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ABSTRACT 
 

Kate Gleason College of Engineering 

Rochester Institute of Technology 
 
 
Degree: Doctor of Philosophy Program:  Microsystems Engineering 

Name of Candidate: Kaifeng Shi    

Name  of  Advisor: Stefan F. Preble    
 

Title: Enhanced Light Absorption and Electro-Absorption Modulation Based on Graphene and Conductive Oxide 
 
 

The development of integrated photonics is limited by bulky and inefficient photonic 

component compared to their electronic counterparts due to weak light-matter interactions. As the 

key devices that determine the performance of integrated photonic circuits, electro-optical (EO) 

modulators are inherently built on the basis of enhancing light-matter interactions. Current EO 

modulators often deploy conventional materials with poor EO properties, or ring resonator structure 

with narrow bandwidth and thermal instability, so their dimensions and performance have nearly 

reached their physical limits. Future integrated photonic interconnects require EO modulators to be 

ultra-compact, ultra-fast, cost-effective and able to work over a broad bandwidth. The key to 

achieving this goal is to identify an efficient and low-cost active material. Meanwhile, novel 

waveguides and platforms need to be explored to significantly enhance light-active medium 

interaction. As widely investigated novel materials, graphene and conductive oxide (COx) have 

shown remarkable EO properties. The objective of this dissertation is to realize enhanced light-

matter interaction based on these two novel materials and waveguiding platforms, and further 

develop ultra-compact, ultra-fast EO modulators for future photonic integrated circuits. The first 

part of this dissertation covers the theory of EO modulation mechanisms, several types of EO 

materials including graphene and COx, as well as fabrication techniques. The second part 

demonstrates greatly enhanced light absorption based on mono-/multi-layer graphene. The third 

part proposes the theoretical study of nanoscale EA modulators based on ENZ-slot waveguide. The 

fourth part explores the field effect within a MOS-like structure, and verifies the ENZ behavior of 

COx. The fifth part experimentally demonstrates both plasmonic and dielectric configurations for 

ultra-compact and ultra-fast EA modulators. The final part summarizes the work presented in this 

dissertation and also discusses some future work for photonic applications. 
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1. INTRODUCTION 

1.1 Motivation 

With the fast development of nanophotonics and nanoplasmonics, many key 

components in optoelectronic integrated circuits have been successfully made into 

nanoscale, including lasers, detectors, and waveguides [1-3]. Electro-optic (EO) 

modulators upconvert electronic signals into high bit-rate photonic data [4,5], thus serving 

as one of the most important devices for photonic integration. Despite some breakthroughs 

in the development of EO modulators in recent years [6-10], the bottleneck of lacking ultra-

compact and high-speed EO modulators has not been well solved, which greatly impedes 

the wide deployment of the on-chip optical interconnects. Because of the poor EO 

properties of regular materials [11], a conventional EO modulator has a very large footprint 

[6,8,10,12]. Silicon modulators based on high-Q resonators enhance the EO effect due to a 

large quality factor of resonant cavities, thus can shrink their dimensions to tens of 

micrometers [7]. However, resonator modulators usually suffer from bandwidth limitation, 

temperature fluctuation as well as fabrication tolerance [13,14]. EO modulators based on 

hybrid novel semiconductors could exhibit properties of high speed, low energy 

consumption as well as easy integration [15–19], but their sizes are still bulky compared 

with on-chip electronic components. With a large modulation depth in the NIR regime, 

PlasMOStors promise to be very compact [20], but they are inherently limited by large 

insertion loss and low operation speed. The technical barrier may not be well overcome 

based on conventional approaches and well-known materials.  
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Recent research on graphene has provided unprecedented opportunities to meet the 

challenges. Graphene [21,22] has attracted a great deal of interest because of its exceptional 

electrical and optical properties [23-26]. In particular, monolayer graphene is visible under 

an optical microscope due to its strong coupling with light, and it absorbs a constant amount 

of light over a broad spectrum range [27]. Besides, graphene has a gate-variable optical 

conductivity [28] and supports high-speed operation [29]. Thus, it is very promising to 

utilize graphene for future optoelectronic devices, including EO modulators [30]. Liu et al 

demonstrated a broadband EO modulator at telecom wavelengths based on the interband 

absorption of graphene with overall length only 40 μm [31]. A recently reported graphene 

modulator by leveraging critical coupling effects on a silicon nitride ring resonator 

achieves working bandwidth of 30GHz [32]. The key to achieving nanoscale graphene EO 

modulation is to greatly enhance light–graphene interaction based on novel waveguides 

and platforms. In this dissertation, I will first focus on enhanced light absorption by 

graphene fulfilled through a novel graphene-sandwiched structure, and reveal the potential 

of graphene in EO modulation. The possibility of utilizing the enhanced light absorption 

by graphene for photovoltaic applications will also be discussed. 

Aside from graphene, another promising active material for EO modulation, COx, will 

be investigated in detail. Most of the previous effort was focused on the exploration of the 

EO properties of dielectrics or polymers owing to their low optical absorption for 

waveguide applications; the optical properties of absorptive materials, for example COx, 

have been relatively overlooked. Recent work shows that the optical dielectric constant of 

COx in the charged layer of a metal-insulator-COx (MIC) structure can be tuned in a large 
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range by electrical gating [33]. When a large electric field is applied across the insulator 

layer of an MIC structure, significant surface charge can be induced and the induced charge 

can greatly alter the optical properties of the active layer at the insulator-COx interface. 

Besides, COx has other impressive advantages such as low losses, easy integration and 

compatibility with standard CMOS fabrication [34-36]. Therefore, COx can be good 

alternative materials for EO modulation.  

The final goal of the investigations is to realize high-speed EO modulation at nanoscale. 

1.2 Physical effects for electro-optical modulation 

The modulation of an optical signal can be categorized in different ways. According to 

the fundamental beam parameters, the modulation can be imposed on either the amplitude, 

phase, frequency or polarization of the beam. According to the mechanism, the modulation 

can be classified as either electro-refractive or electro-absorptive. When a material is 

exposed to an applied electric field, a change in its real and imaginary refractive indices 

may occur, corresponding to either electro-refraction (change in real refractive index ∆𝑛)  

or electro-absorption (change in absorption coefficient ∆𝛼). Here, we will focus on the 

different physical effects that lead to electro-refraction or electro-absorption. 

1.2.1 Pockels effect and Kerr effect 

The primary physical effect for causing electro-refraction is called electro-optic effect 

[37, 38]. The field dependence of the refractive index can be described by the sum of linear 

terms and higher order terms, 
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                                            𝑛(𝐸) = 𝑛 −
1

2
𝑟𝑛3𝐸 −

1

2
𝜉𝑛3𝐸2 ∙∙∙,                                                 (1.1) 

where n is the refractive index, r  and 𝜉 are electro-optic coefficients. The higher-order 

terms in this series are considerably smaller than n so that terms higher than the third can 

be neglected. 

 

Figure 1-1. Dependence of refractive index on the electric field: (a) Pockels effect; 

(b) Kerr effect. 

In many materials, the third term in Eq. (1.1) is still far too small, which can be taken 

out of consideration. Then what is left over, 𝑛(𝐸) = 𝑛 −
1

2
𝑟𝑛3𝐸, is called Pockels effect. 

The linear electro-optic coefficient, r, is known as the Pockels coefficient. For common 

crystals used as Pockels medium, the values of r are in the range from 10-12 to 10-10 m/V. 

On the other hand, another effect dominates in centrosymmetric materials since n(E) must 

be an even symmetric function. As a result, with the Pockels coefficient r = 0, 𝑛(𝐸) = 𝑛 −

1

2
𝜉𝑛3𝐸2. This effect is called Kerr effect, and the quadratic electro-optic coefficient,  , is 

known as the Kerr coefficient, which has typical values from 10-18 to 10-14 m2/V2 in crystals 

n

n(E)

0 E

(a)

n

n(E)

0 E
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and 10-22 to 10-19 m2/V2 in liquids [38]. Figure 1-1 plots the refractive index as a function 

of electric field for Pockels effect and Kerr effect, respectively. Since there is no carrier 

transport involved in the medium, modulators based on these two effects usually have 

relatively low power consumption and high working speed. 

1.2.2 Franz-Keldysh effect 

 

Figure 1-2. The Franz-Keldysh effect. (a) The bandgap for bulk semiconductor 

without (OFF) and with (ON) external electric field. (b) Absorption spectrum 

change by external electric field. The absorption peak moves towards longer 

wavelengths. (c) Electro-absorption modulator in a waveguide configuration [38]. 

The Franz-Keldysh effect demonstrates a change of absorption characteristics in a bulk 

semiconductor under an externally applied electric field. The effect is caused by tilting of 

the energy bands of a semiconductor. As shown in Fig.1-2(a), at equilibrium (OFF) state, 

an electron needs to absorb a photon with energy ℎ𝑣1 in order to transit from the valence 

band to the conduction band. However, an external field will result in electron tunneling 

and the absorption edge may extend to the band gap between valance and conductance 

bands. Therefore, an electronic transition can happen with a lower energy ℎ𝑣2 when the 

applied electric field is on. As shown in Fig.1-2(b), the absorption peak shifts to longer 

(a) (b) (c)
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wavelength due to the Franz-Keldysh effect. This effect can be used to realize electro-

absorption. Without applied electric field (OFF), an incident light beam with photon energy 

smaller than ℎ𝑣1  could transmit through without being absorbed. However, when the 

electric field is applied (ON), light with energy larger than ℎ𝑣2 will be absorbed. As shown 

in Fig. 1-2(c), electro-absorption based on this effect is usually realized within a 

waveguide, where the externally applied electric field is perpendicular to the direction of 

light propagation. The operation is typically faster than electro-refraction and requires 

lower voltages. 

1.2.3 Quantum-confined Stark effect 

 

Figure 1-3. (a) The band diagrams of a quantum well without (OFF) and with (ON) 

external electric field. (b) Change in the absorption spectrum in an AlGaAs/GaAs 

multiquantum-well structure with increasing applied voltage [38]. 

Different from the Franz-Keldysh effect, the quantum-confined Stark effect describes 

a change of absorption spectrum of a quantum well due to an external electric field. As 

seen in Fig. 1-3(a), when the electric field is applied perpendicular to the quantum well 

(a) (b)
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(ON), the wavefunctions of an electron and a hole are pushed toward the edges of the well. 

The electron subband energy Ee decreases while the hole subband energy Eh increases, 

causing the decrease of energy difference between the conduction and valence 

bands: ℎ𝑣1 < ℎ𝑣2 . Moreover, as shown in Fig. 1-3(b) the larger the electric field, the 

smaller the energy difference [39]. Similar to Franz-Keldysh effect, the permitted light 

absorption frequency is reduced, or the absorption spectrum shifts to longer wavelength in 

the presence of applied electric field.  

The quantum-confined Stark effect has been found in AlGaAs/GaAs quantum well 

structures [37], Ge/SiGe quantum wells [15], semiconductor quantum dots [40], and so on.  

1.2.4 Plasma dispersion effect 

Another physical effect that simultaneously achieves electro-refraction and electro-

absorption is called plasma dispersion effect, or free carrier plasma dispersion effect, which 

is induced by the change of free carrier concentration in a material. According to the Drude 

theory, the equation of motion of an electron is given as [41],  

𝑒�⃗� = 𝑚
𝑑�⃗� 

𝑑𝑡
+

𝑚�⃗� 

𝜏
,                                                   (1.2)                                                                                                                                         

where e is the electron charge, m is the electron mass, 𝜏 is the scattering time, �⃗� = 𝐸0𝑒
−𝜔𝑡 

is the electric field intensity, the electron velocity 𝑣 , thus can be expressed as 

𝑣 =
𝑞�⃗� 

−𝑖𝜔𝑚+𝑚/𝜏
.                                                   (1.3) 

Plug this into Maxwell’s equation, we have 
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∇×�⃗⃗� =
𝜕�⃗⃗� 

𝜕𝑡
+ 𝐽 𝑝 = −𝑖𝜔𝜀�⃗� + 𝑒𝑁𝑣  

= 𝑖𝜔𝜀0 {𝜀𝑟 + 𝑖𝜀𝑖 −
(𝜔𝑝𝜏)

2

(𝜔𝜏)2

(𝜔𝜏)2−𝑖𝜔𝜏

(𝜔𝜏)2+1
} �⃗� = −𝑖𝜔𝜀0𝜀�⃗� ,                    (1.4) 

where �⃗⃗�  is magnetic field intensity, 𝐽 𝑝  is the polarization current density, 𝜀0 is the free 

space permittivity, 𝜔𝑝 = √
𝑁𝑒2

𝑚∗𝜀0
 is the plasma frequency defined by free carrier 

concentration N and effective mass 𝑚∗. Then we obtain the material relative permittivity 

𝜀 = 𝜀𝑟 + 𝑖𝜀𝑖 −
(𝜔𝑝𝜏)

2

(𝜔𝜏)2

(𝜔𝜏)2−𝑖𝜔𝜏

(𝜔𝜏)2+1
= (𝑛 + 𝑖𝜅)2.                           (1.5) 

By separating the real and imaginary part of 𝜀, we can get the relation between the real part 

n and imaginary part κ of the refractive index 

{
𝑛2 − 𝜅2 = 𝜀𝑟 −

(𝜔𝑝𝜏)2

(𝜔𝜏)2+1

2𝑛𝜅 = 𝜀𝑖 +
(𝜔𝑝𝜏)2

𝜔𝜏[(𝜔𝜏)2+1]

                                          (1.6) 

Note that the average drift mobility is given by 𝜇 = 𝑒𝜏/𝑚, and 𝑛 = 𝑛0 + Δ𝑛, 𝜅 = 𝜅0 +

Δ𝜅. 𝑛0 and 𝜅0 represent the real and imaginary refractive index at intrinsic state. Also, 

consider the following conditions at infrared wavelengths, 𝜔𝜏 ≫ 1, 𝑛 ≫ 𝜅, and 𝑛0 ≫ ∆𝑛, 

then change of refractive index and absorption coefficient can be derived, 

{
∆𝑛 = −

𝑒2𝜆2

8𝜋2𝑐2𝜀0𝑛0

𝑁

𝑚

∆𝑎 =
4𝜋∆𝜅

𝜆
=

𝑒3𝜆2

4𝜋2𝑐2𝜀0𝑛0

𝑁

𝑚2𝜇

.                                     (1.7) 
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By considering the contribution of both electrons and holes, the above equations can be 

rewritten as 

{
∆𝑛 = −

𝑒2𝜆2

8𝜋2𝑐2𝜀0𝑛0
(
∆𝑁𝑒

𝑚𝑒
+

∆𝑁ℎ

𝑚ℎ
)

∆𝑎 =
4𝜋∆𝜅

𝜆
=

𝑒3𝜆2

4𝜋2𝑐2𝜀0𝑛0
(

∆𝑁𝑒

𝑚𝑒
2𝜇𝑒

+
∆𝑁ℎ

𝑚ℎ
2𝜇ℎ

)
                          (1.8) 

where ∆𝑁𝑒 and ∆𝑁ℎ denote the carrier concentrations of electron and hole, respectively. 

In Ref. [42], Soref and Bennett derived another way to estimate the change of refractive 

index based on the Kramers-Kronig relation, 

∆𝑛(𝜔) =
𝑐

𝜋
𝑃 ∫

∆𝑎(𝜔1)

𝜔1
2−𝜔2 𝑑𝜔1

∞

0
,                                          (1.9) 

where 𝜔 is the angular frequency, c is the speed of light, and P is the Cauchy principal 

value. For different electron and hole densities, the absorption spectrum of crystalline 

silicon was investigated, and the change of refractive index and absorption coefficient were 

calculated at different wavelengths. At the telecom wavelength of 1550nm, the relation 

between the change of refractive index ∆𝑛 and free carrier concentrations is  

∆𝑛 = ∆𝑛𝑒 + ∆𝑛ℎ = −8.8×10−22∆𝑁𝑒 − 8.5×10−18(∆𝑁ℎ)
0.8.                 (1.10) 

Similarly, the change in absorption coefficient is given by 

∆𝛼 = ∆𝛼𝑒 + ∆𝛼ℎ = 8.5×10−18∆𝑁𝑒 + 6×10−18∆𝑁ℎ.                       (1.11) 

The plasma dispersion effect evaluates the change of refractive index and absorption 

coefficient as a function of the electric field induced change of carrier concentration. The 

interaction between carrier concentration in material and propagating light can be 
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categorized into three different mechanisms including carrier injection, carrier 

accumulation and carrier depletion. All the three mechanisms have found applications in 

EO modulation with advantages and disadvantages [43]. For example, modulators based 

on carrier injection have small losses, but their speed is relatively low due to long carrier 

combination times. The speed of carrier-accumulation modulators is not limited by 

minority carrier lifetime, but they suffer from device RC delay and lack modulation 

efficiency. The carrier-depletion-based modulators are simple for processing, and offer 

high operation speed, but their working efficiency is limited by a lower number of involved 

carriers, which require further optimization [44-46]. 

