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ABSTRACT

ELECTRICALLY TUNABLE PLASMON INDUCED
TRANSPARENCY IN HYBRID METAL-GRAPHENE
STRUCTURES

Mohsin Habib
M.S. in Electrical and Electronics Engineering
Advisor: Ekmel Ozbay
Co-Advisor: Hiimeyra Caglayan
June 2018

Hybrid metal-graphene structures offer design flexibility to manipulate and con-
trol light efficiently. These structures can be used to generate tunable plasmon in-
duced transparency (PIT) in transmission and reflection mode. PIT is plasmonic
analogue of electromagnetically induced transparency (EIT). PIT and reflection
type PIT (RPIT) devices have been investigated experimentally but they are not
tunable, and the numerical investigations of the tunable designs were limited to
simulations. A hybrid metal-graphene design is used to overcome these challenges
in this thesis. Tunable PIT and RPIT devices can be used for tunable enhanced
biosensing and switchable systems. PIT-effect has been numerically investigated
and experimentally realized in two devices with different dimensions. Numer-
ical simulations were performed using Finite Difference Time-Domain (FDTD)
method. The design is based on two parallel gold (Au) strips on top of the
graphene layer. PIT-effect has been achieved by weak hybridization of two bright
modes of these Au strips. The PIT-effect is tuned by changing the Fermi energy
(Ey) of graphene. Top gating method is used to achieve high tunability in the
experiments. Total shift of 263 nm is obtained in the PIT window by applying
the gate voltage up to 3 V. The spectral contrast ratio of the devices is up to
82%. In addition, tunable RPIT effect is achieved using the same metal-graphene
structure. I have numerically investigated the four layers design and experimen-
tally realized tunable RPIT. The response of this device is also tuned using top
gating method. The tunability of 220.8 nm is observed in RPIT peak for 3 V.

Keywords: Plasmon induced transparency, hybrid metal-graphene, and electri-

cally tunable.
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OZET

HIBRIT METAL-GRAFEN YAPILARINDA
ELEKTRIKLE DEGISTIRILEBILEN PLAZMONLA

UYARILMI§ GECIRGENLIK

Mohsin Habib
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Damsmant: Ekmel Ozbay
Ikinci Tez Damsmant: Hiimeyra Caglayan
Haziran 2018

Hibrid metal-grafen yapilari, 1181 etkili bir gekilde manipiile etmek ve kon-
trol etmek igin tasarim esnekligi saglar. Bu yapilar, iletim (transmission) ve
yansima (reflection) modlarinda ayarlanabilen plazmonla uyarilmig gegirgenlik
(PIT) diretmek igin kullamlabilir.  PIT elektromanyetik olarak indiiklenen
gecirgenligin (EIT) bir plazmonik analogudur. PIT ve Yansima Tipi PIT
(RPIT) aygitlar, deneysel olarak farkli gruplar tarafindan incelenmigtir fakat
bunlar ayarlanamaz ve bunlarin ayarlanabilir tasarimlarin sayisal analizleri
simiilasyonlar ile sinirlanmigtir. Bu tezde bu zorluklarin iistesinden gelebilmek
icin bir hibrit metal-grafen tasarimi kullanilmigtir. PIT-etkisi sayisal olarak in-
celenmig ve farkli boyutlardaki iki aygitta deneysel olarak gerceklestirilmistir.
Sayisal simiilasyonlar Zamanda Sonlu Farklar (FDTD) yontemi kullanilarak
gerceklestirilmistir. Tasarim, grafen tabakasinin tlizerinde bulunan iki parallel
altin geridine dayanmaktadir. PIT-etkisi bu altin serittin, iki parlak modunun
zayif hibridizasyonu ile basarilmigtir. PIT-etkisi grafenin Fermi enerjisinin (£y)
degisimi ile ayarlamr. Ustten kapilama metodu, deneylerde yiiksek ayarlan-
abilirlige ulagmak i¢in kullamlmigtir. 3V’a kadar Gate (kapi) voltaji uygula-
narak PIT penceresinde toplam 263 nm kayma elde edilmistir. Bu cihazlarin
spectral kontrast (izgesel kargitlik) oram % 82’ye kadardir. Ek olarak, ayarlan-
abilir RPIT etkisi ayn1 metal-grafen yapisi kullanarak elde edilmistir. Ayarlan-
abilir RPIT dort katmanl tasarimi, sayisal olarak aragtirildi ve deneysel olarak
gerceklestirildi. Bu aygitin tepkisi de iistten kapilama yontemi kullanilarak
ayarlanmaktadir. 220.8 nm’ lik bir ayarlanabilirligi RPIT zirvesinde 3 V ile

gozlemlenmigtir.
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Anahtar sozcikler: Plazmon uyarilmis gecirgenlik, ve hibrit metal-grafen, elek-

triksel olarak ayarlanabilir.
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Chapter 1

Introduction

The electromagnetically induced transparency (EIT) effect has been studied for
several years due to the great potential in slow light applications [1, 2, 3], quantum
information processing [4], optical switching [5], optical storage [6, 7], biosensing
8, 9, 10], optical modulation, and nonlinear enhancement in photonics [11]. The
EIT-effect can be realized by a three-level atomic system in which destructive in-

terference of the two excitation pathways result in a narrow transparency window
(12, 13, 14, 15].

Recently, the plasmon induced transparency (PIT), a novel effect analogous
to the EIT-effect has been investigated. The PIT has been observed in the vari-
ety of platforms, such as metallic nanoparticles [16, 17], metamaterial structures
[18, 19, 20, 21, 22, 23], plasmonic coupled nanocavities [24], hybrid plasmon
waveguide systems [25], and integrated photonic structures [26]. Metamaterials
are known as a powerful tool to control and manipulate the interaction of light
with materials. Therefore, the PIT designs based on metamaterial structures are
the most promising as they can be engineered for the desired optical response.
Moreover, these designs can be tunable by the variety of tuning mechanisms such
as electrical, optical and thermal [23]. By integrating metamaterials that pro-
duce PIT-effect with an actively tunable material such as graphene [27] can offer

promising applications, such as tunable enhanced sensing and switchable systems.



