field strength, larger improvements can be achieved with a
carefully designed ZnO/graphene contact area harvesting light efficiently, which we
outlined in Fig.4.2 (a) and (b).
Figure.4.2(c) illustrated the comparison of the resonance spectrum of the stored
energy for the graphene/non-graphene based nanolayer structures. As shown in
Fig.4.2(c), the presence of graphene leads to the narrower full width at half
maximum(FWHM) and more towering stored energy peak of the resonant mode,
reflecting the improved lasing quality of the graphene-based nanolaser to that of nongraphene based one.
A side-by-side comparison of optical responses between plasmonic and nonplasmonic back reflector proves the critical role of managing the Ohmic loss of
nanocavity to get higher lasing quality and essentially to get miniaturized dimension
nano-plasmonic laser. In conventional semiconductor-insulator-metal (SIM)
heterostructure laser, emitted photons are confined in the active layer as they are
reflected by a heterostructure dielectric discontinuity on one side and perfectly
reflecting surface of the metal on the other side. Although SIM heterostructures
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provide an intense coherent light, it generally suffers from large Ohmic loss. In our
proposed heterostructure, we use ITO as a transparent conducting oxide (TCO) with
a-Si as a back reflector to trap the emitted photons in the nanocavity.
Figure.4.3 shows the comparison of the total dissipation as a function of incident
light wavelength ranging from 300 nm to 345 nm in the proposed and the noble
metals-based heterostructures. As expected among noble metals, aluminum shows

Fig.4.3 Comparison of total power dissipation of plasmonic and non-plasmonic materials
(Al, Ag, Au, ITO/a-Si) as a back reflector in the heterostructure laser.
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better performance compared to the gold and silver by showing lower dissipation.
However, the ITO/a-Si outperforms all the noble metals by offering negligible the
total dissipation.
It is worth noting that we consider the same lasing output power to compare the
total dissipation power in the different heterostructures. In our simulation, we use
300 nm noble metal thickness to have comparable lasing output power in comparison
with a 65 nm ITO/a-Si thickness. Therefore, not only our proposed ITO-based
heterostructure laser is well-designed to manage Ohmic loss, but also it offers
miniaturized heterostructure laser compared to that of noble metals-based.

Fig.4.4 Emission intensity of proposed ITO-based heterostructure laser as a function
of the incident wavelength.
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Arrays of ZnO/graphene hybrid nanocavity induce ultra-narrow and strong
directional lasing emission. To engineer each unit cell of the proposed periodic
heterostructure, we survey the emission intensity of nanolaser as a function of the
number of ZnO nanobars, as shown in Fig.4.4. Not unexpectedly, the higher the
number of nanobars, the more intensity emission we get. However, there should be
a trade-off between the number of nanobars and the size of the nanolaser. We have
chosen the optimum number of seven ZnO nanobars in each unit cell to have strong
lasing performance along with keeping the laser size small.

Figure 4.5 (a) and (b) show the FEM calculated extinction, scattering, and
absorption spectra of the proposed heterostructure laser with and without graphene.
It is realized that the photonic mode has scattering loss more than absorption loss in
the nanostructure without graphene. Besides, it has two broad peaks at 339.3 and
340.5 nm, which could be attributed to the nanocavity and ZnO arrays, as shown in
Fig.4.5(a). In such a structure, the clear signature of multiple photonic modes is
owing to a poor overlap between the photonic mode and the gain material. For the
nanostructure with graphene, it is revealed that the photonic-plasmonic hybrid lasing
modes have nearly equal contributions of scattering and absorption losses. Also, the
nanolaser shows the ultra-narrow peak at 340 nm, and two other suppressed bandedge modes at 339.3 and 340.5 nm.
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Cross-Section

Wavelength

(a)

(b)
Fig.4.5. Finite element method (FEM)-calculated extinction, scattering, absorption
spectra of nanolaser under the normal incidence (a) without graphene (b)
with graphene heterostructure. (Inset) comparison of emission intensity as a
function of power density (MW/cm2).
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In the graphene/ZnO hybrid system, graphene SP demonstrates a vital role in
improving the lasing action as it can be proven its role by comparison of Fig.4.5(a)
and (b). The inset of Fig.4.5(b) shows the lasing emission intensity of extinction
power density for the proposed laser with and without the graphene. The
graphene/ZnO hybrid structure has a higher output power of two orders of magnitude
compared to the non-graphene structure.