1.3 Materials for EO modulation 

Microelectronics could not develop without silicon, nor could EO modulators without 

proper materials. The EO properties of many materials have been revealed and 

investigated. Different applications and mechanisms determine the appropriate material. In 

this section, we introduce a few commonly used EO materials, and particularly focus on 

two materials that receive intense research interest in recent years, graphene and conductive 

oxide (COx). 

1.3.1 Dielectric crystals 

Crystals, such as NH4H2PO4 (ADP), KH2PO4 (KDP), LiNbO3, LiTaO3, are known for 

their electro-optic effect, and have popular applications in EO modulators [38]. Typically, 

they provide high-speed light modulation with low power consumption [47,48]. However, 

the modulation effects are rather weak in these materials due to very small electro-optic 
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coefficients [38]. They are not compatible with existing silicon-based platforms, which 

makes it difficult to integrate with CMOS technology. Besides, due to the poor EO 

properties, modulators based on these materials are usually in millimeter scale, prohibiting 

the wide application in integrated electronic and photonic circuits. 

1.3.2 Group IV materials 

Electronic fabrication lines prefer silicon-based CMOS-compatible materials, 

including silicon and germanium. Silicon is the material that dominants the 

microelectronics industry. It is always a preferred choice for optoelectronics considering 

cost-effectiveness and ease of fabrication, for all applications where infrared light beyond 

the silicon absorption edge is to be guided, filtered, modulated and switched [49,50]. EO 

modulators based on silicon can be manufactured in a CMOS compatible fabrication 

process, promise full integrality with existing electronic platforms. The most popular effect 

investigated and used for modulation in silicon is the plasma dispersion effect, where p-i-

n diode structures are usually deployed in an optical waveguide to electrically control the 

behavior of free carriers in the path of propagating light [43,51]. Recently, a state-of-the-

art athermal silicon modulator based on a vertical p-n junction has been demonstrated and 

characterized, with high speed, low driven voltage, and ultralow power consumption being 

simultaneously achieved [52].  Meanwhile, the Franz-Keldysh effect and quantum-

confined Stark effect have been utilized by using silicon-based materials. For example, 

both effects have been demonstrated in GeSi [17,53]. Furthermore, in Ref. [15], quantum-

confined Stark effect in pure Ge is also reported.  As a result, germanium is also a 

promising material for high-speed EO modulation. 
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1.3.3 III-V semiconductors 

The application of III-V semiconductors in EO modulation are mostly based on GaAs 

and InP, which have provided popular platforms for photonic devices [54]. GaAs and InP 

based EO modulation can not only be caused by the electro-optic effects, but also the Franz-

Keldysh effect and the quantum confined Stark effect. GaAs and InP have a direct bandgap, 

which makes them suitable materials for laser or detector applications [55, 56]. III-V 

semiconductors exhibit higher nonlinearities and larger bandgaps than group IV materials, 

but they are expensive, and the integration still faces many challenges. However, successful 

integration of electronics and photonics based on GaAs and InP would bring high-speed 

high-quality integrated circuits. 

1.3.4 Non-linear polymers 

Organic non-linear polymers have been considered as promising alternative EO 

materials for their advantages such as large Pockels coefficient, ultrafast response times, 

relatively low dielectric loss, and compatibility with other materials and substrates [57]. 

Compared with other materials, non-linear polymers are inexpensive and more practical 

materials especially for filling nanoscale gaps or slots in waveguides [58]. A plasmonic 

phase modulator with a compact size (~29um) has been proposed for high-speed operation 

(40Gbit/s) [59]. A more recent all-plasmonic Mach-Zehnder modulator has reached speed 

of 70 GHz, and the deployment of non-linear polymer provides large bandwidth, low 

energy consumption (25fJ/bit) and cheap integration method with electronic platforms 

[60]. While in the stage of development, non-linear polymer-based subsystems have 
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foreseeable benefit on next generation hybrid EO devices for telecommunication, data 

transfer, and sensing applications.  

1.3.5 Graphene 

As a cutting-edge technology, graphene may also find applications in EO modulation 

with its unique advantages as follows: (1) High speed: with a tremendously high carrier 

mobility (2×105 cm2V-1s-1) at room temperature, graphene is treated as one of the most 

prospective materials of next-generation ultrafast optoelectronic devices [61]. An operation 

speed of over hundreds of GHz can be expected owing to the ultrafast carrier processes in 

graphene [62]. As a result, the Fermi level, which is directly related to the optical 

absorption of graphene, can be rapidly modulated by applied voltage. This process actually 

reveals the modulation ability in graphene. (2) Broad bandwidth: due to its unique 

electronic structure [22,63], monolayer graphene has a constant light absorption of πα = 

2.293% all the way from visible to infrared regime [64]. Here α=e2/ħc denotes the fine-

structure constant [28]. The telecom bandwidth is fully covered by the graphene absorption 

range. (3) Efficient absorption: considering only one atom thickness, an optical absorption 

of ~2.3% is quite high. For comparison, GaAs with a thickness 50 times that of monolayer 

graphene absorbs the same amount of light. By integrating graphene with other structures 

or waveguides, the light-graphene interaction can be further enhanced [65]. (4) CMOS-

compatible: large-scale graphene can be integrated with CMOS-compatible processes 

according to research in the past decade [66,67].  
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Graphene has a unique electronic structure in that the conduction band and valence 

band meet at Dirac points like two cones [22,63], which determines a linear dispersion 

relation in the vicinity of Dirac points. Therefore, carrier behavior that can be modeled as 

massless Dirac fermions. For pristine graphene, only interband transition is allowed, and 

the transmittance is frequency-independent and only determined by the fine-structure 

constant α=e2/ħc (where e is the electronic charge, ħ is the reduced Planck’s constant, and 

c is the speed of light) [64]: 

𝑇 = (1 + 2𝜋𝐺/𝑐)−2 ≈ 1 − 𝜋𝑎 ≈ 0.977                              (1.12) 

When doped, the optical transmission of graphene is mainly determined by chemical 

potential 𝜇, which can be tuned by chemical doping or electrical gating. Two absorption 

processes, interband absorption and intraband absorption, coexist in the light-graphene 

interaction. According to the Kubo formula, the two processes can be evaluated by a 

complex conductivity 

𝜎𝑔 = 𝜎𝑖𝑛𝑡𝑒𝑟(𝜔, 𝜇, Γ, 𝑇) + 𝜎𝑖𝑛𝑡𝑟𝑎(𝜔, 𝜇, Γ, 𝑇),                          (1.13) 

which depends on angular frequency of light 𝜔, chemical potential 𝜇, charged particle 

scattering rate Γ, and temperature 𝑇. Both interband transition and intraband transition are 

related to μ and ω. When μ = 0, no intraband absorption will happen. When |μ|< ħω/2, 

interband absorption dominates and graphene becomes absorptive. Otherwise, graphene is 

quite transparent to visible and NIR light.  

In Ref. [32], graphene interacts with light propagating in silicon waveguide and offers 

absorption. By electrically tuning the Fermi level, the interband absorption in graphene can 
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be turned on and off.  This graphene-based EO modulator has an operation speed of 1.2 

GHz, and a modulation efficiency of 0.1dB/μm. Its working bandwidth is from 1350nm to 

1600nm, which covers the telecom regime. Meanwhile, intraband absorption can be 

equally important in graphene modulator. Lu and Zhao theoretically show that the optical 

conductivity of graphene changes with different chemical potential, resulting in a 

significant shift in dielectric constant. A modulation depth of 4.42dB/um can be achieved 

when graphene sandwiched inside the silicon waveguide, which shows great promise to 

make EO modulators into nanoscale [68]. 

Graphene shows great potential for broadband and ultrafast EO modulation. The 

manipulation in interband and intraband absorption in graphene is the main mechanism for 

modulation. The modulation speed of experimentally demonstrated graphene-based EO 

modulators is limited to approximately 1 GHz due to the RC constant. Following the first 

demonstration, many optical modulators enhanced by graphene have been theoretically and 

experimentally demonstrated. Graphene also shows great promise for ultrafast all-optical 

modulation with the picosecond level relaxation time, but direct measurement of a high 

speed is yet to be demonstrated. Besides, modulation of waves in terahertz range by 

graphene-based modulators is highly possible and has become a booming topic. In 

principle, much effort is needed to experimentally realize the promising potential of 

graphene.  

1.3.6 Conductive oxide (COx) 
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Conductive oxides (COx), for instance, indium tin oxide (ITO) and aluminum-doped 

zinc oxide (AZO), are doped metal oxides that attract intensive research interest. They have 

a large bandgap that makes them visibly transparent, so they are conventionally used as 

transparent electrodes in solar cells and liquid-crystal displays [69-72]. The optical 

response of COx is governed by free electrons, whose density is controlled through the 

addition of n-type dopants. The moderate free carrier concentrations (1019cm-3-1021cm-3) 

in COx make their plasma frequencies lie in the NIR range. Therefore, COx can exhibit 

metallic properties in NIR and mid-infrared (MIR) ranges and can be exploited for 

subwavelength light manipulation (Fig. 1-4). Moreover, the carrier concentration in COx 

can be controlled by growth/deposition conditions and post-annealing process [58, 73-75], 

resulting in an adjustable dielectric constant, which provides certain advantages for 

designing various plasmonic and nanophotonic devices. In addition, COx can be fabricated 

with standard physical vapor or chemical vapor deposition process and they are CMOS 

compatible. 

 

Figure 1-4. (a) Real and (b) imaginary parts of the dielectric constant of highly 

doped conductive oxides. Shaded areas correspond to wavelengths where COx 

exhibit metallic properties [58]. 

v(a) (b)
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Plasmonics has been considered as the next generation technology that combines high 

speed of photonics with the nanoscale integration of nanoelectronics. Owing to the metallic 

properties shown in NIR region as well as small losses compared with noble metals (e.g. 

AZO could have losses four times smaller than silver in NIR), COx are treated as promising 

alternative plasmonic materials. The exploration of COx as the plasmonic metamaterial for 

NIR applications can be traced back to decades ago [76-78]. The past decade has witnessed 

more intensive study on plasmonic properties of COx, which includes realization of high 

doping and negative permittivity [75], surface plasmon polariton (SPP) guiding [79], 

tunability of localized surface plasmon resonance (LSPR) [80], negative refraction [81] as 

well as perfect absorption [82].  

EO modulation can also be realized by utilizing COx in ultra-compact plasmonic 

devices. The modulation mechanism is relying on the free carrier plasma dispersion effect: 

the externally applied electric field changes the carrier concentration in COx, which results 

in the change of optical properties. For instance, a unity-order refractive index change in a 

5-nm thick accumulation layer is achieved for a metal-insulator-metal (MIM) structure 

based on ITO [33]. Similarly, a large increase of carrier concentration within a 10 nm ITO 

film in a metal-oxide-semiconductor (MOS) structure is demonstrated [83]. As shown in 

Fig. 1-4, COx exhibits near-zero permittivity (epsilon-near-zero or ENZ) in NIR region, 

where light-matter interaction can be greatly enhanced. By taking advantage of this 

property, modulators based on COx could expect a large modulation depth. A Gallium-

doped Zinc Oxide (GZO)-based plasmonic modulator has a theoretically predicted 

modulation depth of 46 dB/μm [84], which may allow for ultra-compact modulators made 
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at the nanoscale. EO modulators based on COx could potentially work at a speed of over 

hundreds of GHz according to the mechanism. Besides, other advantages including 

broadband operation and low power consumption have been reported [83,85].  

1.3.7 Graphene and COx thin films 

As well known since its discovery, graphene has shown exceptional electrical, optical, 

thermal, as well as mechanical properties compared with bulk form of graphite, which 

make it very promising for optoelectronic applications. Besides, as the byproducts in the 

graphene synthesis processes, bi-layer and multi-layer (≥ 3) graphene have also been 

intensively investigated regarding to their electronic structures, transport properties, optical 

properties, etc [86-88], and various applications such as improving thermal conductivity 

[89,90] and saturable absorber [91], have been enabled. The effective Hamiltonian of 

graphene is shown to be equivalent to the Dirac Hamiltonian for a zero-mass particle, 

where the conduction band and valence band with linear dispersion touch at the so-called 

Dirac point. In bi-layer and multi-layer graphene, the interlayer coupling drastically 

changes the band structure, giving characteristic features depending on the number of 

layers and the stacking manner [92,93]. For example, the carrier mobility of CVD graphene 

can be limited by the scattering in bi-layer and multi-layer domains [94]. The issue is that 

graphitic AB stacking breaks the equivalency of sublattice atoms in a graphene sheet, so 

that multilayer films should not exhibit the graphene-like properties [95]. However, 

researchers also found that multi-layer graphene synthesized by epitaxy growth on SiC 

showed single-layer electronic properties due to epitaxial condition-induced rotational 
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stacking faults [96]. As a result, multi-layer graphene with tens of layers could also exhibit 

very high carrier mobilities. 

For COx, researchers found that thinner films could lead to higher bandgap, decreased 

effective mass, and substantially higher carrier density [97].  For better EO modulation 

performance, the COx thickness should be as small as possible to reduce losses while 

keeping the main feature of the layer—ENZ behavior at NIR wavelengths. Thus, research 

efforts should be put towards the fabrication of ultra-thin, smooth continuous films of COx. 

Some theoretical studies consider thinner layers, for example, a few nanometers [98], 

which will provide better performance. However, ultra-thin COx may cause significantly 

differed electrical and optical properties [99], and the crack and surface problem due to 

delicate films could degrade the field effect for EO modulation. Besides, thinner COx films 

would lead to much increased resistance and thus contribute to larger device RC constant. 

As a result, the feasibility of ultra-thin COx films (a few nanometers) in realizing efficient 

EO modulation still needs verification.  

1.4 Fabrication techniques for graphene and conductive oxide 

Materials have significant impacts on the design, fabrication, and performance of 

devices. The desired functionalities of devices in return determines the fabrication 

techniques of materials. The properties of graphene and conductive oxide can vary a lot 

due to different fabrication processes. In this section, a general introduction of fabrication 

techniques for graphene and conductive oxide will be presented.  

1.4.1 Graphene synthesis, transfer and characterization 
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Since first successful isolation of monolayer graphene in 2004 by mechanical 

exfoliation method (or scotch tape method) [21], many approaches and processes have been 

developed to produce single-to-few layer graphene. The major concern in graphene 

synthesis is to produce samples with high carrier mobility and low density of defects. 

Among all the graphene synthesis methods, mechanical exfoliation is the best way to obtain 

high-mobility, high-quality graphene flakes. However, this method has poor production 

efficiency. The repeated peeling by scotch tape is a time-consuming process and only small 

sizes of graphene flakes (up to 1 mm in length [100]) can be produced. In order to synthesis 

graphene in large scale for various applications, other promising techniques have been 

investigated, which includes thermal decomposition [101, 102], chemical vapor deposition 

(CVD) [67, 103-106], molecular beam deposition [107], and chemical synthesis [108,109]. 

By heating silicon carbide in ultra-high vacuum (UHV) to temperatures between 

1000°C and 1500°C, silicon would sublimate from SiC surface and leave behind thin 

graphitic layers or sometimes monolayer graphene. This method is called thermal 

decomposition [101]. The number of layers is dependent on the decomposition 

temperature. By annealing SiC in noble gas atmosphere as opposed to UHV, researchers 

have obtained much larger continuous graphene layers with reduced surface roughness 

[102]. This technique is capable of generating wafer-scale graphene layers. 

CVD is a popular method to produce large-scale graphene at a relatively low cost. In 

CVD process, carbon is supplied by injected gas. A metal substrate is necessary to seed the 

growth of graphene, where Ni and Cu are most commonly used. After graphene growth, 

the metal catalyst needs to be etched away to allow graphene to be transferred to other 
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substrates. The growth of monolayer, bilayer and few-layer graphene on Cu have been 

demonstrated [103-106], while on Ni, the graphene thickness is found to be dependent on 

the cooling rate. Three to four layers of graphene was produced with a cooling rate of 

10°C/s, and thicker graphite layers could result from faster cooling rates [103]. The size of 

graphene by CVD method is determined by gas flow, pressure as well as temperature. A 

roll-to-roll process was reported to produce graphene layers with diagonal of up to 30 

inches, as shown in Fig. 1-5 [67]. The carrier mobility of CVD grown graphene can reach 

a high value of 16000 cm2V-1s-1 [105]. 

 

Figure 1-5. Multiple CVD graphene sheets with diagonal of up to 30 inches 

transferred to transparent flexible substrates [67]. 

Molecular beam deposition technique can be used to grow graphene layer-by-layer 

[107]. Starting with an ethylene gas source, gas was broken down at 1200°C by a thermal 

cracker and deposited on a nickel substrate. Large-area, high-quality graphene layers were 

produced at 800°C. By forming one layer on top of another, this method is capable of 

producing of one to several layers of graphene. Besides, in contrast to the CVD growth on 
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Ni, the number of graphene layers produced by molecular beam deposition was found to 

be independent of cooling rate. 