In this thesis, I have numerically investigated and experimentally realized
electrically tunable PIT-effect in hybrid metal-graphene structures. The hybrid
metamaterial structure is composed of two parallel gold (Au) strips on top of
the graphene layer. The PIT-effect is generated by the two strips with differ-
ent lengths. This effect is tuned electrically by changing the Fermi level (Ej)
of graphene using top gating method [28]. Moreover, I have achieved tunable

PIT-effect in the reflection mode with a similar hybrid device.

1.1 Organization of the thesis

The organization of my thesis is summarized as follow: in the second chap-
ter, I studied the theoretical background of electrical, and optical properties for
graphene. The unique band structure of graphene and its application in tun-
able plasmonics. I have discussed the state-of-the-art designs for PIT-effect and
tunable PIT-effect. I have highlighted the challenges associated with the de-
sign presented in the literature for tunable PIT-effect. Following up with the
motivation of designing hybrid metal-graphene structures for electrically tunable
PIT-effect.

In the third chapter, I have presented the numerical investigation of two gold
strips on graphene. The fabrication details of graphene transfer, E-beam lithog-
raphy, E-beam evaporation and characterization of the devices. I have discussed
the top gating method which has been used for tuning the PIT-effect and the

results of normalized transmission and electric field.

In the fourth chapter, I have investigated similar structures but in reflection
mode for different range of wavelength. I have also tuned electrically the PIT-
effect in the reflection mode (RPIT).

In the last chapter, the thesis provides conclusion and outlook of the tunable
PIT and RPIT work.



Chapter 2

Theory

2.1 Introduction to graphene

Graphene is a single atomic layer thick material, also known to be the first ever a
2D material, in which carbon atoms form a honeycomb lattice [29]. Graphene was
discovered back in 2004 by Novoselov et al. For this groundbreaking discovery,
they were awarded a Nobel Prize in Physics [30]. Graphene is a building block of
all graphitic allotropes of carbon. Before the discovery of graphene, it remained
unsettled that free-standing atomic layer thick material could exist or not. It was
believed that materials below the thickness of dozen atomic layers are thermally
unstable. However, after 2004, a completely new research area emerged on 2D
materials because these material are not only stable at few atomic layer thickness

but they have high crystal quality [31].

Graphene has remarkable electrical, mechanical, and optical properties.
Among these ballistic transport of charge carriers [32], tunable intraband transi-
tion [33, 34] and quantum Hall effect [35] are the most exotic properties. More-
over, Young’s modulus of monolayer graphene was reported to be 1.0 TPa, con-

firming that graphene is the strongest material [36].



2.1.1 Band diagram of graphene

Graphene is considered to be a semi-metal since the conduction and the valence
band intersect at a single Dirac point. The Graphene’s crystal structure has two
sublattices. The quantum mechanical hopping among these sublattices will create
two energy bands. The intersection of these bands near the edges of Brillouin
zone results in a conical shaped energy band, shown in Figure 2.1 [37]. This will
lead to a linear dispersion relation. Due to this linear dispersion quasiparticles of

graphene behave like massless relativistic particles.

Figure 2.1: Left: electronic structure of sp? hybridized six neighboring carbon

atoms. Right: zoom-in picture of Dirac point of graphene [37].

For intrinsic graphene Eyis exactly at the Dirac point. By changing the charge

density (n), Ey of graphene can be tuned and is described as:

Ey = hvpy/mn (2.1)

where % is the reduced Planck’s constant (6.62x1073* J-s) and v¢ is Fermi

velocity (1.1x 10® cm s!') [38].



2.1.2 Optical response of graphene

Optical properties of the graphene can be explained by Pauli Blocking [39] prin-
cipal, as graphene forms a conical band diagram, shown in Figure 2.1. Near the
intersection of the cones, graphene has a low density of states which allows sig-
nificant changes in the E; with variation doping. Therefore, optical properties of
graphene can be tuned by doping. Two types of band transitions are possible
depending upon the energy of the incident photon. If the energy of photon is less
than 2Fy intra-band transition is dominant, because of the lack of available states
for this energy level at that momentum. On the other hand, if the photon energy
is higher than 2E} inter-band transition is dominant [40, 41]. The interplay of

these transitions establishes the optical response of graphene.

The surface conductivity of graphene can be modeled as an infinitesimally thin
an isotropic surface with conductive from both the sides. Intra-band transition

is presented in equation 2.2 and inter-band transitions in equation 2.3 [42]:

62]€BT He —bc
; IT)=—- 2ln(e*sT + 1 2.2
Tintar (@, fre; I T) ‘77r712(w—2jf‘) k:BT+ n(e wt ) (22)
e (20l - (@ -2k
inter 5 C;F;T =—J [ - 2.
Tinter (W, ) Tarh n[2\,uc| + (w—25T)h (2:3)

where e is the electron charge (1.60x10'%) and kg is the Boltzmann’s constant
(1.38x10% m? Kg s K'). Other parameters include the temperature (7'), the
scattering rate I', the angular frequency (w.), and the chemical potential (u.)

which can be changed in numerical investigations.
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Figure 2.2: Frequency dependent complex surface conductivity for graphene (a)

real and (b) imaginary parts. [27].