Fig.4.6. Laser oscillation and threshold characteristics of UV plasmonic nanolaser.
(Inset) the nonlinear response of the output power to the peak pump intensity.
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At moderate pump intensities (below 2 MW cm-2), we observe the amplified
spontaneous emission peak due to forming cavity mode. This occurs when the optical
gain compensates propagation losses and provides the room for the hybrid
plasmonic-photonic mode to resonate at the end-facets of ZnO nanobars. The three
spectra for different peak pump intensities exemplify the transition from spontaneous
emission via amplified spontaneous emission to full laser oscillation, as illustrated in
Fig.4.6.
With the power density (Iex=2-3.2 MW cm-2) illustrated in the inset of Fig.4.6, the
output intensity shows dramatically increased at Iex= 2.2 MWcm-2, with the
appearance of a sharp peak (ultra-narrow full width at half maximum (FWHM~0.1
nm)) as shown in Fig.4.6. The S-shaped nonlinear response of the integrated output
power with increasing input intensity plot suggests the sufficient evolution from
spontaneous emission, amplified spontaneous emission to full lasing process. The
integrated emission intensity plot suggests a lasing (~340nm) threshold of 2.2 MW
cm-2 (Fig.4.6, inset).
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4.4. Conclusions
Plasmonic nanolaser based on hybrid graphene/ZnO is proposed and numerically
investigated in the ultraviolet frequency region. Improved lasing performance is
realized, including the lowered lasing threshold, the improved lasing quality, and the
significantly enhanced lasing intensity. The theoretical simulation indicates that the
graphene SP wave is excited along with the interface of graphene/ZnO, and the
crossover region provides a platform to realize the coupling interaction between
graphene SP modes and the ZnO lasing modes. The achieved results motivate new
ideas for designing of graphene-based heterostructure devices for various
applications.
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CHAPTER 5
CONCLUSIONS
Four keywords emerge from the most recent research on graphene plasmonic
devices, and they are miniaturization, lowering ohmic loss, intensifying light-matter
interaction, and applicable real-world platform. In this thesis, we aim to devise the
three new graphene-based nano-heterostructure arrays to enhance the graphene
plasmonic devices' efficiency and to link the feasibility of our designed
heterostructure with the physical world.
Chapter 2 addresses the first device. It is well-known that the graphene monolayer is
a good absorber in the near-infrared and visible range. However, the single atomic
layer of graphene is not efficient enough to be applicable. That is why the need for
designing a graphene-based absorber is surveyed and introduced in this chapter. The
graphene, coupled to the subwavelength metallic nanostructure, is described and
designed as a fabrication-oriented perfect absorber platform with low carrier
mobility.
Chapter 3 addresses the reflecting flat-top bandpass near-infrared filter. A broad
range of tunability is achieved based on the proposed nanostructure. By
implementing the suitable number of gold nanospheres in each unit cell, the high
order flat-top bandpass filter in the near-infrared range is introduced. The sharp roll-

59

off and low out of band rejection of the filter outperform the reported terahertz and
mid-infrared graphene-based filter characteristic. Besides, the graphene monolayer,
coupled to the subwavelength metallic structure overcomes the low modulation depth
in the conventional graphene plasmonic devices. Top-gated electrostatic gating,
along with a rapid cooling method, is proposed to increase the carrier density for high
Fermi levels dramatically.
Chapter 4 addresses the low threshold UV plasmonic nanolaser. We proposed UV
plasmonic nanolaser with an extremely low threshold and ultra confined mode
volume lasing. In our designed heterostructure, we incorporated ZnO nanobars
coupled to graphene SPs along with using ITO/a-Si as a back reflector to mitigate
the ohmic loss (in the conventional metal-semiconductor lasing nanostructure),
increase the exciton-plasmon energy transfer and to miniaturize the nanolaser
dimension.
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