Another technique for generating graphene is chemical synthesis. In this method, 

graphene oxide is first produced as a precursor for graphene. A commonly used procedure 

treats graphite in an anhydrous mixture of sulfuric acid, sodium nitrate, and potassium 

permanganate for several hours, followed by the addition of water [108]. The resulting 

graphite oxide solution can be sonicated to form graphene oxide flakes, which is then spin-

coated on substrates to make monolayer or bilayer graphene oxide. Finally, graphene can 

be obtained by thermal or chemical reduction of graphene oxide [109]. 

 

Figure 1-6. The process of graphene transfer. The picture of multilayer graphene on 

Ni transferred to glass substrate is shown at the end. 

Commercially available, large area graphene grown by CVD process has been widely 

used in research. A key step to making use of as-grown graphene in various applications is 

to transfer graphene layer onto desired substrate such as Si or SiO2. A polymer-assisted 

transfer process is commonly utilized. Fig. 1-6 illustrates the process in step-by-step. First, 

Polymethyl-methacrylate (PMMA) is coated on top of graphene, serving as both 

As-grown CVD 
graphene

PMMA coating 
and baking

Layer stack reduction to 
PMMA/graphene/metal

Cu/Ni etchDI rinse
Transfer to desired 
substrate and dry

PMMA removal by 
Acetone

Clean with IPA 
and DI water

Graphene on SiO2
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supporting and protection layer. Then, depending on the substrate used to grow graphene, 

different methods are used to reduce the sample to a PMMA/graphene/metal (Cu or Ni) 

stack. If the seeding metal is on SiO2/Si substrate, the sample will be immersed into 

buffered oxide etch (BOE) solution to etch SiO2 away; if the substrate is just a metal foil, 

then the backside graphene needs to be removed by oxygen plasma. After that, the 

PMMA/graphene/metal stack will be further reduced to PMMA/graphene by applying 

metal etch solution (i.e. FeCl3 or HNO3). When the PMMA/graphene is thoroughly rinsed 

by deionized (DI) water to eliminate metal etch residue, it can be transferred to the desired 

substrate. Finally, after PMMA layer is removed by acetone, the transferred graphene is 

cleaned with isopropyl alcohol (IPA) and DI water. The figure includes a picture showing 

multilayer graphene on glass transferred from Ni/SiO2/Si substrate. In order to get high-

quality transfer, researchers have further optimized this process. For example, Li et al 

introduced a second PMMA coating step after PMMA/graphene is placed on the substrate 

[110]. Liang et al developed a “modified RCA clean” transfer process to better control both 

contamination and crack formation on transferred graphene [111]. 

Due to the atom-scale thickness and high transparency of graphene, it is important to 

identify it and characterize its structure after its synthesis. Raman spectroscopy is a non-

contact, reflective technique, which provides a fast, nondestructive method to determine 

number of graphene layers, the stacking order as well as density of defects and impurities 

[112,113]. In Raman spectrum of graphene and other graphitic materials, three peaks are 

most prominent, namely G band at ~1580cm-1, the D band at ~1350cm-1, and the 2D band 

at ~2680cm-1. The D band is induced by defects in graphene lattice. With its intensity 
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proportional to the defect level, D band is usually weak in high-quality graphene. The 

number of layers of graphene can be determined by the band shape of the 2D peak, as well 

as its intensity relative to G peak, as shown in Fig. 1-7(a). As the layer number increases, 

the 2D band becomes broader, less symmetric, and less intensive [114]. 

In order to quickly identify few- to single-layer graphene made from mechanical 

exfoliation, an optical microscope is usually used. Fig. 1-7(b) shows one, two and three 

layers of exfoliated graphene on SiO2 observed under an optical microscope [115].  

 

Figure 1-7. (a) Layer dependence of graphene Raman spectrum. Raman spectra of 

N=1-4 layers of graphene on Si/SiO2 and of bulk graphite [112]. (b) Optical 

microscope image of multilayer graphene sheet on Si/SiO2[115]. 

1.4.2 Fabrication of conductive oxide 

Thin films of COx can be deposited by many physical-vapor and chemical-vapor 

deposition techniques. Techniques such as sputtering and pulsed-laser-deposition (PLD) 

can produce high conductive COx films. As mentioned before, it has great flexibility to 

obtain COx with varied properties by controlling the deposition process. Since COx are 

doped metal oxides, the dopant concentration and oxygen flow ratio can both determine 

(a) (b)



25 

 

the thin film properties. Besides, the fabrication environment, such as temperature and 

pressure can be equally important. Researchers have conducted investigations on these 

effects [116,117]. Fig. 1-8 (a,b) plot the dependence of real and imaginary permittivity of 

AZO on oxygen pressure, respectively; while for AZO, GZO, and ITO, the cross-over 

frequencies where the real permittivity crosses zero, and their damping factors as a function 

of dopant concentration are illustrated in Fig. 1-8(c,d). 

 

Figure 1-8. Dependence of (a) real and (b) imaginary parts of AZO permittivity on 

oxygen pressures upon deposition [116]. Dependence of (c) cross-over wavelength 

and (d) Drude-damping coefficient of AZO, ITO, and GZO on different dopant 

concentrations [117]. 

(a) (b)

Wavelength (nm) Wavelength (nm)
(c) (d)
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In our experiments, we fabricate ITO thin films with two different tools. In 

Semiconductor & Microsystems Fabrication Laboratory (SMFL) of RIT, ITO thin film can 

be deposited by sputtering process with CVC601. The basis of sputtering is to use 

accelerated particles to bombard the target and knock the target atoms out. Then these free 

atoms will be deposited on the surface of the substrate. During the sputtering process, 

plasma is usually used since it contains charged particles; this low-pressure gas is easily 

directed by electric fields. To obtain plasma, a voltage will be applied across a pair of 

electrodes. Free electrons which gain energy from the electric fields will collide with gas 

particles, eventually causing ionization. This is known as direct-current glow discharge 

[118]. The sputtering process in CVC601 is using an (In2O3)0.9(SnO2)0.1 weight percentage 

target, with chamber environment of room temperature and 7.3 mTorr pressure introduced 

by Argon. After sputtering, the ITO films will go through a post-deposition annealing 

process to achieve the desired properties [73,119]. ITO films can also be deposited by 

PVD75 sputtering tool in Cornell Nanoscale Science and Technology Facility (CNF) [120]. 

The tool uses a 90% Indium /10% Tin target to reactively sputter with the oxygen 

introduced into the chamber. The composition of the ITO can be varied by controlling the 

percentage of oxygen (2% to 12%) that is introduced into the chamber. The lower the 

oxygen content; the more uniform, but the less transparent and more metallic the film will 

be. The tool has substrate rotation and heating capabilities up to 350°C. Denser films can 

be created by heating the substrate. 
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1.5 Numerical analysis methods 

Numerical analysis is an essential component in the research of electromagnetics.  

People make use of different numerical analysis methods to design and analyze structures, 

predict the device performance and verify the experimental results. Among many different 

methods, two of them play significant roles in my research, namely transfer matrix method 

(TMM) and finite-difference time-domain (FDTD) method. This section briefly introduces 

the principles of the two methods. 

1.5.1 Transfer matrix method (TMM) 

In optics, TMM is a method used to analyze the propagation of electromagnetic waves 

through a layered medium [38,121]. A wave incident on a layered medium undergoes 

reflections and transmissions at the layer boundaries. The complex amplitudes of 

transmitted and reflected waves may be determined by using Fresnel equations at each 

boundary, and the overall transmittance and reflectance of the medium can be calculated 

by superposition of the individual waves.  

 

Figure 1-9. (a) Illustration of the transfer matrix of a medium. (b) Transfer matrices 

of each element in a multilayered system. 

Consider the forward and backward waves in and out of a layered medium, as shown 

in Fig. 1-9(a). The complex amplitudes of the waves can be related by a matrix equation, 

( )
1U
 ( )

2U


( )
2U
( )

1U
 M 1M

2M NM
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[
𝑈2

(+)

𝑈2
(−)

] = [
𝐴 𝐵
𝐶 𝐷

] [
𝑈1

(+)

𝑈1
(−)

],                                             (1.14) 

The elements A, B, C and D forms the transfer matrix, M, which is determined by the 

optical properties of the layered medium. In detail, the scattering matrix S of a medium is 

first determined, 

𝑆 = [
𝑡12 𝑟21

𝑟12 𝑡21
],                                                      (1.15) 

where the four elements are reflection and transmission coefficients calculated with Fresnel 

equations. Then, the transfer matrix can be converted from scattering matrix, 

𝑀 = [
𝐴 𝐵
𝐶 𝐷

] =
1

𝑡21
[
𝑡12𝑡21 − 𝑟12𝑟21 𝑟21

−𝑟12 1 ]                                 (1.16) 

For a multilayered medium (Fig. 1-9(b)), the system transfer matrix can be obtained by the 

multiplication of the transfer matrices of each element, 

𝑀 = 𝑀𝑁 ∙∙∙ 𝑀2𝑀1                                                  (1.17) 

Finally, the scattering matrix for the multilayers is determined by conversion from the 

system transfer matrix,  

𝑆 = [
𝑡12 𝑟21

𝑟12 𝑡21
] =

1

𝐷
[
𝐴𝐷 − 𝐵𝐶 𝐵

−𝐶 1
]                                    (1.18) 

which can yield the amplitude reflectance and transmittance of the multilayers. For 

example, the reflectance of the whole system can be calculated by  

                  𝑅 = |
𝐶

𝐷
|
2

                                                         (1.19) 
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1.5.2 Finite-difference time-domain (FDTD) method 

The FDTD method was originally introduced by Kane Yee in 1966 [122] and 

popularized by Allen Taflove in 1980 [123]. The Yee algorithm is based on time and spatial 

discretization of Maxwell’s equations to obtain solutions for the EM field in the time 

domain. The spatial domain is decomposed into cubic unit cell filling all the computational 

space, shown in Fig. 1-10. The dimension of the cubic unit cell, ∆x×∆y×∆z, determines 

the discretization of space derivative.  

 

Figure 1-10. The distribution of E-field and H-field components in Yee cell. 

The method is numerically implemented by continuously sampling the 

electromagnetic field over the wave propagation medium in the cubic cell. Start with 

Maxwell’s curl equations: 

𝜕�⃗� 

𝜕𝑡
=

1

𝜀
∇×�⃗⃗�                                                     (1.20) 

𝜕�⃗⃗� 

𝜕𝑡
= −

1

𝜇
∇×�⃗�                                                    (1.21) 
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where �⃗�  is the electric field, �⃗⃗�  is the magnetic field, ε is the medium permittivity and 𝜇 is 

the permeability. Expanding the vector components of Eq. (1.20) and (1.21) produces six 

scalar equations in Cartesian coordinates: 

𝜕𝐸𝑥

𝜕𝑡
=

1

𝜀
(
𝜕𝐻𝑧

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
)                                             (1.22) 

𝜕𝐸𝑦

𝜕𝑡
=

1

𝜀
(
𝜕𝐻𝑥

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑥
)                                             (1.23) 

𝜕𝐸𝑧

𝜕𝑡
=

1

𝜀
(
𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
)                                              (1.24) 

𝜕𝐻𝑥

𝜕𝑡
=

1

𝜀
(
𝜕𝐸𝑦

𝜕𝑧
−

𝜕𝐸𝑧

𝜕𝑦
)                                               (1.25) 

𝜕𝐻𝑦

𝜕𝑡
=

1

𝜀
(
𝜕𝐸𝑧

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑧
)                                               (1.26) 

𝜕𝐻𝑧

𝜕𝑡
=

1

𝜀
(
𝜕𝐸𝑥

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑥
)                                               (1.27) 

These scalar equations form the basis of FDTD algorithm for modeling electromagnetic 

waves in arbitrary three-dimensional structures. As can be seen in Fig. 1-10, all E-field and 

H-field components are placed in an interlinked array inside the Yee cell. 

In Yee algorithm, the E-field components in a volume of space are first computed at a 

given instant in time; then the H-field components in the same spatial volume are solved 

at the next instant in time, based on the previously computed H-field components and 

newly updated E-field data. The leapfrog process is repeated over and over again until the 

desired transient or steady-state electromagnetic field behavior is fully evolved [124]. 
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The most prominent advantage of FDTD method is its simplicity in solving Maxwell’s 

equations. There are also limitations in the implementation of the technique. For example, 

the method requires the length of the grid cell to be much shorter than the wavelength of 

the wave inside the cell, which may hinder the application of the method in solving a 

variety of problems. This constraint is brought by both sampling limitation and grid 

dispersion errors. Another important restriction is that the Courant condition needs to be 

satisfied to ensure the computing stability [125]. The condition imposes constraints on time 

increments to prohibit waves to travel too far in each time increment. In three dimensions, 

the condition is described by the following equation: 

1

𝑉𝑝,𝑚𝑎𝑥∆𝑡
≥ (

1

∆𝑥2 +
1

∆𝑦2 +
1

∆𝑧2)
1/2

,                                  (2.28) 

where 𝑉𝑝,𝑚𝑎𝑥 is the maximum phase velocity of electromagnetic waves in the model. 

1.6 Dissertation overview 

The goal of this dissertation presents analytical, numerical and experimental results of 

realizing enhanced light absorption as well as EO modulation based on novel photonic 

materials, graphene and COx. These results are structured as follows: 

Chapter 2 presents the numerical modeling and experimental demonstration of greatly 

enhanced light absorption by monolayer graphene over a broad spectral range, based on an 

attenuated total reflection (ATR) configuration. An EO modulator is proposed and 

investigated based on the experimental validation of enhanced absorption. Besides, a 

structure that utilizes multilayer graphene to absorb a large amount of broadband, 
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unpolarized light is numerically studied. The potential application of the structure in 

photovoltaics is briefly discussed. 

Chapter 3 presents the theoretical and numerical study of a novel ENZ-slot 

waveguiding structure based on COx. Greatly enhanced light matter interaction is realized 

when the active material, ITO, is tuned to ENZ state by an applied electrical signal. This 

helps the design of nanoscale EA modulators with modulation depth over 20 dB/μm. 

Another application of the COx based ENZ-slot waveguide in laser beam steering made 

possible by significant effective index change of the waveguide, is also demonstrated. 

Chapter 4 continues the study in Chapter 3, and experimentally demonstrates field-

effect EA modulators based on a metal-insulator-COx (MIC) structure. The modulators 

exhibit a broadband bias-polarity-dependent modulation effect, where both carrier 

accumulation and depletion contribute to the EA modulation. ENZ effect is observed for 

the active material, ITO. 

In Chapter 5, an ultra-compact field-effect EA plasmonic modulator is designed, 

fabricated and characterized. Based on both carrier accumulation and depletion, the 

modulator has an effective modulation length of only 800 nm. Preliminary results show 

that it has an extinction ratio of 3.04 dB/μm at 10 MHz, works up to 500 MHz and can 

potentially operate at high speed. 

Chapter 6 focuses on the numerical analysis of nanoscale field effect optical modulators 

based on depletion of ENZ films. In the simulation, the depletion of a 4-nm thin ENZ ITO 
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film will result in an extinction ratio of 7.86dB for modulator based on the plasmonic 

platform, and 3.44dB for that based on the dielectric platform.  

Chapter 7 experimentally demonstrates a COx-based EA modulator integrated in a 

dielectric platform. The modulator has an ultra-compact footprint of 4 μm2. Besides, it 

exhibits up to 2 GHz operation speed at telecommunication wavelengths, which is expected 

to be further boosted by optimizing device circuit designs. 

Chapter 8 will present the summary of this dissertation as well as an outlook for 

potential future work. 
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2. ENHANCED LIGHT ABSORPTION BY 

GRAPHENE 

In this Chapter, based on a novel graphene-sandwiched structure, enhanced light 

absorption by monolayer graphene over a broad spectral range will be demonstrated. In the 

experiment, graphene is sandwiched between two dielectric media referred as superstrate 

and substrate. Based on the experimental results, up to 42.7% transverse electric (TE)-

polarized light absorption has been achieved [126]. Furthermore, by changing the materials 

of the superstrate and superstrate, multilayer graphene could absorb 70%-80% of 

unpolarized incident light, which may provide possibilities for detectors and photovoltaic 

devices [127].   

2.1 Introduction 

Graphene can support remarkably high density of electric currents [24], and has high 

thermal conductivity [26] and elasticity [128]. At room temperature, the electron mobility 

of graphene is extremely high [129]. This enables graphene a desirable material in the 

advancement of nanoelectronics [23]; for example, metal-oxide-semiconductor field effect 

transistor (MOSFET) channels [130], graphene nanoribbons [131-133], bilayer graphene 

transistor [134] and perforated graphene transistors [135-137]. The optical properties of 

graphene have intrigued considerable interest as well [27]. Recent research revealed gate-

variable optical conductivity [30] and high-speed operation [29] of graphene. These 

extraordinary properties combine with its high electron mobility make graphene a 
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promising candidate satisfying the need of broadband optical modulators [31,32,68,138] 

and photodetectors [30,139,140]. 