Figure 2.2 shows the real and imaginary part of overall surface conductivity
as the function of frequency and corresponding Ey [27]. Surface conductivity
is increased by increasing the Ef of graphene. Relaxation time (7= -1/(2I")) is
dependent on the quality of graphene layer. It is the function of carrier mobility

(1), pe and vy
At
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T

(2.4)

The high relaxation time reduces the transmission attenuation. However, the

quality of graphene during the transfer process limit the relaxation time to few
fs.

The explicit dependence of the intra-band conductivity (2.2) on Ey of graphene
implies that optical response of graphene is controllable in the mid infrared (MIR)
region. Therefore, it is possible to obtain tunable absorption in MIR, regime [41,
43]. The optical response can be tuned by several methods. It can be controlled
by chemical, optical and electrostatic doping [44]. Among these electrostatic
doping is widely used for optoelectronics applications [45, 46]. It is effective and

can tune the response actively.

Overall at optical frequencies, graphene has three major advantages. First,

being a 2D material, it enables device miniaturization down to the atomic length
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scale. Second, the doping level in monolayer graphene is highly tunable by apply-
ing a voltage to an electrical gate. Third, graphene exhibits an optical response
ranging from terahertz to optical frequencies, allowing for ultra-broadband op-
eration. In particular, broadband optical modulators have been demonstrated
[33]. The optical response of graphene originates from two different processes:
intra-band transitions in the conduction or valence band give rise to a Drude-
like response similar to noble metals, and inter-band transitions which are Pauli
blocked for frequencies below twice the Fermi energy give rise to a universal, flat
absorption spectrum. The Drude response is typically observed for frequencies
up to the far-infrared, whereas the flat absorption of 2.3% is observed at optical

frequencies [47].

2.2 Plasmon induced transparency

The interaction of light with the electrons of metal that can move freely is defined
as plasmonics. If metallic nanostructures are smaller than the size of the incident
the wavelength of light will result in collective oscillation of these electrons. This
phenomenon is known as localized surface plasmon resonance (LSPR). The wave-
length and intensity of these resonances are dependent on the material, shape,
and size of nanostructures [48]. Different plasmon modes can interact by the near-
field coupling. The type of coupling can be explained by plasmon hybridization
theory [49].

The plasmonic mode can be either radiative (bright mode) or subradiant (dark
mode) [50]. If the incident light couple’s directly then it will produce bright modes
which are spectrally broadened due to radiative damping. On the other hand,
if the incident light is not coupled directly, it will generate dark modes which
are weakly damped and spectrally narrow [51]. PIT has been realized by either

destructive interference of dark-bright modes or detuning of two bright modes.

The PIT-effect was demonstrated by single strip and two parallel strips, serving



as bright and dark modes, respectively, shown in Figure 2.3 (a) [52]. Experimen-
tal demonstration of the PIT-effect was presented by Liu et al. in an optical
metamaterial in 2009. The structures consist of the two layers, a gold (Au) bar
was stacked above two strips of Au wire, shown in Figure 2.3 (b) [20]. The PIT-
effect was controlled by lateral displacement of the bar above two wires. Similarly,

bi-layered metamaterials were used to observe PIT effect in Reference [18].

The PIT-effect has been numerically investigated in visible regime by Au
spheres with indium tin oxide (ITO) layer, shown in Figure 2.3 (c) [17]. The
PIT phenomenon emerges when Au spheres strongly couple with incident light

and exhibit bright mode. The dark mode is provided by ITO waveguide.

The PIT-effect was presented in different systems of ring resonators [19, 22, 53].
Among these designs, mirror-like symmetrical metamaterials were numerically
investigated and experimentally realized [53]. In this work, two ring resonators
serve as the bright mode and other two serves as the dark mode, shown in Figure
2.3 (d) [53].



Figure 2.3: Schematic of nanostructures for PIT-effect. (a) Unit cell for dark-
bright modes for PIT [52]. (b) Two layers metamaterial for PIT-effect [20]. (c)
Schematic of nanospheres for PIT [17]. (d) Schematic of a unit cell for PIT effect

by mirror images of ring resonators [53].

However, all of these designs are based on metals which are limited by inherit
propagation loss and it is hard to control the permittivity of the metals. This
limits the design with low modulation range. For tuning mostly geometrical
parameter of designs are changed and require refabrication. The active control
of the PIT-effect is limited in these designs.



2.2.1 Tunable plasmon induced transparency

Recently, tunable PIT-effect has been numerically investigated by several groups.
These designs are based on graphene metamaterials which can be tuned by al-
tering the Ey of graphene as discussed in section 2.2. Zhang et al. presented
graphene-based metamaterial, which consists of a graphene strip and a ring for
terahertz PIT-effect. In this work, both the ring and the strip are serving as
bright modes, shown in Figure 2.4 (a) [54]. The weak hybridization of these
modes lead to the PIT-effect that was controlled by adjusting the geometric pa-
rameters. Moreover, the resonance of both the modes can be tailored dynamically

using tunable Ej of graphene. The PIT window was shifted to 0.21 THz in total.

Similarly, in another numerical investigation of cascaded m-shaped graphene
nanostructures PIT-effect is presented. They studied the transmission properties
of the design, shown in Figure 2.4 (b) [55]. They were able to tune the response
electrically using graphene up to 17 THz and propose their design for bio sensing

and photonics applications.

Some groups have also investigated designs based on parallel strips of graphene
[56, 57]. In their designs, each strip serves as bright mode and their coupling
results in PIT-effect, shown in Figure 2.4 (c). Total shift of 0.2 THz is reported
in their work. The weak hybridization of these modes produces PIT-effect, which
is controlled by simply adjusting the lengths, width, and distance between the

strips. Their designs are simple and electrically tunable.

10



Figure 2.4: Schematic for tunable PIT-effect. (a) Graphene ring and graphene
strip [54]. (b) Top view of the unit cell for cascaded m-shaped PIT design with
the dimensions [55]. (c) Schematic of two parallel strips of graphene for tunable
PIT-effect with dimensions [57].

Other designs include two asymmetric slot structures of graphene [58], Fabry-
Perot type resonators [59] and graphene on top of the silicon-air grating structure
[60] for demonstrating PIT-effect. However, the successful realization of all these
tunable PIT designs has not been reported due to the fabrication and gating limi-
tations in experiments. Graphene based structures require high quality graphene
layer on the desired substrate without defects/cracks which develop during the
transfer procedure. These cracks are comparable with the proposed structures
and can alter the response significantly. Therefore, in this thesis a hybrid metal-
graphene design is proposed, to overcome the problems associated with graphene

structures.
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2.2.2 Hybrid design for tunable plasmon induced trans-

parency

Graphene has been recognized as a new class of materials with unique plas-
monic properties that can be tuned by electrostatic doping. However, patterning
graphene structures are limited by the transferred quality of the graphene. Yan
et al. came up with a novel idea of a hybrid metal-graphene based metamaterial
design for tunable PIT-effect. They have numerically investigated a strip without
the graphene layer and a ring with the graphene layer at the bottom, shown in
Figure 2.5 [27]. In their design, they were able to tune the amplitude of PIT-effect

using graphene.

H,
[ Jgoud
R silicon

B crophene
- aluminum

®

Figure 2.5: Schematic of hybrid graphene-metal metamaterial for tunable PIT
27].

Recently, Liu has presented a hybrid metamaterial for tunable PIT-effect. In
this work, a monolayer of graphene was placed on top of the metamaterial for
numerical investigation. The resonance strength of metamaterial was tailored by
changing the Ef of the graphene. A split ring resonator is enclosed inside closed

ring resonator [23] in their structure.
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In hybrid metal-graphene designs PIT-effect is generated using metallic struc-
tures. The response is not controlled by the size and geometry of graphene layer
at the bottom. Therefore, small cracks will not affect the response drastically.
Among all the proposed tunable PIT designs hybrid metal-graphene design was
reasonable to experimentally realize. Therefore, in this thesis, I present the ex-
perimental demonstration of the tunable PIT-effect by hybrid metal-graphene

structures.
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Chapter 3

Electrically tunable Plasmon

Induced Transparency

3.1 Introduction

Motivated with the previous studies of hybrid metal-graphene structures, I have
numerically investigated and experimentally realized tunable PIT-effect for two
different devices using hybrid metal-graphene structures. In this design, PIT-
effect is demonstrated with Au strips on top of the graphene layer. The response

is tuned by gating the graphene layer using ionic gating.

Both strips have their own plasmonic resonances that are controlled/adjusted
by the lengths of the strips. The resonance of each strip serves as a bright
mode. The detuning of these bright modes creates PIT-effect. Graphene has
tight field confinement and tunable Erin MIR region. Therefore, I have adjusted
the geometrical patterns of our design to produce PIT-effect at 8.2 pm, and tuned

electrically using graphene layer.
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Figure 3.1: Unit cell of PIT structures, two Au strips (golden) with different
lengths on graphene (grey). Both the devices have the same periodicity of 5.2
pm in z-axis and y-axis. (a) The lengths of strips are 3.2 ym and 2.4 pm for
the first device. (b) The lengths of strips are 3.4 ym and 2.6 um for the second

device.

Schematics of the proposed design for first device consists of two Au strips
with different lengths (3.2 um and 2.4 pm) on top of graphene layer. Similarly,
schematic of second device has Au strips but with longer dimensions (3.4 ym and
2.6 pm).
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3.2 Design and Simulations

Tunable PIT devices are numerically investigated by Finite Difference Time-
Domain (FDTD) method. FDTD is a numerical analysis technique that works
in the time domain and can cover a long range wavelength in a single simulation.
Commercially available software Lumerical FDTD Solutions is used to perform

simulation in both transmission and reflection modes.

In my simulations, I have used periodic boundary conditions in z and y axes,
while Perfect Matched Layer (PML) boundary conditions in the normal direction
(z axis). Both strips have the thickness (T=70 nm), width (W=0.5 pm), and
distance (D=0.2 pm). For the first device, I have investigated 3.2 pm and 2.4 ym
long Au strips, shown in Figure 3.1 (a). For the second device, I have investigated

3.4 pm and 2.6 um long Au strips, shown in Figure 3.1 (b).

BaF, is used as infinite transparent substrate and graphene is introduced as
2D dispersive material between the substrate and Au strips. In our simulations,
the optical constant of the gold is considered based on Palik model and the
applied optical parameters of the BaFs is extracted from Reference [61]. The unit
cell is illuminated by a plane wave source along the z direction having electric
component (E) parallel to z-axis. 3D view of our device is present in Figure 3.2

(a). Complete simulation setup is shown in Figure 3.2 (b).
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Figure 3.2: Schematic of simulation setup. (a) 3D view of PIT device, BaF,
is used as transparent substrate with a graphene layer and Au strips on top of
graphene. (b) Complete simulation setup of PIT device, plane wave source for

exciting the structure, two monitors for E-field and transmission measurements.

For tuning the PIT response, Ey of graphene was changed from 0.5 eV to 0.8
eV with a step of 0.15 eV for three different simulations. I' of graphene was set
as 0.01 eV (2.4 x 10" sec!), T was set as 300 K. T is limited by the quality of
graphene, I have taken a high value for I' to achieve comparable results with the

experiments.
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3.3 Fabrication Process

Both devices are fabricated using commercially available chemical vapor deposi-
tion (CVD) grown graphene on Cu. I have transferred graphene onto BaF; using
wet transfer method, electron beam (E-beam) lithography was used to pattern
the structures and E-beam evaporation was used for the deposition of metals.