2.2 Enhanced polarized light absorption by monolayer graphene 

2.2.1 Background 

Light absorption can go up to 𝜋𝛼 = 2.293% (α is the fine-structure constant) [141,142] 

over a broad wavelength range when light is normally incident through monolayer 

graphene. By considering its single atom thickness, the interaction between light and 

graphene is quite strong, the absolute value (~2.3%) of absorption is still weak for many 

optoelectronic applications where a strong light-matter interaction is usually desired 

[143,144]. Therefore, novel approaches need to be explored to enhance light absorption of 

graphene. Some researchers have proposed graphene photodetectors integrated with 

plasmonic nanostructures [144] or nanoparticles [145] where the responsivity can be 

significantly enhanced due to the localized surface plasmons. It was also demonstrated that 

over 60% absorption can be reached by integrating graphene with a microcavity structure 

[140]. More recent work suggested monolayer graphene-based photodetector with 

ultrahigh photoresponsivity relying on band structure engineering [146]. However, all 

these methods mentioned above either need complicated, time-consuming fabrication 

processes [140,146] or the devices exhibit very narrow bandwidth [140,145,147]. An easily 

fabricated graphene-based device with a broadband performance is then desired for 

fundamental research and practical applications.  



36 

 

Herein, we present a simple approach to greatly enhance optical absorption of 

monolayer graphene over a broad spectral range, from visible to near infrared, based on an 

attenuated total reflection (ATR) configuration. This configuration has been used to 

measure the graphene absorption spectra [148], analyze terahertz surface plasmons on 

graphene [149], estimate number of carbon layers in an unknown graphene sample [150], 

and more recently, enhance coherent light absorption by graphene [151]. In Ref. [151], up 

to 10% visible light (λ=525nm to 800nm) absorption by monolayer graphene was 

demonstrated through an F2 prism coupling into a graphene-sandwiched silica 

waveguiding structure. In our work, we found that by utilizing an even simpler structure, 

(1) absorption nearly 100% can be theoretically achieved; and (2) the enhanced absorption 

can be achieved within an ultrabroad band, all the way from visible to near infrared. 

2.2.2 Numerical analysis 

The proposed graphene-sandwiched structure is shown in Fig. 2-1(a). It consists of 

three layers, superstrate, graphene, with refractive indices named by n1, n2, and n3, 

respectively. Light is obliquely incident into the three-layer structure, and the 

corresponding propagation angles to the normal direction are θ1, θ2, and θ3, respectively. 

According to Snell’s law, 𝑛𝑞𝑠𝑖𝑛𝜃𝑞 = 𝑛1𝑠𝑖𝑛𝜃1  (q=1, 2, 3). Based on the TMM, the 

amplitude reflectance can be calculated by 

𝑟 =
(�̃�3−�̃�2)(�̃�2+�̃�1)𝑒+𝑗�̃�2+(�̃�3+�̃�2)(�̃�2−�̃�1)𝑒−𝑗�̃�2

(�̃�3−�̃�2)(�̃�2−�̃�1)𝑒+𝑗�̃�2+(�̃�3+�̃�2)(�̃�2+�̃�1)𝑒−𝑗�̃�2
                         (2.1) 

where �̃�2 = 𝑛2𝑘0𝑑𝑐𝑜𝑠𝜃2  (k0 is the wavenumber of the light wave in free space; 

d≈0.335nm is the thickness of graphene). Also, �̃�𝑞 = 𝑛𝑞𝑐𝑜𝑠𝜃𝑞 (q=1, 2, 3) for TE-polarized 
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light (i.e. electric field is parallel to the three-layer structure), and �̃�𝑞 = 𝑛𝑞/𝑐𝑜𝑠𝜃𝑞 (q=1, 2, 

3) for TM-polarized light.  

 

Figure 2-1. (a)Illustration of the graphene-sandwiched structure. (b) Numerical 

calculation of the reflectance and absorption as functions of incident angle, θ1, and 

substrate refractive index n3. 

We assume the refractive index of the superstrate is n1=1.51 at λ=650nm, and first 

consider the TE-polarized light case. The solid lines in Fig. 2-1(b) plot the power 

reflectance 2||= rR as a function of the incident angle θ1 and substrate refractive index. 

Similarly, the power transmittance T can be calculated by transfer matrix method. The 

absorption A=1-R-T. The dashed lines in Fig. 2-1(b) plot the A-θ1 relations for different 

substrates. Almost identical curves can be obtained at λ=1520nm or even longer 

wavelengths if n1 and n3 remain the same as their corresponding values.  

From the graph, we can see that the maximum absorption occurs at the critical angle 

𝜃𝐶 = 𝑠𝑖𝑛−1 (
𝑛3

𝑛1
) for each case. Based on the three-layer model, the absorption grows with 

the increase of n3. If n3<n1. The closer n3 to n1, the larger the absorption is. The maximum 

absorption can be achieved is 7.4%, 20.1%, and 39.1% when the index of the substrate is 
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1.00, 1.46, and 1.50, respectively. In particular, the absorption can reach 79.6% when 

n3=1.509. However, when n3>n1, the maximum absorption will sharply drop. In our work, 

we only consider the cases where n1>n3. The power transmittance T=0 when 𝜃1 ≥ 𝜃𝐶; thus, 

the incident power will be either reflected back or absorbed by graphene, i.e. A=1-R. The 

scattering by graphene is negligible as can be seen in the experimental result for TM-

polarized light. In other words, when 𝜃1 ≥ 𝜃𝐶 , the absorption can be easily measured by 

testing the reflectance. Furthermore, there is no cavity or resonant component involved in 

the structure. As a result, the absorption expression is not an explicit function of frequency, 

which implies that the same level of enhanced light absorption can be achieved in a broad 

band.  

2.2.3 Experimental validation and discussion 

To experimentally demonstrate the greatly enhanced light absorption by graphene, we 

have built an ATR setup in the Kretschmann configuration [152], as illustrated in Fig. 2-

2(a). A collimated laser beam propagates through a broadband polarizer (P1) to choose 

either TE- or TM-polarization, and is then split into two by a beam splitter (BS). One beam 

is used for recording source power fluctuation and fed into a germanium photodiode (PD2); 

another is incident at the angle θ1 into a BK7 glass hemicylindrical (Ø100mm) lens, which 

functions as a coupling prism in this setup. The reflected light is then collected by another 

germanium photodiode (PD1). The power ratio between PD1 and PD2 can well measure 

the reflectance, R, even if there is power fluctuation in the laser source. The rotation of the 

prism (together with the graphene sample) and PD1 is in a θ1-2θ1 configuration, which is 

precisely controlled by two motorized rotation stages. In our experiment, we made one 
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measurement for every 0.25° increment of θ1. As a result, the reflectance, R, as a function 

of θ1 can be plotted. The picture of the setup is shown in Fig. 2-2(b).  

 

Figure 2-2. (a)Illustration of the experimental setup for ATR measurement. The red 

dashed line represents the monolayer graphene film. P1 and BS represent the 

polarizer and beam splitter, respectively. (b) Actual picture of the ATR test setup. 

Our sample is commercially available monolayer graphene [153] synthesized by the 

CVD process then transferred to our bare BK7 glass slide. Its Raman spectroscopy result 

indicates that the sample is monolayer graphene with an obviously higher 2D peak than the 

G peak [154]. The graphene sample is mounted at the back of the hemicylindrical prism. 

To avoid a thin air gap between the prism and the graphene sample, a BK7 index matching 

liquid is applied between them. In this case, the superstrate can be simplified and treated 

as a BK7 medium, consisting of the BK7 prism and the BK7 glass slide. The medium on 

the other side of the graphene is referred as the substrate, which is another matching liquid 

from CargilleTM in our case to better control the refractive index. A thick (>10mm) glass 

plate is used to hold the matching liquid and meanwhile to deflect light away from PD1. 

In our work, we focused on TE-polarization and carried out the experiment in a step-by-

step fashion. First, we tested the graphene on BK7 glass sample without any substrate (or 
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air as the substrate) but without the deflector. At the critical angle, the absorption of the 

monolayer graphene can be calculated as A=1-R, which is 7.6% (at λ=650nm) and 9.8% 

(at λ=1520nm). Based on the same sample and configuration, we also measured the 

absorption of graphene at longer wavelengths up to 1620nm. At the critical angle, the 

absorption of monolayer graphene is in the range of 7.6%-11.2%, which is 3~5 times 

stronger than the widely known absorption coefficient (~2.3%). When the incident angle 

is larger than the critical angle, the reflectance of graphene is observed to gradually increase 

and projected to be 100% at θ1 = 90°.  

 

Figure 2-3. Measured reflectance of the monolayer graphene with M1.50 as the 

substrate under TE-polarized light incidence at (a) λ=650nm and (b) λ=1520nm. In 

both graphs, red curves represent the results when a BK7 deflector is used; blue 

curves represent the results when a BSG deflector is used. In the legend, “G” and 

“M” represent “graphene” and “matching liquid”, respectively. “BK7/G/M/BK7” 

means the result for the BK7(prism)-graphene-M1.50(substrate)-BK7(deflector) 

configuration. 

The absorption of the monolayer graphene can be further enhanced when the refractive 

index of the substrate increases. In our work, a matching liquid with refractive index 1.50 
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(at λ=589.3nm according to the manufacturer; referred as “M1.50”) is applied as the 

substrate of the graphene. Two different supporting glass deflectors, BK7 and borosilicate 

glass (BSG), are separately used to hold the substrate M1.50. In Fig. 2-3, triangle points 

are the control experiments measured by “removing” the graphene. Both the curves 

measured with graphene sample are normalized with the corresponding control curves. 

In the control experiment with BK7 deflector, the total internal reflection occurs at the 

interface of the superstrate BK7 and the substrate M1.50, θC ≈81.75°. As shown in the red 

dot curve, at θC the absorption of monolayer graphene is measured as 42.7%, which is ~18 

times stronger than the widely known absorption (~2.3%)! 

This result is further confirmed by replacing the BK7 deflector with the BSG deflector 

and repeating the measurement, as shown in the blue dot curves in Fig. 2-3(a), where the 

absorption is measured as 40.5%. In this configuration, there are two total internal 

reflections: the first one occurs at the interface of the substrate M1.50 and BSG deflector 

with a critical angle θC1 ≈ 76.75° , and the second one occurs at the interface of the 

superstrate BK7 and the substrate M1.50 with θC2 ≈ 81.75°. Beyond θC2, the blue dot curve 

is in good agreement with the red dot curve, and both indicate the reflectance of the 

monolayer graphene in the sandwich configuration. The oscillation of the blue triangle 

curve between the two angles θC1 and θC2 is due to the substrate M1.50 functioning as a 

cavity between the graphene and BSG deflector.  

Similarly, the R-θ1 relation at different wavelengths is measured. Figure 2-3(b) shows 

the results for the measurement at λ=1520nm. The absorption is about 35.3% at the critical 



42 

 

angle. When the wavelength varies from 650nm to 1620nm, the absorption gradually 

decreases from 40.5% to 33.1% with the BSG deflector, and from 42.7% to 35.3% with 

the BK7 deflector. Thus, ultrabroad band enhanced light absorption is achieved. The 

variation of the absorption with the wavelength can be attributed to the dispersion of the 

superstrate BK7 and substrate M1.50. In particular, the absorption becomes more sensitive 

when n1 and n3 are close enough. When the substrate is replaced by M1.49 matching liquid, 

the absorption will considerably decrease, for example, dropping from 42.7% to 28% at 

λ=650nm. 

 

Figure 2-4. For 1520nm TM-polarized light incidence, the measured reflectance of 

the monolayer graphene sample as a function of incident angle when (a) the 

substrate is air, and (b) the substrate is M1.50. 

The enhanced absorption of graphene is shown to be very sensitive to the polarization 

of the incident light. Similar as previous experiments, we measured the reflectance of the 

monolayer graphene when the substrate is air and M1.50 separately with TM-polarized 

incident light. As can be seen in Fig. 2-4, the maximum absorption does not occur at the 
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critical angle and is not sensitive to the substrate refractive index. The minimum reflectance 

beyond the corresponding critical angle is 97.65% (when the substrate is air) or 97.7% 

(when the substrate is M1.50), respectively. Therefore, the absorption in both cases is 

calculated as ~2.3%, which is similar to the widely known absorption coefficient. 

2.2.4 Potential application in electro-optical modulation 

Graphene, with its single atom thickness, exceptional electrical and optical properties, 

has been considered as a promising material to build integrated EO modulators which aim 

at a compact size, large working bandwidth as well as ultrafast modulation. The first 

electro-absorption modulator based on graphene has been proposed and the modulation 

was realized by electrically tuning the Fermi level of graphene sheet [32]. Based on our 

previous investigation on graphene absorption of the sandwiched structure, we further 

explore its potential possibility to realize EO modulation [155]. 

Here, we employ a similar structure like MOS but using a new material called 

electrolyte gel to replace the sandwiched oxide material and form simple multi-layer 

modulators based on graphene. Electrolyte has been used as gate insulators in organic field-

effect transistors in 2005 by Nilsson et al [156]. The interface between a metal (or heavily-

doped semiconductor) and electrolyte is of interest in most electrolyte applications, where 

two parallel layers of positive and negative charges called an electric double layer (EDL) 

are formed. Another advantage of using electrolyte as the gating material is, the device 

behavior can be conveniently controlled by varying the concentration of chemical 

compounds in the electrolyte [157,158]. In our experiments, a commercially available 
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electrolyte Redux® Gel is used to fabricate the graphene-based multi-layer modulator. 

Sodium chloride (NaCl) is the main chemical compound in the electrolyte gel that makes 

it highly conductive. 

The fabrication process of the modulators is quite simple. Commercially available 1” 

by 1” monolayer graphene on BK7 glass samples serve as the platform. Two 100nm thick 

gold strips are deposited on the two sides of the sample by E-beam evaporation. They work 

as drain metal contact on graphene. Then a heavily doped silicon or germanium chip 

(resistivity as low as 0.001-0.002Ω·cm) is tightly bonded in the center part of the sample 

with sticky electrolyte gel thin film in the middle, as shown in the inset of Fig 2-5(a). The 

heavily doped semiconductor functions as both gate contact and light deflector. 

 

Figure 2-5. Reflectance as a function of angle for the Au/electrolyte gel/graphene on 

glass slide modulator with different applied voltages for (a) TE-polarized incident 

light; (b) TM-polarized incident light. Inset: illustration of the modulator. 

Again, we use the ATR setup to test the performance of the graphene-based modulators. 

During the experiment, the modulators were mounted on the back of the hemicylindrical 

BK7 prism. To avoid a thin air gap between the prism and the modulator, a BK7 index 
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matching liquid is applied between them. In all the experiments, the reflectance of the 

modulators was measured in a sequence of: (1) without externally applied voltage, (2) with 

an externally applied voltage VP, and (3) with an externally applied voltage which has 

reversed polarity but the same magnitude. We examined both TE- and TM-polarized light. 

The measured reflectance of the modulator with different applied voltages, as a function of 

θ1 with a TE-polarized incident light beam at λ=1520nm are shown in Fig. 2-5(a). With an 

applied voltage, an EDL is formed at the interface of the electrolyte gel and graphene layer, 

which could either increase or decrease the surface conductivity σg. Thus, the refractive 

index of graphene is modulated which would lead to reflectance change according to Eq. 

(2.1). The modulation depth, M(θ1), as a function of angle θ1 at a given wavelength can be 

defined as: 

𝑀(𝜃1) = 
|RVP

-R-VP
|

R0
,                                                     (2.2) 

where R0 is the experimentally measured reflectance without applied voltage, |RVP
-R-VP

| is 

the magnitude of the difference of the two reflectances with applied voltages. From Fig. 2-

5(a), for TE-polarized light, the modulation depth at a specific angle of θ1=67.5º can be 

calculated as M(67.5º)=22.77%. We attribute the modulation to the change of surface 

conductivity of graphene at the gel-graphene interface, which is assisted by the 

redistribution of the ions in electrolyte gel induced by the applied voltage. The charge 

distribution at the interface and electric potential (V) at a stable status with the applied 

voltage is schematically illustrated in Fig. 2-5. 
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For TM-polarized incident light, similar with enhanced absorption, the modulation 

effect is also trivial compared with that of TE-polarized light, as can be seen in Fig. 2-5(b).  

2.3 Enhanced unpolarized light absorption by multilayer graphene 

2.3.1 Background 

To overcome the bandwidth limitation and fabrication complicacy in previous works 

that contribute to strong light absorption in graphene, we have proposed a simple three-

layer structure based on the ATR method, which experimentally realizes up to ~43% light 

absorption by monolayer graphene over a broad spectral range, from visible (650nm) to 

near-infrared (1620nm). Multi-layer graphene (MLG) is also under investigation for the 

same purpose. In our work, we suggested 93% light absorption by 5-layer graphene based 

on the same configuration [126]. More recently, a method utilizing graphene-based 

hyperbolic metamaterial has achieved perfect (100%) light absorption [159]. 

Unfortunately, both works are restricted to a specific incidence polarization (i.e. the former 

only works for TE mode and the latter is limited to TM polarization), so it is necessary to 

develop new approaches. 