Details of each fabrication process are explained in the following sections.

3.3.1 Graphene transfer

A monolayer 10x 10 mm? size graphene grown on Cu films from https://graphene-
supermarket.com/ was used for this work. Graphene transfer process starts with
spin coating Poly (methyl methacrylate) (PMMA) A4 resist on the sample at
6000 RPM for 40 seconds with a ramp of 4. I have cut the sample into 5x5
mm?. I leave the spin coated graphene for 12 hours. On the next day, I remove
graphene from the bottom by leaving the sample in the solution of HNOj3: H,O
(1:3) for 3 min. Once graphene from the bottom is removed, Cu, is etched by
leaving the sample in Ammonium per Sulfate (0.1 Mol) for 2 hours. For removing
the residue of Cu, I leave the sample in HCL:H504:H,0O (1:1:20) solution for 15
minutes. Graphene is then transferred to de-ionized water to dilute the acids.
Once the substrate is clean, I then take graphene on top of the substrate and
leave it to dry for 5 minutes. Later the sample is baked at 150 degrees centigrade
for 5 minutes. PMMA is removed from the top using acetone and isopropyl

alcohol (IPA), Figure 3.3 shows the graphene transfer results on Si substrate.
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Figure 3.3: Microscope image of graphene transfer (a) Image from 5X eyepiece
showing the corner of graphene layer on top of Si substrate. (b) Image from 50X

eyepiece showing surface of graphene.

During the transfer process, graphene will be chemical doped, and E; of
graphene will be shifted. For finding the new value charge neutrality point (CNP)
is measured. It is the point where resistance has maximum value and capacitance
has minimum value for the applied voltage. It is reported to be -0.6 V and 0.5
eV in simulations previously in our lab [45]. T have used these values as reference

in my simulations and experiments.

3.4 E-beam lithography

E-beam lithography is a nano fabrication technique used to pattern structures.
It works on the principal of scanning the resist surface (which is used for E-
beam), and pattern at nm scale. E-beam is capable of patterning the structures
at smaller scale because of its short wavelengths of almost 5 nm. However, it
requires experience for optimizing the resist thickness, exposure dose, developing
time, and electron beam spot size for every new structure. Smallest spot size can

be achieved by accurately adjusting focus and stigmation settings.

For our work, I spin coat PMMA A4 resist at 3000 RPM for 40 seconds with
a ramp of 4. The thickness of resist becomes 250 nm. After spin coating and

baking the resist, I coat the sample with a conductive polymer like aquaSAVE
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at the same rate. The sample is exposed to an area dose of 150 pC/cm?, and

single pixel line dose of 2000 pC/cm?. The working distance was 6 mm and

2 gsuitable

width of the aperture was 30 um. I exposed the area of 200x200 pm
for transmission measurements. Acceleration voltage of the device used is 30 KV
and current was kept 350 pA. In our laboratories we are using the eLine system
by Raith GmbH. After the exposure aquaSAVE is removed by rinsing under the
water, resist is developed by solution of MIBK: IPA (1:1) for 1 minute and in
IPA for 30 seconds. As PMMA A4 is positive resist the part which are exposed

to E-beam will be removed during development process.

3.4.1 E-beam evaporation

Once the sample is patterned, I use E-beam evaporator to deposit metals. E-
beam evaporation is a type of physical vapor deposition. In this process, source
material (metals in our case) are evaporated using electrons accelerated from the
gun towards the crucible. The process takes place in a vacuum environment.
A sample holder is placed exactly above the crucible. The rate of deposition is
monitor by a crystal and can be controlled by adjusting acceleration current and

voltage. Schematic of E-beam evaporator is shown in Figure 3.5 [62].

5/65 nm of Ti/Au were coated on patterned samples. Both the metals were
deposited at a constant rate of 1 A /sec. The pressure of the chamber was 9x10°
mBa. The acceleration voltage was set at 7.28 KV. Structures appeared after the
lift-off process of 24 hours in acetone. In our laboratories, we are using UNIX

350 system.
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Figure 3.4: Schematic of E-beam evaporation setup. Electrons generated from
ion source are accelerated towards source crucible. The materials are evaporated

and deposit onto patterned sample, attached to sample holder [62].

3.4.2 Top gating

In order to apply the gate voltage to graphene, second BaFy substrates with the
metal contacts at the corners were placed on top of PIT device and separated
by an insulating tape. An ionic liquid (Diethylmethyl(2-methoxyethyl) ammo-
nium bis(trifluoromethylsulfonyl) imide, [deme][Tf2N]) is inserted between the
two substrates, a source was connected to graphene layer and metal contacts
using a conductive tape. By applying the gate voltage capacitance is produces
between graphene layer and the gold contact due to the presence of ionic liquid

[46, 45]. A schematic of top gating method is shown in Figure 3.5.
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BaF: Gold Graphene

substrate strips layer

Figure 3.5: Schematic of top gating of PIT device. Two BaF, substrates are
used. The first one with Au strips on graphene, which is connected to the source
by conductive tape. The second one with a window for FTIR measurements and
coated with Ti/Au, which is connected to the second terminal of the source. Ionic

liquid (transparent area) is injected between these two substrates.

By controlling this induced field due to capacitance, I have controlled the car-
rier concentration accumulation near the surface of graphene. As discussed ear-
lier in section 2.1.1 by Ey of graphene can be controlled by carrier concentration.
The optical window for the second substrate was created using photolithography

method.