2.3.2 Numerical analysis 

The structure utilized in our previous work was essentially graphene sandwiched in 

superstrate (BK7 glass) and substrate (index liquid with a slightly smaller index than that 

of superstrate) (Fig. 2-1(a)). In this work, we replaced the superstrate (n1) and substrate 

(n3) by two types of silicon, e.g. p-Si and n-Si, with n1 being slightly larger than n3. This is 

the typical case where the superstrate is crystalline Si and the substrate is amorphous Si. 
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Although materials are replaced, the working mechanism is quite analogous: ATR 

configuration is still applied to characterize the absorption of the three-layer stacks. 

In our structure, we assume n1=3.5 and n3=3.4 for all examined wavelengths, and multi-

layer graphene with overall thickness of 10 nm is sandwiched between the superstrate and 

substrate. The surface conductivity of pristine graphene 𝜎𝑔(𝜔, 𝜇𝑐, Γ, 𝑇)  is a complex 

number depending on the light angular frequency 𝜔 , chemical potential 𝜇𝑐 , charged 

particle scattering rate Γ and temperature T, however, in a broad range of photon energies, 

its real part can be universally approximated as 𝜎𝑔 =
𝜋𝑒

2ℎ
 = 6.084×10-5S, where h is the 

Planck’s constant and e represents the elementary charge [160-162]. Thus, the refractive 

index of graphene is a complex number and can be calculated by 𝑛2 = √1 + 𝑗
𝜎𝑔

𝜀0𝜔𝑑
, where 

ε0 is the vacuum permittivity, ω is the angular frequency of the incident light, and d is the 

graphene thickness. In the previous research, people have found that epitaxially grown 

MLG exhibits consistency with monolayer graphene in characteristics such as high carrier 

mobility and infrared transmission [96,163,164]. Therefore, here we adopt the optical 

constant of monolayer graphene for calculating our MLG sandwiched structure. 

We analytically calculated the reflection and transmission of the proposed structure 

based on the TMM described in the previous section, and numerically simulated the 

structure by the FDTD method with mesh size down to 0.1nm for the MLG. In the 

numerical simulation, we set the same parameters as in analytical calculation, and collected 

the reflection and transmission data. In the analysis and calculation, we spanned the 

working wavelength from 1000nm to 2000nm. Figure 2-6 plots the absorption of TE- and 
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TM-polarized light as a function of incident angle θ1 obtained by the two methods at 

λ0=1000nm and λ0=2000nm, respectively. As can be seen, analytical and numerical results 

match quite well. At θ1≈80º, maximum absorption near 100% can be achieved for TM-

polarized light at λ0=1000nm and it drops to about 70% at λ0=2000nm. On the other hand, 

for TE polarized light, the maximum absorption (at θ1≈76º) for the two wavelengths keeps 

above 80%. As a result, absorption of both polarizations of light, or unpolarized light 

absorption, can be greatly enhanced. 

 

Figure 2-6. (a-d) Analytical and numerical results of absorption of TE- and TM-

polarized light as a function of incident angle at λ0=1000nm and λ0=2000nm. 

To further investigate the absorption spectral response of the structure, we plot the 

maximum absorption obtained as a function of wavelength for both TM and TE 

polarizations, as shown in Fig. 2-7(a). According to the figure, the proposed structure (with 
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10-nm graphene) can absorb over 70% of incident power all the way from λ0=1000nm to 

λ0=2000nm, regardless of the incidence polarization. Therefore, the structure has a 

broadband performance. Besides, here we also investigate the influence of the number of 

graphene layers on the absorption-spectrum response. We can see that the number of layers 

does not greatly affect the maximum absorption for TE polarization; however, it does make 

a significant difference for TM polarization at larger wavelengths: if large absorption were 

desired at wavelengths toward the mid-infrared regime, thicker MLG would be necessary. 

In addition, by comparison, absorption under TM polarization is much more sensitive to 

wavelength. 

 

Figure 2-7. (a) Maximum light absorption as a function of wavelength for TM and 

TE polarization for MLG with different thicknesses. (b) Light absorption as a 

function of wavelength for TM and TE polarization at different incident angles. 

As can be seen in Fig. 2-6, light absorption strongly depends on the incident angle. In 

order to illustrate what level of absorption can be achieved at a specific angle θ1, we plot 

the absorption-wavelength relation for both polarizations at θ1=76º, 77º, 78º and 79º, 

respectively (Fig. 2-7(b)). Note that still 10-nm MLG is applied in the calculation. From 

the figure, over 80% unpolarized light absorption can only be achieved at θ1=76º for shorter 
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wavelengths (λ0<1280nm). For high absorption over a large spectrum, θ1=76º and θ1=77º 

may be desired incident angles, at which we can see over 64% light absorption anywhere 

between λ0=1000nm and λ0=2000nm!  

 

Figure 2-8. (a-d) Power distribution of the simulated structure at the incident angle 

where maximum absorption is achieved. MLG is located between −10nm and 0 on 

the y-axis. 

The power density distribution of the simulated structure, when the maximum 

absorption is reached, is shown in Fig. 2-8, which also includes TE and TM polarizations 

at λ0=1000nm and λ0=2000nm, respectively. From the figures, most power is confined in 

the MLG or its vicinity. This has further verified the enhanced light absorption. 

For the proposed structure, the incident angles that allow maximum absorption to 

appear are near the critical angle between the superstrate and the substrate, which are quite 

large (>76º). A larger index contrast between the n1 and n3 will make the critical angle 

smaller. However, this would bring a considerable absorption drop especially for TM-

polarized light at longer wavelengths. For example, if the index of the substrate changes to 

3.3, ~55% can be achieved for 2000nm TM-polarized light. On the other hand, for TE 
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mode or TM mode at shorter wavelengths, the maximum absorption decreases very slowly 

with larger index contrast. 

2.3.3 Quantitative explanation 

The reason why light absorption can be enhanced for both polarizations can be 

explained qualitatively as follows. Thirty layers of graphene counts for a total thickness of 

only 10 nm, which is so small that can be treated as a perturbation. In this way, the three-

layer structure is approximated as a two-layer (n1|n3) structure. We know that the tangential 

component of electric field is continuous at the boundaries between layers. According to 

Fresnel’s law, the electric field in graphene for TE polarization, E2, can be written as 

𝐸2 = 𝑡𝐸𝑖 =
2𝑛1𝑐𝑜𝑠𝜃1𝐸𝑖

𝑛1𝑐𝑜𝑠𝜃1+𝑛3𝑐𝑜𝑠𝜃3
                                            (2.3) 

where Ei is the electric field of the incident light wave. The power dissipation density in 

graphene can be calculated by 𝑝𝑑 =
1

2
𝜎𝑔|𝐸2|

2, and maximum |E2| results in maximum pd, 

or maximum absorption. From Eq. (2.3), when cosθ3=0 or equivalently θ1=θC, |E2| reaches 

its maximum, 2|Ei|. This also explains why enhanced light absorption is achieved for TE 

polarization in the sandwiched monolayer graphene structure in Section 2.2. 

Unlike the case in TE polarization that electric field only has tangential component; for 

TM polarization, the electric field in graphene E2 also includes normal component, thus 

can be approximated as 

𝐸2 = √|𝐸2𝑡|2 + |𝐸2𝑛|2 ≈ |
2𝑛1𝑐𝑜𝑠𝜃1𝐸𝑖

𝑛1𝑐𝑜𝑠𝜃3+𝑛3𝑐𝑜𝑠𝜃1
|√(|𝑐𝑜𝑠𝜃3|2 + |(

𝑛3

𝑛2
)
2

𝑠𝑖𝑛𝜃3|
2

)           (2.4) 
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Note that the tangential component of electric field, E2t, is continuous at boundaries, and 

the normal component, E2n, is proportional to the dielectric constant of the substrate. If n3 

is too small, for example, n3=1.5, as the case in the previous section, the value of 𝐸2𝑛 ∝

(
𝑛3

𝑛2
)
2

sin 𝜃3 would also be quite small. As a result, the sandwiched monolayer graphene 

structure is very sensitive to the polarization of incident light. In the structure discussed in 

this section, however, the maximum electric field |E2| is still found at the critical angle 

between the substrate and superstrate because the refractive index n3 and hence E2n are very 

large. Therefore, the electric field in the sandwiched graphene can be simultaneously 

enhanced for both TE and TM polarization. 

2.3.4 Potential application in photovoltaics 

We have demonstrated at least 70% of unpolarized incident light in a broad band 

absorbed by MLG. Furthermore, if the superstrate and substrate were transparent to shorter 

or longer wavelengths, similar level of enhanced absorption would be achieved in the 

whole visible and NIR regimes (400nm-3000nm), covering nearly the whole solar 

spectrum! We will discuss the potential application of the graphene-sandwiched silicon 

structure in solar cells. Different from most previous works [165,166], the graphene, in this 

case, acts as a photoactive material instead of transparent electrodes. The performances of 

photodiodes intended for photovoltaic application depend on its optical absorption process, 

carrier transport, and interaction with external circuit systems. A photovoltaic cell absorbs 

the incident photons, and consequently, electron-hole pairs are generated. Silicon-based 

materials, owing to their compatibility in semiconductor fabrication technologies, 
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dominate current photovoltaic technology. One drawback of silicon or other semiconductor 

solar cells is the absorption restricted by the material bandgap 𝐸𝑔: if photon energy, ℎ𝜈 <

𝐸𝑔, no absorption occurs; if photon energy, ℎ𝜈 > 𝐸𝑔, absorption occurs, but the excess 

energy, ℎ𝜈 − 𝐸𝑔, dissipates. Due to the unique band structure of graphene, the absorption 

of a photon with any wavelength can potentially create an electron-hole pair. However, the 

drawback of graphene lies in no bandgap and ultra-fast intraband carrier relaxation. 

Carrier relaxation dynamics inside graphene include several routes, namely carrier-

carrier scattering, and phonon emission [167]. In conventional semiconductor structures, 

energy and momentum conservation need to be satisfied to generate electron-hole pairs. In 

contrast, graphene can generate multiple excitons upon illumination of a single photon. As 

described in Ref. [168], the critical step to increasing the solar cell efficiency is the 

recombination of charge carriers, which occurs via both Auger recombination and impact 

ionization processes. In Auger recombination process, an electron is scattered from the 

conduction band into the valence band, while at the same time, the energy is transferred to 

another electron, which is excited to higher energy level in the conduction band. The 

reverse of this phenomenon occurs via impact ionization. On the other hand, an electron 

intraband relaxation in the conduction band is associated with the excitation of a valence 

band electron into the conduction band [168]. Both processes also occur for holes in an 

analogous way. For the photovoltaic application, a key issue will be how to extract the 

photon-excited electron-hole pairs before they relax within τ ≈0.30ps [169]. 
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2.4 Conclusions 

In this chapter, we have experimentally demonstrated that the absorption of monolayer 

graphene can be significantly enhanced over a broad spectral range, from visible to 

infrared, when the incident light is TE-polarized. At the critical angle, the absorption is in 

the range of 7.6%-11.2%, when the substrate is air, and up to 42.7%, when the substrate is 

replaced by a medium with a closer refractive index compared to that of the superstrate. 

The enhanced absorption is not strongly dependent on the wavelength but very sensitive to 

the polarization of incoming light. We have also demonstrated preliminary results of EO 

modulation by applying electrolyte gel in the graphene-based multilayer structure. These 

results may lead to potential development of next generation optoelectronic components. 

Furthermore, we have solved the problem of polarization dependence by introducing an 

MLG-sandwiched silicon structure. For 10-nm thick MLG, analytical calculation and 

numerical simulation both show absorption over 80% (for TE) and 70% (for TM) at any 

wavelength between λ0=1000nm and λ0=2000nm. Besides, we have discussed the potential 

of the structure as photovoltaic device. Detailed calculation and analysis of an MLG p-n 

junction model are given in Ref. [127], where we have shown that electric current can be 

extracted much faster than carrier recombination. 
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3. ENZ-SLOT WAVEGUIDE BASED ON 

CONDUCTIVE OXIDE 

Starting from this chapter, I will present a detailed investigation on another promising 

active material for enhanced light absorption as well as EO modulation, conductive oxide 

(COx). The investigation starts from preliminary numerical analysis of an ENZ-slot 

waveguide structure, which demonstrates great field enhancement and power confinement 

within the ENZ slot. By applying COx as the slot material, considerable light absorption 

can be achieved for the waveguide at ENZ state. Switching between ENZ state and Epsilon-

far-from-zero (EFFZ) state by external electric signal would lead to modulation of optical 

absorption, which promises future nanoscale EA modulators. Besides, the significant shift 

of effective index of the COx-based ENZ-slot waveguide between ENZ and EFFZ state 

can find applications in laser beam steering. 

3.1 Background 

The development of metamaterials enables material permittivity to be engineered to 

almost any arbitrary value. Particularly, some recent research has been focused on the 

epsilon-near-zero (ENZ, or index-near-zero) material, which has a dielectric constant (or 

refractive index) with small magnitude in a frequency range of interest. Novel applications 

of ENZ materials have been investigated, such as tunneling and squeezing electromagnetic 

energy through subwavelength narrow channels [170,171], design of matched zero-index 

materials [172,173], and shaping the radiation pattern of a source [174,175].  
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The optical dielectric constant of a material is determined by its free carrier 

concentration, and the effect of free carriers on an optical material can be approximated by 

the Drude model, which was proposed in 1900 [176,177].There are two main solid state 

systems that exhibit strong free electron effects: metals and doped semiconductor. Both 

can be treated as plasma, which is a neutral gas of heavy ions and light electrons. 

Considering the oscillations of a free electron induced by the AC electric field E(t) of an 

electromagnetic wave, the equation of motion for the displacement x of the electron is 

𝑚0
𝑑2𝑥

𝑑𝑡2 + 𝑚0𝛾
𝑑𝑥

𝑑𝑡
= −𝑒𝐸(𝑡) = −𝑒𝐸0𝑒

−𝑖𝜔𝑡                            (3.1) 

where ω is the frequency of the light with an amplitude of E0. 𝛾 is the damping coefficient 

of free carriers. The acceleration of the electron is represented by the first term, while the 

second is the frictional damping force of the material. The term on the right-hand side is 

the driving force exerted by the light. 

By substituting 𝑥 = 𝑥0𝑒
𝑖𝜔𝑡 into Eq. (3.1), we obtain  

𝑥(𝑡) =
𝑒𝐸(𝑡)

𝑚0(𝜔2+𝑖𝛾𝜔)
.                                                   (3.2)  

The polarization P of the gas is equal to –Nex, where N is the number of electron per unit 

volume. Recalling the electric displacement field D, which is defined as  

𝐷 = 𝜀0𝐸 −
𝑁𝑒2𝐸

𝑚0(𝜔2+𝑖𝛾𝜔)
                                                (3.3) 

Hence, we get  

 𝜀𝑟(𝜔) = 1 −
𝑁𝑒2

𝜀0𝑚0

1

(𝜔2+𝑖𝛾𝜔)
                                         (3.4) 
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Eq. (3.4) can be written more concisely as  

𝜀𝑟(𝜔) = 1 −
𝜔𝑝

2

(𝜔2+𝑖𝛾𝜔)
                                             (3.5) 

where the plasma frequency, ωp, is defined as  

𝜔𝑝 = √
𝑁𝑒2

𝜀0𝑚0
                                                     (3.6) 

where e is the unit electric charge, ε0  the free space permittivity, and m0 the electron mass. 

The plasma frequency ωp corresponds to the natural resonant frequency of the free carrier 

gas. 

The free electron model presented above can be applied to doped semiconductors with 

two appropriate modifications [178]. Firstly, the fact that the electrons and holes are 

moving in the conduction or valence band of a semiconductor needs to be considered. In 

this scenario, we can assume that those carriers behave as particles with an effective mass 

m* rather than the free electron mass m0. Secondly, there are other mechanisms that may 

contribute to the dielectric constant as well as the free carrier effects. The main extra part 

is the contribution to the polarization due to the optical response of the bound electrons. 

Therefore, Eq. (3.3) can be rewritten in the following form when the two modifications are 

considered, 

𝐷 = 𝜀∞𝜀0𝐸 −
𝑁𝑒2𝐸

𝑚∗(𝜔2+𝑖𝛾𝜔)
                                        (3.7) 

The effective mass m* accounts for the band structure of the semiconductor, ε∞ is the high 

frequency dielectric constant, and carrier density N in this equation is the density of free 
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electrons or holes generated by the doping process. From Eq. (3.7) we can write the 

frequency dependence of the dielectric constant as 

𝜀 = 𝜀′ + 𝑗𝜀′′ = 𝜀∞ [1 −
𝜔𝑝

2

(𝜔2+𝑖𝛾𝜔)
]                                        (3.8) 

where the plasma frequency is updated as  

𝜔𝑝 = √
𝑁𝑒2

𝜀∞𝜀0𝑚∗,                                                  (3.9) 

which is determined by free carrier concentration and effective mass. 

From this chapter, Eq. (3.8) will be used to model the optical properties of COx, where 

COx is treated as heavily doped semiconductor. 

3.2 ENZ material and slot waveguide 

According to the Drude model, when  𝜔 ≈ 𝜔𝑝, the ENZ effect of a material would 

show up. With abundant free carriers (N~1022cm-3), metals have such high plasma 

frequencies that they exhibit large negative real dielectric constant in the NIR range. Most 

semiconductors have doping limitations that result in their plasma frequencies located 

beyond MIR. The moderate carrier concentrations in COx (1019-1021 cm-3), together with 

advantages of low intrinsic loss, tunable optical properties, as well as easy fabrication and 

integration, have made them excellent plasmonic materials in the NIR regime [73,179]. 

Several other ENZ metamaterials have also been reported [180-182]. 
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Figure 3-1. (a) Structure of a simple three-layer waveguide. (Value of 𝒏𝐬𝐢𝐥𝐢𝐜𝐨𝐧 used 

for 𝝀𝟎 = 𝟏𝟓𝟓𝟎 𝐧𝐦 is 3.47). (b) Plots of the electric field, magnetic field, power 

percentage in the slot and effective index of the structure versus slot dielectric 

constant [183]. 

In our recent work, we studied a structure combining ENZ material with slot 

waveguide, namely ENZ-slot waveguide, and found some unprecedented properties. A slot 

waveguide [184,185] consists of a narrow low refractive index “slot” sandwiched at the 

center of a single mode high-index waveguide, which can greatly confine light and enhance 

optical fields in the slot region. The slot waveguide only works well for transverse magnetic 

(TM) mode where the magnetic field is parallel to the slabs. When the free carrier effect is 

considered in complex dielectric constants, the continuity of electric flux density between 

two media holds, i.e., 𝜀1𝐸1𝑛 = 𝜀2𝐸2𝑛 or  𝐸1𝑛 = (𝜀2/𝜀1)𝐸2𝑛. If ENZ material is applied as 

the slot, enormous enhancement of E-field will take place and more power can be confined 

in the ENZ-slot. 

As a simple example showing field enhancement and power confinement of ENZ-slot 

waveguide, the structure shown in Fig. 3-1(a) is analytically examined. Fig. 3-2(b) plots 
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the electromagnetic field intensity, power percentage in the slot and effective index of the 

structure as a function of slot dielectric constant εslot. We can see the dramatic change of 

these terms when εslot is approaching zero. In particular, the effective index sharply 

decreases from 1.6 to nearly 1 when εslot decreases from 0.1 to nearly zero due to larger 

power confinement within the low index slot. 

3.3 Nanoscale EA modulators based on COx-slot waveguide 

 

Figure 3-2. (a) Real part of the dielectric constant of ITO as a function of 

wavelength at three different carrier concentration based on the Drude model [186]. 

(b) Illustration of the ENZ-slot waveguide [187]. 

According to the experimental data in Ref. [33], ITO with different carrier 

concentrations could work as ENZ material at specific wavelengths. As shown in Fig. 3-

2(a). ENZ effect of ITO is achieved at 𝜆0 = 1136 nm and 𝜆0 = 843 nm under carrier 

concentrations N1 = 1.65×1022cm−3  and N2 = 2.77×1022cm−3 , respectively. As 

suggested, the accumulation of carriers can be realized by electric signal in a MOS-like 

structure (Fig. 3-2(b)), which indicates the optical tunability of ITO. 

Table 3.1. Dielectric constant of ITO at untuned and ENZ state  

Wavelength ε0 εENZ  

1136nm 3.0274+j0.586 -0.0014+j0.1395  

843nm 3.7541+j0.2579 0.0045  
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The dielectric constant of ITO at epsilon-far-from-zero (EFFZ, or untuned) state and 

ENZ state is shown in Table 3.1, where we can see the magnitude has changed tens or even 

hundreds of times due to externally applied voltage. The huge change in the magnitude of 

dielectric constant may find applications in EA modulators. For lossy medium, the 

dielectric constant can be formulated as 𝜀𝐼𝑇𝑂 = 𝜀′ + 𝜀′′ , where 𝜀′′ =
𝜎

𝜔𝜀0
 . The power 

dissipation density can be written as 

                                               𝑝𝑑 =
1

2
𝜎𝐸2 ∝

1

2
𝜀′′𝐸2 ∝

1

2
𝜀′′/|𝜀|2,                            (3.10)         

which can be greatly enhanced when |𝜀| → 0. Fig. 4-2(b) depicts typical EA modulator 

configurations based on COx-slot waveguide. The modulator would be off with low-

absorption at EFFZ state and on with high-absorption at ENZ state, due to the change of 

dielectric constant. Note that the working wavelength chosen for the EA modulators is 

λ0 = 1136 nm. 

ITO EA modulators based on a dielectric waveguide (Fig. 3-3(a)) and a plasmonic 

waveguide (Fig. 3-3(b)) were proposed and simulated. Their modes were solved by FDTD 

method. Note that we applied 10nm thick ITO in the waveguides, of which 5nm at ITO-

SiO2 interface was assumed to be tuned. From the results, we can see significant field 

enhancement and confinement within the ENZ-slot and considerable shift in effective 

index. More importantly, a huge change in waveguide attenuation (21.85dB/𝜇m  for 

dielectric waveguide, and 20.64dB/ 𝜇m for plasmonic waveguide) is achieved.  
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Figure 3-3. The electric field profiles, effective indices and propagation loss for 

different ITO-slot waveguide at untuned state and ENZ state, respectively: (a) in a 

dielectric rib waveguide; (b) in a plasmonic waveguide [183]. 

The insertion loss of the EA modulators was evaluated by 3D FDTD simulation. For a 

150nm long modulator embedded in a plasmonic rib waveguide, the insertion loss is 

0.48dB and the modulation depth is 3.42dB, which is very close to the one predicted by 

3D mode solver. A 200nm long modulator embedded in a dielectric rib waveguide shows 

an insertion loss of 0.56dB, and a modulation depth of 3.53dB.  

In Ref. [187], we utilized similar theory and demonstrated EA modulation based on 

ENZ-slot waveguide where another COx material, AZO, is serving as the tunable slot. We 

also showed the optical bandwidth of these modulators could be over several THz due to 

slow Drude dispersion. These COx-slot waveguide based EA modulators are compact, and 

could potentially work at ultra-high speed, being mainly limited by the RC delay 

introduced by electric circuits. 

(a)

(b)
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3.4 Laser beam steering by COx-slot waveguide 

 

Figure 3-4. (a) Illustration of beam steering based on ENZ-slot waveguide with 

periodic gratings. (b) Complex effective index in terms of carrier concentration. 

In both the analytical calculation of simple ENZ-slot waveguide and the numerical 

simulation of the EA modulators in previous sections, we see that the effective indices of 

the waveguides undergo considerable change. Thus, we can engineer the effective index of 

the ENZ-slot waveguide by tuning the refractive index of ITO film. This phenomenon may 

find applications in laser beam steering. Laser beam steering techniques are being widely 

investigated because of their applications in laser-based sensing, communication and 

power projection and other fields. Mechanical and non-mechanical methods such as beam 

steering with rotating (Risley) prism, macro-optical mirrors, micro-lens arrays, liquid 

crystal polarization gratings have been proposed [188-190], heading to the purposes of 
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compactness, low power, high speed, lightweight and large field of regard. To advance this 

technique, we propose a novel beam steering structure based on the tunable ENZ-slot 

waveguide.   

In order to realize beam steering, we added periodic gratings on top of the ITO-slot 

waveguide (Fig. 3-4(a)) and made use of the tunable effective index of the structure to steer 

the incident laser beam. According to the grating equation 

                                 𝑘0𝑠𝑖𝑛𝜃 +
2𝜋𝑙

𝛬
= 𝑘0𝑛eff ⇔ 𝑠𝑖𝑛𝜃 + 𝑙𝜆0/𝛬 = 𝑛eff                       (3.11) 

where 𝜆0 is the wavelength of the incident beam, 𝑘0 = 2𝜋/𝜆0 is the wave number. 𝛬 is the 

period of the gratings, 𝑙 = {±1,±2. . } is an integer representing the propagating mode of 

interest, 𝑛eff is the effective index of the waveguide, 𝜃 is the steering angle. Given fixed 

grating period and wavelength, the incident beam can be steered by tuning the effective 

index, which, as discussed above, is able to be realized by electrically tuning the optical 

property of ITO.   

For an incident beam of 𝜆0 = 1136 nm, the attenuation would be too large for the 

waveguide when ITO is at ENZ state. Since long distance propagation is a major concern 

here in order for easy detection. We chose the working wavelength to be 843nm, which is 

the cross wavelength for ITO under  𝑁2 . Here the damping factor 𝛾 ≈ 0  [33], so the 

attenuation of the ENZ-slot waveguide decreases quite a bit: 𝛼0 = 0.328dB/𝜇m when 

untuned and 𝛼2 = 0.107dB/𝜇m under 𝑁2. Besides, effective index is also significantly 

shifted from 2.29 to 1.65, which promises a wide steering angle. 

For convenience, in Eq. (3.11), we assume  𝛬 = 653 nm , 𝜆0 = 843 nm  and  𝑙 = 1 , 

which make 𝑙𝜆0/𝛬 = 1.29. Fig. 3-4(b) plots the complex effective index of the waveguide 
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in terms of the carrier concentration. The effective index that can be obtained ranges from 

1.53 to 3.22 (values larger than 2.29 may correspond to a higher harmonic mode). 

Therefore, the value range for sinθ that can be achieved is from 0.24 to 1, which results in 

the steering angle θ from 14° to 90°. Note that the minimum effective index is achieved 

when active ITO layer (5nm) at ITO-SiO2 interface is at ENZ state. 

FDTD simulations were performed to verify the predictions. The phase plot, 

normalized intensity magnitude plot and far-field intensity plot of the dominant electric 

field 𝐸𝑦 for the steering angles of 14° and 60° are shown in Fig. 3-5. 

 

Figure 3-5. Phase, normalized magnitude and far-field intensity of 𝑬𝒚 for steering 

angles of (a) 𝟏𝟒° and (b) 𝟔𝟎° [183]. 

The phase and magnitude plots illustrate the propagation direction of the steered beam 

in the near-field, which is normal to the phase line, or along with the magnitude trend. Note 
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that the magnitude plots only show the electric field above the ENZ-slot due to a much 

higher electric field in the slot. Far-field intensity plots can clearly identify the steering 

angle. According to the figures, laser beam steering is achieved by the effective index 

change of the ENZ-slot waveguide. The maximum steering angle we got from simulation 

is θ ≈ 75°. 

As one example, we showed some theoretical study of COx behaving as ENZ material 

in ENZ-slot waveguides and their applications in EA modulation and laser beam steering. 

ENZ-slot waveguides highly confine electromagnetic fields in the slot region, so the 

behaviors of the waveguides can be greatly changed by tuning the slot material. Besides, 

they can be easily fabricated layer by layer. With the advantages of COx in low intrinsic 

loss, excellent tunability as well as ease of fabrication and integration, the combination, 

COx-slot waveguides, is of great promise in building novel optoelectronic devices for NIR 

applications. 

3.5 Conclusions 

In this chapter, the investigation shows the potential applications COx as ENZ 

materials. For the ENZ-slot waveguide structure, the light absorption may be greatly 

enhanced within a very thin slot at a certain wavelength. Moreover, the effective index of 

the waveguide can be shifted by providing different carrier concentrations. Based on COx, 

which nearly have all the properties that a novel plasmonic material requires, especially for 

NIR applications, we introduced some waveguiding structures and revealed their potentials 

to realize EA modulators with compactness, ultra-high speed, and easy fabrication. 
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Another application of COx-based ENZ-slot waveguide in laser beam steering was also 

presented. A maximum steering angle of 61° may be achieved. This structure enables beam 

steering device made in micro-scale or even nano-scale. Although only preliminary results 

are provided here, we look forward to the successful development of such techniques which 

may lead to significant breakthroughs in on-chip optical interconnects. In the next chapter, 

I will present our experimental investigation on EO modulators based on COx-slot 

waveguide. 
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4. FIELD-EFFECT EA MODULATORS BASED 

ON CONDUCTIVE OXIDE 

In Chapter 3, EA modulation based on COx realized by ENZ-slot waveguide is 

theoretically studied. In the numerical analysis, ITO parameters from other group [33] are 

used to model the attenuation of the waveguide at ENZ or EFFZ state in the NIR regime. 

A voltage-induced accumulation layer formed at ITO-insulator interface is the key the 

achieve EA modulation. The results shows great potential for future nanoscale EO 

modulators. In this chapter, I will present our experimental study of a MOS-like, or more 

specifically, a metal-insulator-COx (MIC) structure [191-193]. The structure roughly 

works as a parallel capacitor and exhibits field effect when a bias voltage is applied across 

the insulating layer. The experiment reveals that both carrier depletion and accumulation 

will contribute to EA modulation. The ENZ effect of active material, ITO, is observed 

[182]. 

4.1 Background 

Compared to the p-n or p-i-n structures in silicon-based modulators, optical modulators 

may be also realized based on the MOS structure, which roughly functions as a parallel 

capacitor. When a bias voltage is applied across the oxide layer, charges are induced at 

metal and semiconductor surfaces. The field-induced charge per unit area in the MOS 

capacitor can be calculated according to 

𝑄𝑠 = 𝜀𝐸 ≈ 𝜀 (
𝑉

𝑑
)                                                 (4.1) 
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where ε is the DC or RF permittivity of the insulator, and E is the applied electric field 

across the insulator layer with thickness d. According to the bias polarity and strength, a 

MOS structure may work in three well-known modes: accumulation, depletion, and 

inversion, as shown in Fig. 4-1. Generally speaking, accumulation induces more majority 

carriers, and the accumulation layer becomes more electrically conductive and more 

optically absorptive, whereas depletion removes free carriers, and the optical absorption 

by free carrier in the depletion layer can reduce to a negligible level. The inversion between 

electron and holes requires slow thermal excitation; thus, inversion is insignificant for high-

speed optical modulation. The accumulation layer thickness can be estimated as 

 𝑙𝑎𝑐 ≈ 𝜋𝐿𝐷/√2 ,                                                     (4.2) 

where 𝐿𝐷 is the Debye length of the semiconductor. The depletion layer thickness can be 

estimated by 

𝑤𝑑 =
𝑄𝑠

𝑒𝑁0
                                                           (4.3) 

 

Figure 4-1. Operation of field effect in MOS capacitor. (a) Flat band. (b) 

Accumulation. (c) Depletion. (d) Inversion. 

(a) (b) (c) (d)lac
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Dionne, et al. demonstrated a field effect optical modulator (FEOM) based on 

crystalline silicon sandwiched into two silver films [20], where the modulating electric 

field can switch the waveguide between guiding and cut-off states. Feigenbaum et al. 

investigated an FEOM based on conductive oxide (COx) [33], which is the first 

experimental demonstration of COx as active material for optical modulation. In particular, 

unity-order refractive index change in the COx accumulation layer was measured based on 

the ellipsometry method. Many works have followed this work, including numerical 

studies reported in Refs. [187,194-198]. Experimental demonstrations of COx as the active 

material for EA/EO modulation are also reported [83,191,199]. Modulation extinction ratio 

is reported as 1 dB/μm in Ref. [83], and 2.71 dB/μm in Ref. [199].  

We are interested in EA modulation based on ENZ materials. We noticed that ENZ 

could be achieved in graphene [67] and COx [200] for NIR applications. As demonstrated 

in the last chapter, when a thin ENZ film is sandwiched in a single mode dielectric or 

plasmonic waveguide (ENZ-slot waveguide), very strong electric field can be excited in 

the ENZ film for the transverse magnetic (TM) mode. The greatly enhanced electric field 

leads to greatly enhanced light absorption. To experimentally achieve ENZ and EA 

modulation, we investigate EO modulators based on a MOS-like MIC structure. 

4.2 Structure and fabrication 

We fabricated an ITO/HfO2/Al concentric structure on the quartz substrate as shown in 

Fig. 4-2(a,b). HfO2 is known for its high DC/RF dielectric constant. It also has high 

dielectric strength so that a thin insulating layer could withstand a large electric field 
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without breaking down. As a result, HfO2 may be used to enhance the field effect in the 

device. Aluminum is chosen here for its excellent conductivity, low absorption in the NIR 

regime, as well as low cost. Another advantage of using aluminum layer is that light 

absorption can be directly measured by 1−R (R is the power reflectance) with ATR setup. 

 

Figure 4-2. (a) Schematic of the MIC EO modulator. (b) Illustration of the setup for 

ATR measurement. (c) Picture of the fabricated device. 