3.4.3 Photolithography

Photolithography is well established micro-fabrication technique with fast and

high throughput for a minimum feature size of 3 um. The sample is coated
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with a material which is sensitive to light (photoresist). When exposed to ultra-
violet (UV) light will change the solubility of photoresist. A photomask is used
to pattern resist and defines which part need to be exposed. Mask aligner is
used to for the alignment between the sample and the mask. Feature size is
dependent to the factors such as photoresist thickness, proximity/contact mode,
exposure time, and development time. In this thesis, I have used image reversal
photolithography because I wanted to have transparent window in the center and

metals at the corners for top gating.

3.5 Characterization

3.5.1 Characterization of graphene

The quality of graphene can be characterized using well known technique of Ra-
man spectroscopy. The most important peaks for characterization of graphene
are at ~1580 cm™ and at ~2700 cm™, they are named as G and 2D bands, respec-
tively. Both of these peaks are observed in graphite samples [63]. By comparing
the ratio of 2D and G band number of bulk graphite or number of layers for
graphene can be calculated. For monolayer graphene 2D band is 4 times intense
than G band and 2 times for double layer graphene [64]. Figure 3.6 shows Raman
spectroscopic results for graphene on Si substrate transferred using wet transfer
method.
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Figure 3.6: Raman signal of a graphene layer on Si sample using wet transfer

method.

3.5.2 Characterization of the fabricated samples

In order to measure the surface topography and guarantee the pattern during
dose the test of E-beam lithography, scanning electron microscopy (SEM) is used.
SEM produces images of a sample by scanning surface and measuring secondary

electron. Figure 3.7 shows the SEM images of the fabricated samples.
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m  Time

Figure 3.7: SEM images of PIT device. (a) Image for multiple unit cells. (b)
SEM image of first device with shorter lengths of Au strips. (¢) SEM image of

second device with longer lengths of Au strips.

Three dimensional topography of sample and height is measured using atomic
force microscopy. AFM technique is dependent on the forces between the tip and
sample, these forces effect AFM imaging. Figure 3.8 shows the AFM results for
tunable PIT device and height of the strips (70 nm).
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Figure 3.8: AFM measurement of PIT device. (a) 3D topography of a sample

surface. (b) Height measurement of the sample, height of two strips is 70 nm.
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3.6 Results

Normalized transmission measurements for two different devices were obtained
by using a Fourier-transform infrared spectroscopy (FTIR) instrument integrated
with a microscope. In our laboratory, we use Vertex 70V FTIR and Hyperian
2000 IT microscope. I used the microscope in order to focus individual unit of
my samples 200x200 pm?. For the measurement, samples were illuminated with
normal incidence by MIR source and Potassium bromide (KBr) beam splitter
and by x polarized field. MCT D313 detector was cooled 30 minutes by liquid
nitrogen prior to the measurements. Measurements were done from 6 to 14 ym at
different gate voltage using the top gating. By changing the gate voltage surface
carrier concentration and FEy of graphene was changed. A shift was observed in
PIT-effect. The background measurements were taken from graphene on BaF,

substrates with no PIT structures.

The transmission simulation for each of the Au strips shows strong responses
as presented in the insets of Figure 10(a) for the first device. As described above,
when strips are brought close to each other, they result in a weak hybridization
and give the PIT-effect presented in Figure 10(a). This response is not observed
by the excitation of a single strip. Similarly, I have investigated two strips with

longer dimension for the second device.

Good agreement of simulation and experimental results for changing Fy and
gate voltage. The minimum gate voltage was selected based on CNP, measured
previously to be -0.6 V for a similar graphene structure [45, 46]. Moreover, I have
also investigated the effect of changing the dimensions. Increasing the lengths of
the strips by 0.2 pm will shift the PIT-effect up to 350 nm. Comparison for the

experimental results is shown in Figure 3.9.
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Figure 3.9: Comparison of PIT-effect for the device with shorter dimensions

(black) and the device with longer dimensions (red).

By increasing the E; of graphene from 0.5 eV to 0.8 eV the PIT response
is shifted towards smaller wavelengths for both the devices. Simulation results
for three different Ef of graphene for first and second device are presented in
Figure 3.10 (a) and Figure 3.11 (a), receptively. Similarly, by increasing the gate
voltage from CNP (-0.6 V) to 2.4 V a blue shift is observed in the PIT-effect.
Normalized transmission results of FITR measurements at -0.6 V 0.9 V and 2.4
V are presented in Figure 3.10 (b) for the first device and in Figure 3.11 (b) for

the second device.

28



1.0

7 8 91011121314
Wavelengths (um)

Wavelength ( um)

da
S 08-
B
0
&
B 0.6-
©
|_
3 04-
N
g
5 0.2 1
zZ |
— () 65 eV
00— 08eV
6 7
[
S
)]
k%
e
)]
[
©
l_
o
(O]
N
T
£
(@]
Z
24V
6 7

9 10 11
Wavelength (um)

12

13

14

Figure 3.10: Simulated and FTIR measurement of PIT structures. (a) Simulated

results of first device (3.2 pym and 2.4 pm) for different Er.

(b) Normalized

transmission for first device (shorter dimensions) at -0.6 V, 0.9 V and 2.4 V.
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Figure 3.11: Simulated and FTIR measurement of PIT structures. (a) Simulated
results of second device (3.4 pm and 2.6 pm) for different Er. (b) Normalized

transmission for second device (longer dimensions) at -0.6 V, 0.9 V and 2.4 V.