The fabrication of the modulators starts from ITO film deposition on transparent glass, 

by CVC601 at SMFL (see Section 1.4.2). The thickness of ITO film is measured in the 

range of 10~12nm with a 5-minute deposition time. After 4-hour post annealing process, 

the sheet resistance of ITO film is measured around 400~600Ω/□. After that, 50nm thick 

HfO2 is deposited on ITO layer by atomic layer deposition (ALD). Finally, a 200nm thick 

layer of aluminum is deposited on top by E-beam evaporation. General photolithography 
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and lift-off process are applied to define the pattern of HfO2 and Al, where AZ® nLOF 

2020 negative photoresist and Shipley 1165 remover are used, respectively. The picture of 

the fabricated sample is shown in Fig. 4-2(c). We made the samples very large in order to 

easily focus our light sources on the multi-layers. Theoretically, the modulator can be made 

within micro-scale. 

4.3 Broadband bias-polarity-dependent modulation effect 

In the experiments, the sample is tested by the ATR setup (Fig. 4-2(b)) in a similar 

manner with the graphene-sandwiched structure (see Section 2.2.3). The polarizer (P) is 

set to choose TM polarization for all measurements. We first measured the reflectance of 

ITO modulator as a function of incident angle θ1 at different wavelengths ranging from 

λ0=1260nm~1620nm without externally applied voltage. The measured reflectance is then 

numerically fitted by calculating the reflectance through the multilayer structure based on 

the TMM. The fitting parameters of the dielectric constant of ITO are further fitted based 

on the Drude model. The fitting parameters are ε∞=4.4, ωp=2.51×1015rad/s, and 

𝛾=1×1015rad/s. The corresponding carrier concentration is N0=3.05×1021cm-3. As a non-

stoichiometric compound, the optical properties of ITO largely depend on the deposition 

processes and post-annealing conditions. The ε∞ is slightly different from those obtained 

in other groups [33,77,82] due to the non-identical fabrication conditions. 
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Figure 4-3. Reflectance as a function of incident angle for the modulator under 

different applied voltages for different wavelengths. 

After that, an external voltage was applied. During the experiment, we found that the 

reflectance (or 1−absorption) of the modulator could either be increased or decreased by 

applying positive or negative voltage, respectively. We conducted measurements with an 

externally applied voltage of different polarities but the same magnitude ±VP. For different 

wavelengths, the measured reflectance of the modulator with different applied voltages, as 

a function of θ1 with a TM-polarized incident light beam is shown in Fig. 4-3, respectively. 

According to Eqs, (4.2 & 4.3), the thickness of accumulation layer formed at ITO-HfO2 

interface is estimated to be 0.144 nm, while the depletion layer thickness is 0.453 nm. The 

modulation depth, M(θ1), as a function of angle θ1 at a given wavelength can be defined as: 

𝑀(𝜃1) = |𝑅+𝑉𝑝 − 𝑅−𝑉𝑝|/𝑅0, where R0 is the experimentally measured reflectance without 

applied voltage; |𝑅+𝑉𝑝 − 𝑅−𝑉𝑝| is the magnitude of the difference of the reflectance under 

applied voltages. 
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From Fig. 4-3, broadband EO modulation has been achieved and the largest modulation 

depth obtained at a specific angle, θ1=78º, is Mmax(78º)=37.42% for λ0=1620nm. We call 

the angle where the maximum modulation depth is achieved, the modulation angle. We 

attribute the modulation mainly to the change of the free carrier concentration in the voltage 

induced active layer in ITO at the interface. In detail, when negative bias is applied, excess 

carriers will be accumulated at the ITO-HfO2 interface, which results in a more absorptive 

active ITO layer; on the contrary, the free carriers in the active layer will be depleted under 

positive bias and the modulator becomes less absorptive.  

 

Figure 4-4. Power reflectance as a function of applied voltage at the modulation angle for 

λ0=1550nm. 

Besides, we examined the variation of modulation depth with regard to applied voltages 

of different magnitude. Starting from 0V, we measured the power reflectance at the 

modulation angle at a ±2V step. The measured results for λ0=1550nm are shown in Fig. 4-

4. From the figure, when ±2V voltages are applied, nearly no modulation can be observed, 

which indicates that there may exist a threshold voltage for the modulator to start working. 

After that, modulation depth and applied voltage almost follow a linear relation. It is true 

that the higher voltage we apply, the larger modulation depth we can achieve; however, 
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higher voltages may induce large current and heat which would burn or break down the 

sample. The voltage limit may vary due to different sheet resistances of the samples. 

 

Figure 4-5. Power reflectance as a function of time at the modulation angle for λ0=1550nm. 

(a) Fast modulation; (b) Slow modulation. Inset: reflectance change within 60 seconds. 

Furthermore, we have investigated the modulation speed of the ITO-HfO2-Al 

modulator. We observed two stages of modulation: namely fast modulation and slow 

modulation. Fig. 4-5(a) shows the reflectance at modulation angle with respect to time. We 

can see when positive or negative bias is applied, the reflectance almost instantly shifts up 

or down; also, if it’s turned to zero bias, the reflectance quickly recovers to the baseline 

level. The fast modulation continues for few milliseconds or less, which results in less than 

0.5 percent modulation depth. The second stage is slow modulation. As shown in Fig. 4-

5(b), after the first stage, the reflectance is keeping increasing or decreasing under applied 

voltage. In 300s, the reflectance could increase by 4.65% under positive bias, or decrease 

by 7.92% under negative bias. We can see the slope gets smaller and smaller as time 

elapses, which indicates a slower and slower absorption change. Besides, given longer time 
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at a specific bias, for example, 30 minutes, even larger modulation depth could be 

observed. 

4.4 ENZ effect of conductive oxide 

 

Figure 4-6. (a) Illustration of the ITO/HfO2/Al structure and experimental setup. 

The dimensions are not in scale. The Quartz substrate is about 0.5mm thick and the 

diameter of the hemicylindrical prism is about 100mm. Insets: 3D schematic of the 

device (upper left) and the picture of the fabricated device (upper right). (b) At 

incident angle 𝜽 = 𝟕𝟎°, the reflected power as a function of working wavelength at 

original state (no bias) for the ITO/HfO2/Al sample. (c) At incident angle 𝜽 = 𝟕𝟎°, 
the R-λ measurement for a 10-nm ITO film on quartz. (d) The R-θ measurement for 

a 10-nm ITO film on quartz for TM polarized light at λ=1280 nm and the fitting 

curve. 

In Section 4.3, the MIC EO modulator does not exhibit ENZ effect of the active 

material. This might be due to the fabrication method that makes its cross-over wavelength 

out of our investigated spectral range. Therefore, we update the fabrication process. The 
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ITO film is deposited by PVD75 RF sputtering on 200 °C substrate with 2% oxygen flow 

ratio [119]. A 60 s deposition time yields ~10 nm thick ITO film. The sheet resistance of 

the ITO film on quartz substrate was measured to be ~200 Ω/sq. Following the ITO film, 

a 10-nm HfO2 film is produced by the ALD, and finally, 150-nm Al is deposited by 

evaporation. The reduced insulating layer thickness is targeting for an enhanced field 

effect. The dimension of the modulator slightly decreases, as shown in the upper right inset 

of Fig. 4-6(a). The same test setup is used here. 

In the previous section, the reflectance as a function of incident angle is measured for 

a given wavelength. In this work, at a specific incident angle 𝜃 = 70°, the reflected light 

power as a function of working wavelength for the transverse magnetic (TM) polarization 

of light is first measured and plotted in Fig. 4-6(b). Note that the input light power is kept 

the same for all wavelengths. As can be seen, there is a dip around λ=1280 nm in the R-λ 

plot. This dip corresponds to the maximum absorption, and ENZ should be in the vicinity 

of the dip. From the theory (Section 3.3), we know that When |𝜀𝐼𝑇𝑂|→0, the electric field 

in ITO can be greatly enhanced and power dissipation 𝑝𝑑  reaches the maximum. As a 

result, ENZ represents an absorption resonance for TM light. Figure 4-6(c) shows similar 

result by measuring the R-λ relation of pure ITO on quartz sample, also demonstrating an 

ENZ effect of ITO film around λ =1280 nm. To quantitatively verify this, we measured the 

reflectance (R)-incident angle (θ) relation of pure ITO on quartz sample at λ =1280 nm and 

fit the dielectric constant of ITO, as shown in Fig. 4-6(d). The fitting parameter 𝜀ITO =

0.209 + 𝑗0.477 . Here, if we adopt 𝜀∞ = 3.9 ,  𝑚∗ = 0.35𝑚𝑒  [194], then based on the 
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Drude model, other parameters of ITO can be extracted as 𝜔𝑝 = 2.85×1015𝑠−1 , 𝛾 =

1.9×1014𝑠−1, and 𝑁 = 8.94×1020𝑐𝑚−3. 

Furthermore, we investigate the field-effect optical modulation based on the ENZ COx. 

In the MIC structure, light absorption is controlled by the electric-field induced charge in 

the active ITO film, which is adjacent to the gate oxide. As shown in Fig. 4-7, there exist 

three states for the device, namely original state (O), depletion (D), and accumulation (A). 

The whole ITO film stays at original state with no applied bias. When a positive bias is 

applied on the ITO film, the free electrons in the ITO film close to insulator-ITO boundary 

will be depleted. The depletion layer (ITO-d) thickness, 𝑙𝑑 , is about few nanometers. 

Without free carriers, the absorption by the depletion layer is negligible; equivalently, the 

ITO absorption layer thickness decreases. Thus, the structure becomes less absorptive. On 

the contrary, if negative bias is applied on the ITO, more free electrons would accumulate 

on the ITO film surface. The result is that the accumulation layer is more absorptive. The 

accumulation layer (ITO-a) thickness, 𝑙𝑎𝑐, is about few Debye lengths (≤1 nm). 

 

Figure 4-7. (a) The MIC structure under no bias (original). (b) The MIC structure 

under negative bias (depletion). (c) The MIC structure under positive bias 

(accumulation). 
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In Section 4.3, we performed DC test on the fabricated device, and revealed the bias 

polarity-dependent modulation effect: the absorption of the EA modulator could be 

increased by negative bias or decreased by positive bias. In particular, the light absorption 

to DC bias is composed of significant ratio of slow response. The fast response which 

happens within few milliseconds from the moment of switching on DC bias only 

contributes to a small portion of modulation depth. The majority of modulation depth is 

accumulated over a long period of time (over 30 minutes). Similarly, in this work, we 

observed, for the same positive or negative bias, the modulation depth increases with time 

(up to several minutes), as shown in Fig. 4-8(a). The slow response may due to the unstable 

property of ITO under a large DC bias. Similar phenomenon is found more recently in the 

investigation of a plasmonic memristor based on an MIC structure from another group 

[191]. The authors attribute the large but slow modulation to the formation of a reversible 

conductive path in the dielectric layer induced by applied DC voltage, which results in 

resistive switching. Although a relatively large modulation depth is achieved, the slow 

response does not contribute to the modulation working at high speed. To this end, we test 

the FEOM in response to AC sine signals. All tests are performed in the ATR setup. 
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Figure 4-8. (a) The R-θ measurement under DC biases at λ=1280nm with increased 

time (b) Output waveforms of the reflected light power for different wavelengths 

when the modulator is under Vpp=12V, 500 Hz sine electric signal. (c) The reflected 

power as a function of incident light wavelength for A, O and D states. The inset 

shows the minimum value of the three curves, which correspond to ENZ. 

 In this work, a function generator is used to apply an AC sine signal on the device. The 

photodetector D1 (Thorlabs SM1PD5A) collects the reflected light power and converts it 

into an electric signal in an oscilloscope. A 50-Ω load is used to convert the photocurrent 

into voltage, and we record the reflected power as 𝑅𝑂. In this paper, the modulation depth 

is defined as 𝑀 = (𝑅𝑂𝑚𝑎𝑥
− 𝑅𝑂𝑚𝑖𝑛

)/𝑅𝑂𝑚𝑎𝑥
. We first applied a 500 Hz, Vpp=12V sine signal 

on the MIC modulator at a specific wavelength, and an output wave with the same 

frequency was observed on the oscilloscope. Then, we rotated both the prism and D1 to 

find the optimal incident angle where it exhibited the largest modulation depth. After the 

optimal angle was set (𝜃 = 70°  in this work), we examined the output waveform at 
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different wavelengths. Note that the AC bias results in a switch between depletion (𝑉𝑏 >

0) and accumulation (𝑉𝑏 < 0) states.  

In the test, the input light power maintains constant for all wavelengths between 1260 

nm and 1410 nm. The output waveforms for different wavelengths are plotted in Fig. 4-

8(b). Three factors define each waveform: the average, �̅�𝑂, peak-to-peak variation, 𝑅𝑂𝑝𝑝
, 

and frequency, 𝑓. Our experiments show the results as follows. 

(1) �̅�𝑂  changes with working wavelength. �̅�𝑂  decreases from 1260 nm to minimum at 

1280 nm, and then increases. This is consistent with the results shown in Fig. 4-6(b), 

where a dip exists at 1280 nm.  

(2) 𝑅𝑂𝑝𝑝
 is minimized at 1301 nm, which corresponds to the cross-over wavelength. 

Starting from smaller wavelength, we can see 𝑅𝑂𝑝𝑝
 reduces to a minimum at 

λc=1301nm, and then bounces back. In detail, the crests and troughs of the waveform 

are squeezed as λ approaches λc. At the cross-over wavelength, the crests low down to 

become troughs, while the troughs rise to become crests. Consider that light absorption 

would be either increased by electron accumulation or decreased by electron depletion 

according to the working principle. Here, if the troughs correspond to accumulation 

and the crests correspond to depletion, the modulation effect must have undergone an 

inversion at the cross-over wavelength. 
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(3) When 𝑅𝑂𝑝𝑝
 goes to very small, the frequency f nearly doubled. An interesting 

phenomenon here is that at the cross-over wavelength λc=1301nm, the frequency of the 

output wave is double that of the applied signal. 

Conceptually, the closer 𝜀ITO is to zero, the larger the light absorption will be.  Imagine 

an extreme case that the maximum absorption is achieved at a certain wavelength, both 

accumulation and depletion would decrease absorption. When the applied voltage runs for 

one cycle, (A)→ (O)→ (D), the power reflectance will be (increase)→ (normal)→ 

(increase) or “∩_∩”, which is roughly similar to the waveform of | sin(2𝜋𝑓𝑡) |. Thus, the 

frequency seems doubled. In detail, in the output waveform in Fig. 4-8(b), the crests, which 

correspond to the decrease in absorption would remain; while the troughs, would turn into 

crests, indicating a conversion from absorption increase to decrease. This conversion is 

observed when the working wavelength is scanned through the cross-over wavelength, 

which can be seen by comparing the output waveforms at λ=1298nm, 1301nm and 1303nm. 

The double-frequency waveform is an interaction of accumulation and depletion at the 

cross-over wavelength, where ITO is at an extreme ENZ state.  

According to the observation, the effect of carrier depletion and accumulation on 

increasing or decreasing absorption is opposite below and above the cross-over 

wavelength. In Fig. 4-8(c), when 𝜆 < 𝜆𝑐, the reflectance by depletion is greater than that 

by accumulation; when 𝜆 > 𝜆𝑐 , the reflectance by accumulation is greater than that by 

depletion. The reflectance curve by the ITO film without bias is located between the curves 

for depletion and accumulation. This can be explained by how carrier accumulation or 
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depletion quantitatively changes the optical property of ITO. When 𝜆 < 𝜆𝑐, ITO layer is at 

dielectric state with a positive dielectric constant. Carrier accumulation would push the 

ITO-a layer towards the ENZ state, resulting in absorption increase. On the contrary, when 

𝜆 > 𝜆𝑐, ITO layer is at metallic state with negative dielectric constant. With excess free 

carriers, ITO-a layer would deviate further away from ENZ state, which decreases 

absorption. Therefore, the cross-over wavelength λc witnesses the inversion of optical 

property of ITO layer from dielectric to metallic, as well as the inversion of modulation 

effect in active ITO layer brought by carrier accumulation or depletion. 

 

Figure 4-9. (a) Drude model calculation for |𝜺𝐈𝐓𝐎| as a function of wavelength. (b) 

Reflectance calculation of the MIC structure by sweeping incident angle and 

wavelength. 

Despite the ENZ effect shown at the cross-over wavelength λc=1301nm, the maximum 

absorption for the MIC modulator is found around λ=1280nm. This shift could be owing 

to the working mechanism of the MIC structure and the ATR measurement setup. To verify 

this, we calculate |𝜀ITO| as a function of wavelength with extracted ITO parameters 𝜀∞ =

3.9, 𝜔𝑝 = 2.85×1015𝑠−1 , 𝛾 = 1.9×1014𝑠−1 . From Fig. 4-9(a), the minimum value of 

|𝜀ITO|, which indicates the cross-over wavelength, is identified at λ=1300nm. Then, with 

(a) (b) 
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the same set of parameters, we calculate the reflectance of the MIC structure based on 

transfer matrix method (TMM), where both the incident angle θ and wavelength are swept. 

As seen in Fig. 4-9(b), at the optimal incident angle (𝜃 = 70°) used in the measurement, 

the minimum reflectance is located near λ=1280nm, which matches the experimental result. 

In addition, according to the Fig. 4-9(b), the incident angle where maximum absorption is 

found varies with wavelength. 