Charge density in graphene layer is increased by increasing the gate voltage
from -0.6 V to 2.4 V. This will shift the resonance frequency of graphene, which
is directly proportion to Ef. Therefore, blue shift is observed by increasing Ef in

my design.
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3.6.1 Mode profile

Investigation of Electric field for two strips with resonances at different wave-
lengths are investigated for the first device at 0.5 eV. Electric field magnitudes of
two resonance wavelengths in the transmission spectrum (7.75 pm and 9.06 pm)
are shown in Figure 3.12(a) and 3.12(c). In addition, the Electric field magnitude
at a PIT wavelength is shown in Figure 3.12(b). These results show that each
of the strip is excited separately at the resonance wavelengths and act as bright
mode resonances. However, at 8.22 um, both strips are excited simultaneously
resulting in the PIT-effect. Major localization is at the corner of the strips at

their own resonance wavelengths and between two strips for transmission peak of

PIT.
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Figure 3.12: E-field magnitude for first device (shorter dimensions) at 0.5 eV (a)
E-field magnitude at 7.746 pym. (b) E-field magnitude at 8.217 um (c) E-field
magnitude at 9.056 pm.
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3.6.2 Performance

Total shift of 235 nm was observed for the first device and 263 nm for the second
device by applying gate voltage of 3.0 V. Shift in PIT transmission peak at the
applied gate voltage with respect to CNP is obtained for both devices and shown
in Figure 3.13.
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Figure 3.13: Total shift of transmission peak for device with first device (black)

and second device (red).

Spectral contrast ratio (S.,) is used to evaluate the performance of PIT-effect

[27] and described as:
(Tpeak - Tdip)
(Tpeak + Tdip)

where Tpeq is intensity of transmission peak and Ty, is intensity of resonance

Seon = x 100 (3.1)

dip. Spectral contrast ratios of our devices are 82% and 78% for the first and
second devices, respectively. Both devices with a high spectral contrast ratio and

high tunability are suitable for filtering and switching applications.
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3.7 Conclusion

Tunable PIT devices are numerically investigated and experimentally realized.
Resonance frequencies of two strips were controlled by adjusting the length of the
strips and tuned by electrically doping the graphene layer. A large tuning range
was demonstrated for the FTIR measurements of PIT structures by applying gate
voltage. I was able to obtain ~263 nm of shift in transmission window by top
gating method. This concept of real time tuning PIT is exciting for novel devices
in the field of optical switching, modulation, slow light applications, tunable

sensors, filters, photoluminescence, and enhancing nonlinear interactions.
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Chapter 4

Reflection type Tunable Plasmon

Induced Transparency

4.1 Introduction

The tunable PIT design require a transparent substrate for measurements. How-
ever, for some wavelengths (MIR), limited transparent substrates are available.
For measuring the PIT effect in that case, become really challenging. Therefore,
reflection mode measurements are more suitable, which makes the design inde-
pendent of the substrate. In this part of my thesis, I have provided an alternative
method for measuring the tunable PIT effect using similar structures in reflec-
tion mode. I have proposed a reflection type PIT (RPIT) design to overcome the

challenges of measurement in transmission mode.

RPIT has been realized by Ding et al. in 2014 [65]. In this design cut wire
and split ring resonators have been used as dark and bright modes respectively.
However, the design was not dynamically tunable. Therefore, I have numerically
investigated and experimentally realized a hybrid metal-graphene design which

generates RPIT-effect at 4.29 um, and the effect is electrically tunable.
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4.2 Design and Simulations

I have numerically investigated RPIT device using FDTD method. The unit
cell of the design has two parallel Au strips similar to PIT devices. Both strips
are serving as two bright modes, as shown in Figure 4.1. Weak hybridization of
these bright modes result in RPIT-effect. The lengths of strips are selected as
0.8 pm and 1 pm, width as W=200 nm for both the strips and distance D=200
nm between the two strips. The unit cell has periodic boundary condition in z
and y-axes and Perfect Matched Layers (PML) in the direction of propagation

(z-axis). The design has a periodicity of 1.5 ym in z-axis and 1.0 ym in y-axis.

1.5 um

A

E 0.2 umi
=2
—

t 0.2um

> 0.8 ym <

L x

Figure 4.1: Unit cell of PIT structure. Two Au strips (golden) with lengths of
L1(0.8 pm), L2(1 pm), W (200 nm) is width and D (200 nm) is distance between
two strips. Px (1.5 ym) and Py (1um) show periodicity of unit cell.

The unit structure of device has four layers on top of Si a substrate. From
top to bottom, this structure has 50 nm thick Au strips, graphene layer as 2D
dispersive material, 50 nm of aluminum oxide (AlyO3) layer and 100 nm of reflect-
ing aluminum (Al) layer, shown in Figure 4.2. A plane wave source along the z

direction was used to illuminate the unit cell having the electric field component
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(E) parallel to z-axis. For tuning the RPIT response, three different values of
E; for graphene were investigated. Also for this work, (I') of graphene was set as
0.01 eV (2.4 x 102 sec’!), temperature (7T') was set as 300 K.
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Figure 4.2: Schematic of simulation setup. (a) 3D view of RPIT device, Si is used
as substrate with an Al and Al,O3 for reflective and dielectric layers. Au strips
on top of graphene. (b) Complete simulation setup with a RPIT device, plane
wave source for exciting the structure, two monitors for E-field and reflection

measurements.
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4.3 Fabrication

RPIT device is also fabricated using commercially available CVD grown graphene
on Cu. Si substrate is cleaned using oxygen plasma at 100 W radio frequency
(RF) power for 2 minutes to clean the residue of deicing resist. Al is deposited
using E-beam evaporator at the rate of 1.2 A /sec. Al,Os is deposited using atomic
layer deposition (ALD). ALD is a subclass of CVD, chemical reaction take place
on the surface to form 1 nm thick oxide layer in each step. The process results in
highly uniform thin films because of the slow rate. I have transferred graphene

on top of the oxide layer with wet transfer method as discussed in section 3.3.
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Figure 4.3: SEM images of RPIT structures.

S5 =

For RPIT, I have spin coated PMMA A4 resist at 3000 RPM for 40 seconds
with a ramp of 4. The thickness of resist becomes 250 nm. After spin coating
and baking the resist, sample is coated with a conductive polymer like aquaSAVE

with the same rate. The sample is exposed to an area dose of 150 uC/cm?, and
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single pixel line dose of 2000 pC/cm?. The working distance was 6 mm and width
of the aperture was 30 pm. I have exposed an area of 250x20 pum? this time,
suitable for reflection measurements. The acceleration voltage of device used is
30 KV and a current was kept 350 pA. After the exposure aquaSAVE is removed
by rinsing under the water, resist is developed by a solution of MIBK: IPA (1:1)

for 1 minute and in IPA for 30 sec.

Once the sample is patterned, 5/50 nm of Ti/Au were coated on patterned
samples. Both the metals were deposited at a constant rate of 1.2 A/ sec. The
pressure of chamber was 9x10° mBa. Acceleration voltage was set as 7.28 V.
Structures appeared after the lift-off process of 24 hours in acetone. SEM images
of RPIT structures is shown in Figure 4.3. Top gating method was used to tune

RPIT response of the device.

4.4 Results

Reflection measurements for RPIT device was obtained by using a FTIR instru-
ment integrated with a microscope. For the measurement, samples were illu-
minated with normal incidence by MIR source by KBr beam splitter and by z
polarized field. MCT D313 detector was cooled 30 minutes by liquid nitrogen
prior to measurement. Measurements were done from 2.5 to 6.5 um at different
gate voltages using the top gating. The background measurements were taken

from Au mirror.

The reflection simulation and experimental results are presented in Figure 4.4.
This response is shifted toward shorter wavelengths as Fy of graphene is increased,
shown in Figure 4.4(a). As the gate voltage is increased from -0.6 V to 2.4 V, a
blue shift is observed in RPIT-effect, shown in Figure 4.4(b).
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Figure 4.4: Simulated and FTIR measurement of RPIT structures. (a) Simulated

results for different Er. (b) Normalized transmission at -0.6 V, 0.9 V and 2.4 V.
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4.4.1 Mode profile

E-field investigation of two strips was made for three different wavelengths, shown
in Figure 4.5. Electric field magnitudes were presented at of two resonance wave-
lengths (3.65 pum and 4.42 pm) in Fig. 2(a) and 2(c). Moreover, the E-field
magnitude is shown at RPIT wavelength (3.87 um) in Figure 4.5(b).
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Figure 4.5: E-field magnitude at 0.5 eV (a) E-field magnitude at 3.65 ym. (b)
E-field magnitude at 4.420 pm (c) E-field magnitude at 3.87 pm

4.4.2 Performance

Total shift of 220.8 nm was observed by changing gate voltage of 3.0 V. Spectral
contrast ratio (S.,) for RPIT is described as:

(Rpea.k - Rdip)

Scon =
(Rpeak + Rdip)

x 100 (4.1)

where R, is intensity of reflection peak and R, is intensity of resonance dip.
Seon Of our design is 22.56%. The device is suitable for filtering and switching

applications.
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4.5 Conclusion

RPIT has been numerically investigated and experimentally using two strips on
top of graphene. By changing Ey of graphene PIT in reflection was shifted. A large
tuning range was demonstrated for the FTIR measurements of RPIT structures
by applying gate voltage. I was able to obtain 220.8 nm of shift in transmission
window by applying gate voltage from up to 3 V. These results of RPIT can be

used in many fields such as slow light applications and nonlinear optics.
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Chapter 5

Conclusion and Outlook

PIT and RPIT-effect can be realized by a simple design of metamaterials on top
of an active material such as graphene. The devices realized earlier were based on
the metallic element which limits tunability. On the other hand, the numerical
investigations of tunable designs were too complex to be realized. However, a
hybrid metal-graphene structure has overcome both the problems. Moreover,
~250 nm (1200 THz) shift was observed by top gating method which is an efficient

tuning mechanism at low operating voltages (3 V).

I have numerically investigated and experimentally realized tunable PIT-effect
using two Au strips on graphene. Each strip serves as bright mode and produces a
plasmonic resonance. These resonances are tunable as Ef of graphene is changed
by electrostatic doping. I have numerically investigated two devices for tunable
PIT-effect using FDTD method. The PIT-effect is controlled by adjusting the
lengths of the strips. The PIT-effect is shifted towards the shorter wavelengths
by increasing the Ey of graphene. For experiments, the devices were fabricated
using wet transfer method of graphene onto a transparent BaF, substrate. Ra-
man spectroscopy is used to investigate the quality of graphene. Au strips are
fabricated on top of the graphene layer. Normalized transmission experiments
are done using FTIR device integrated with a microscope in MIR range. Ejf of

graphene was changed by applying gate voltage using top gating method. Total
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shift of 263 nm was observed in PIT-effect and spectral contrast ratios of our

devices are 82% and 78% for shorter and longer dimensions, respectively.

In addition, I have also numerically investigated and experimentally realized
tunable PIT-effect in reflection mode, the RPIT-effect was also produced by de-
tuning of two bright modes. I numerically investigated four layers design with a
metal layer at the bottom for reflection, a dielectric layer as spacer, graphene layer
and Au strips on top to produce tunable RPIT-effect. Total shift of 220.8 nm

was observed in RPIT-effect and spectral contrast ratios of our device is 22.56%.

Overall, I propose an electrically tunable PIT and RPIT devices that is based
on novel metal-graphene metamaterials which can be used for tunable enhanced
sensing and switchable systems. As in these investigations, two devices in the
transmission modes and one in reflection mode for different dimensions, the re-
sponse is controlled by geometrical patterns. The wavelength of operation can
also be altered by the size and shape of the structures and tuned by active mate-
rial like graphene. Moreover, other hybrid designs which are tunable by heat or

light can be investigated with the same structures.
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