 

Figure 4-10. M-λ relations for O-A, A-D, and O-D modulations under 500Hz, 

Vpp=12V AC signal. 

Furthermore, modulation can be achieved between any two states among “original”, 

“depletion”, and “accumulation”. We combine the 500Hz, Vpp=12V AC signal with a 0V, 

+6V or −6V DC offset in order to examine A-D, O-A, and O-D modulations, respectively. 

Figure 4-10 plots the modulation depth as a function of incident light wavelength for the 

three modulations. Minimum “A-D” modulation occurs at cross-over wavelength. Peak 

“A-D” modulation depths are located at about ± 30 nm from cross-over wavelength. The 
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spectrum shift in the three curves is caused by the DC offset-induced optical property 

change of the active ITO film. 

4.5 Working bandwidth and modulation speed 

In the measurement, we have observed similar modulation effect all the way from 

1260nm to 1620nm; however, compared with the modulation caused by DC bias in Section 

4.3, the modulation depth becomes much smaller because considerable slow modulation 

has been eliminated by applying AC electric signal. Besides, the modulation depth is much 

more sensitive to wavelength.  When the wavelength is far away from the ENZ region, the 

modulation depth becomes trivial. For example, as can be seen in Fig. 4-11, the modulation 

depth for A-D modulation drops to less than 3% when λ>1400nm. As expected, the ENZ 

region of the modulator depends on the property of ITO layer, which can be controlled by 

fabrication process. We have obtained ITO films with sheet resistance from 100 to 400Ω/□, 

and the resulting cross-over frequency λc varies within, or even beyond the wavelength 

range we investigate. Despite the difference in λc due to ITO film property, the EO 

modulators all behave in a comparable manner as illustrated in this paper. Promising 

applications could be achieved by this property; for example, one could make EO 

modulators working at the desired wavelength.  

Compared with the MIC modulator in Section 4.3, which shows very slow response 

under DC bias, the updated version in this section has a boost in speed. This is also one of 

the goals of the optimization. Nevertheless, high-speed operation is yet to be verified. Due 

to a limited working bandwidth of Ge photodiode D1, absorption modulation could hardly 
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be observed at frequencies over 10 kHz. In order to well investigate the working speed of 

the EO modulator, we utilized an AC-coupled InGaAs photodetector (Newport 818-BB-

30A). Figure 4-11(a) illustrates the reflected power fluctuation of MIC EO modulator under 

an AC sine electric signal of Vpp=12V working at 1 MHz. The incident light wavelength 

λ=1280nm. Though the EO modulation has been achieved at MHz scale, however, the rapid 

decrease of modulation depth obviously shows the speed limitation of the MIC EO 

modulator. As shown in Fig. 4-11(b), starting from over 10% at 1 kHz, the modulation 

depth quickly drops below 1% at 500 kHz. 

 

Figure 4-11. (a) The output waveform for modulating frequency f=1MHz. (b) 

Modulation depth as a function of modulating frequency. (c) The circuit diagram 

for the MIC structure. (d) For a given V, the normalized applied voltage on the 

device as a function of modulating frequency. 

We believe that RC delay is the factor that limits the speed of the device. In order to 

verify this, we examined the electric circuit of the MIC structure, shown in Fig. 4-11(c). 
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Here R is a series resistance brought by the function generator and device, 1/G is a resistor 

parallel to the capacitor, and r is a 1 kΩ resistor externally added to the circuit. We 

measured the applied voltage on the device Vi as a function of modulating frequency f on 

condition that the total applied voltage V is normalized to 1. Plotted in Fig. 4-11(d), the 

results show agreement with Fig. 4-11(b), which indicates that only a very small portion 

of voltage is applied across the HfO2 layer at higher frequencies. Based on the equation 

𝑉𝑖 = 𝑉
1+𝑅(𝐺+𝑗𝜔𝐶)

1+(𝑅+𝑟)(𝐺+𝑗𝜔𝐶)
, we fit the Vi-f curve (Fig. 4-11(d)) and extract the circuit RC 

constants as C=4.13 nF, R=111.7 Ω, and 1/G=32 kΩ. According to the actual dimension 

of the sample, the capacitance is calculated as 𝐶 =
𝜀𝐴

𝑑
≈ 25 nF (𝜀 = 25 is used here for 

HfO2). The measured value is several times smaller than the theoretical value, probably 

due to the over estimation of the dielectric constant of the insulating layer as well as 

capacitor fringe effect. However, the RC constants are still too large to allow for a fast 

modulator. We are optimizing the design and fabrication process for better device 

performance, and we are expecting a speed boost of several orders by shrinking the size of 

the modulator from millimeter scale to micro- or even nano-scale. 

4.6 Conclusions 

In this chapter, we have experimentally demonstrated multi-layer MIC EA modulators 

based on ITO. The initial investigation on the modulators has shown broadband EA 

modulation with a relatively large modulation depth under DC biases. The switching speed 

is rather low. We optimized the design and fabrication process, and further explored the 

tunable property of ITO, and verified its ENZ behavior in the MIC structure around telecom 
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wavelength. Light absorption of the MIC structure can be modulated by both carrier 

accumulation and depletion. The modulation effect by accumulation and depletion in 

changing light absorption is opposite below and above the cross-over wavelength, near 

which the maximum modulation depth can be found. The ENZ working region depends on 

ITO film property, which can be tuned in the fabrication process. The modulation speed is 

mainly limited by device RC constant, which should be solved by more compact 

dimensions and optimized design. The results in this chapter may find promising 

applications in making efficient and broadband EO modulators. 
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5. ULTRA-COMPACT FIELD-EFFECT EA 

PLASMONIC MODULATOR 

In Chapter 4, field-effect EA modulation based on COx has been experimentally 

demonstrated through an MIC structure. Cross-over wavelength which corresponds to ENZ 

has been observed at the telecom wavelength. However, the investigation is mainly 

focusing on the material property. Neither compact dimension nor high-speed operation of 

the modulator has been achieved. In this chapter, based on the previous study, an 

ultracompact field-effect EA plasmonic modulator will be proposed and investigated. The 

effective modulation length of the modulator is only 800nm, which is the smallest recorded 

dimension according to our knowledge. Preliminary results show successful operation of 

the modulator at 500 MHz, which is limited by the testing setup. Potential EA modulation 

at GHz is expected with this ultracompact field-effect plasmonic modulator. 

5.1 Background and principle 

It has been discussed in detail that COx could be promising alternative active material 

for EO modulation. Besides our research, many EO modulators have been proposed based 

on COx. To apply a COx as the active medium in an EO modulator, one challenge is that 

the field-effect-induced charge layer is only few nanometers thick. To enhance the impact 

of the charged layer on light absorption, three strategies are taken in this work. 

First, the COx is integrated into an MIM plasmonic waveguide. Surface plasmons as 

hybrid electrical-optical waves give rise to strong confinement, which makes their 
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propagation to be extremely sensitive to minor changes in the optical properties of the 

guiding materials. This provides a remarkable opportunity for optical modulation. Various 

plasmonic EO modulators have been reported since the 1980s [20, 202-205], including 

three based on COx [83,191,199]. In particular, Dionne, et al. [20] reported an EO 

modulator integrating a metal-oxide-silicon junction into two silver films, where the 

modulating electric field can switch the waveguide between guiding and cut-off states.  

However, its large extinction ratio extremely relies on the junction uniformity in the light 

propagation direction. Two more recent works from another group reported microscale 

plasmonic phase modulator [59] and plasmonic intensity modulator [60]. In both works, 

MIM plasmonic waveguides are employed, and nonlinear polymers work as the active 

media with modulator waveguide length shrunk to 10s of micrometers. Recent 

experimental works [83,198,199] report the integration of the MIC structure on the silicon 

waveguide, in a plasmonic waveguide, and below a glass prism, respectively. Modulation 

extinct ratio is reported 1 dB/μm in Ref. [83], and 2.71 dB/μm in Ref. [199]. In both cases, 

the dynamical operation of the modulators has not been reported. The result from Ref. 

[196] shows that the part of large modulation may only work at low speed, which coincides 

with our previous observation. Whether the modulation can work at high speed is still a 

question. 

Second, HfO2 is employed as the insulator layer to enhance the field effect. HfO2 has 

high DC dielectric constant, large dielectric strength, and is transparent for NIR light. 

Basically, the MIC structure functions as a parallel plate capacitor. Thus, a high-k insulator 

can induce large surface charge for a given gate voltage. 
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Third, two MIC structures are designed back-to-back to double the field-induced 

charge, simultaneously on top and bottom sides of COx, for the same gate voltage. The use 

of this double capacitor-gating scheme in modulators can date back to dual-channel EO 

modulators proposed in 1970s or earlier [207]. It was recently used in a graphene modulator 

[208] and a proposed silicon slot-waveguide-based EO modulator [209]. The entire 

structure in this work is thus a metal-insulator-COx-insulator-metal (MICIM) structure, as 

shown in Fig. 5-1(a). The COx used in this work is ITO. Another advantage of using the 

double insulator layers is to decrease the MIM plasmonic waveguide attenuation, which 

sharply decreases with the increase of insulator thickness, especially at the nanoscale. 

This work shows that the three strategies can greatly improve the modulator 

performance and result in an EA modulator with a propagation length only 800 nm. To our 

knowledge, this is the first experimental demonstration of an EO modulator with a 

nanoscale waveguide length. The EO modulators in previous works 

[58,59,82,191,198,199] involve waveguides with nanoscale width or thickness, but the 

waveguide length is still at the microscale. 

As shown in Fig. 5-1, the principle of this EO modulator is quite straightforward. Light 

absorption in the gap between two gold films is controlled by the electric-field-induced 

charge in the ITO layer. Each MIC structure functions as a parallel plate capacitor. The 

field induced charge on each side of ITO can be calculated according to 𝑄 = 𝜀𝐸𝐴, where 

ε is the DC dielectric constant of HfO2, E is the applied electric field across the HfO2 layer, 

and A is the capacitor area. According to the bias polarity and strength, an MIC structure 

may work in two well-known modes. When a positive bias is applied on the ITO layer, 
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depletion (of electrons) ( 𝑄 > 0) occurs. Effectively, the thickness of ITO layer decreases 

and the MICIM waveguide becomes less absorptive, resulting low attenuation (i.e. ON 

state). When a negative bias is applied at the ITO layer, accumulation (of more electrons) 

( 𝑄 < 0) occurs. The ITO layer becomes more conductive and the MICIM waveguide 

becomes more absorptive, resulting in high attenuation (i.e. OFF state).  

 

Figure 5-1. Illustration of the working modes of the metal-insulator-COx-insulator-

metal structure: (a) Without bias. (b) Depletion mode, where the ITO is less 

absorptive and the waveguide has lower attenuation. (c) Accumulation mode, where 

the ITO is more absorptive and the waveguide has higher attenuation. (d) The mode 

profile for the no bias case. (e) The mode profile for the depletion case. (f) The mode 

profile for the accumulation case. 

In our work, the thickness of ITO is 10 nm; each HfO2 layer is 20 nm thick. At 1550 

nm, the refractive indices of HfO2 and gold are 2.07 and 0.583+j9.864, respectively. We 

fabricated ITO film at 60°C on quartz and obtained its carrier concentration as 𝑁𝑑 =

5.6×1020 cm−3 by Hall effect measurement. Based on the Drude model, the dielectric 

constant of ITO at 1550 nm can be calculated as 0.44 + j0.32. If Vb= −20 V bias is applied 

across the HfO2 layer, and assume the accumulation layer thickness is 𝑙𝑎𝑐 = 1 nm, the 
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excited accumulation charge will be Δ𝑁 =
𝑄𝑠

𝑒𝑙𝑎𝑐
= 1.38×1021cm−3.  The dielectric 

constant in the accumulation layer changes to −8.05 + j1.12. If 𝑉𝑏 = +20 V bias is applied 

across the HfO2 layer, all ITO layer will be depleted. The dielectric constant in the 

depletion layer is 3.9. Assume the width of the MICIM structure w = 200 nm. The 

attenuation in the three cases is calculated to be 15.49, 15.77, and 13.12 dB/μm, 

respectively. Thus, an extinction ratio 2.65 dB/μm can be achieved. Figure 5-1 (d-f) shows 

the mode profiles (|E|) for the three cases. The following table summarizes the parameters 

of the MICIM structure and attenuation for the plasmonic waveguide under the three cases. 

λ=1550 nm No bias Accumulation Depletion 

𝜖 = 𝜖′ + 𝑗𝜖′′ 0.44+j0.32 −8.05+j1.12 3.9 

(Active + inactive + Active) 

thickness 

(0+10+0) nm (1+8+1)nm (2.5+5+2.5)nm 

Attenuation 15.49 dB/μm 15.77 dB/μm 13.12dB/μm 

Extinction ratio 2.65dB/μm 

 

5.2  Schematic and fabrication 

The schematic of the device is illustrated in Fig. 5-2(a). The device fabrication consists of a 

series of layer-by-layer processes. For accurately patterning each layer, general photolithography 

and lift-off processes are applied. The fabrication starts from the deposition of 10 nm thick Ti 

adhesion and 100 nm thick gold layers on the quartz substrate. Then, a 20-nm HfO2 is deposited as 

the first buffer insulator by atomic layer deposition (ALD). The next process is the sputtering of 

10-nm active material, ITO, at a substrate temperature of 60°C [116]. After that, another 20-nm 

thick HfO2 is deposited to provide the second buffer layer. Finally, 150-nm thick gold is deposited 

to define the light input port, the modulator length as well as to form electric contacts. 
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Figure 5-2. (a) Schematic of the fabricated EO modulator and the test setup. (b) 

Back view of the modulators and their GSG contact electrodes. (c) Top view of the 

output port. (d) Back side SEM picture of the device input and output ports. (e) 

Bottom view of the edge of the device. 

To conduct measurement, the sample is flipped upside down as illustrated in Fig. 5-2(a). For 

easy description, the quartz substrate is treated as the top layer. Figure 5-2 (b) is the back side 

microscope image of the whole fabricated device. Figure 5-2 (c) shows the top side microscope 

images of the fabricated device showing three output ports. Figure 5-2 (d) is the back side scanning 

electron microscope (SEM) image of the device showing detailed dimension. Figure 5-2(e) is the 

image of the edge of the device taken from the bottom side showing the multi-layer stacks. As can 

be seen in Fig. 5-2 (d), there are three modulators with waveguide lengths, 2.0 μm, 800 nm, and 

3.0 μm, respectively. The three modulators share the same GSG contact electrodes. Our 

investigation is focused on the 800-nm waveguide.  
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5.3 Experimental validation of modulation effect 

In the test, light from a tunable laser is amplified by an erbium-doped fiber amplifier (EDFA) 

and then coupled into the sample through a lensed fiber from the bottom side of the sample. The 

lensed fiber can focus NIR light into a ~2 μm diameter spot at the working distance of ~15 μm. 

The entire sample is covered by either the top or bottom gold layer, or both layers. For easy 

explanation, the top and bottom gold layers are shown as slightly different colors. The gold layers 

are thick enough so that light cannot directly propagate through as shown in Fig. 5-2(b & c). The 

input port is a 4-μm wide slit in the bottom gold layer as shown in Fig. 5-2(d). Light propagation 

through the sample must follow the gaps, i.e. plasmonic waveguides, between the two gold layers. 

See Fig. 5-2(a). Two MIM plasmonic waveguides simultaneously exist in our modulator. The left 

side one is an Au-HfO2-ITO-Au waveguide, which has very large attenuation and its length is 

designed to be 4 μm. Thus, the light transmission through the Au-HfO2-ITO-Au waveguide is 

negligible. The right side one is an Au-HfO2-ITO-HfO2-Au waveguide, which is our modulating 

waveguide. It has much smaller attenuation, owing to the double HfO2 layers, and much short 

length, only 800 nm, terminated by a slit in the top gold layer, which works as the output port. 

Therefore, the input and output ports are linked by the Au-HfO2-ITO-HfO2-Au waveguide. 

As illustrated in Fig. 5-2(a), the top gold layer seems three separate parts, but the middle and 

right parts actually represent a continuous film with a 5μm-by-30μm rectangular window, as shown 

in Fig. 5-2(c), which means the top gold layer only has two electrically insulated parts. The bottom 

gold layer is also two isolated films: the left part works as a metal contact electrode for ITO; the 

right part simultaneously works as another electrode and a confining layer of the Au-HfO2-ITO-

HfO2-Au plasmonic waveguide. As can be seen in Fig. 5-2(a), two confining gold layers of this 
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waveguide are electrically connected at the right end.  Consequently, when a voltage is applied 

between ITO and bottom gold layer, the same voltage is always applied between ITO and the top 

gold layer. The result is the double capacitor gating scheme as shown in Fig. 5-1. The gate voltage 

comes from a function generator and is applied to the electrodes through a microwave GSG probe 

from the sample bottom side. See Fig. 5-2(b). The picture of the whole setup is shown in Fig. 5-

3(a). 

 

Figure 5-3. (a) Picture of the experimental setup. Inset: picture of the tested device. 

(b) Image of the output ports by the NIR camera. Inset: the output ports. (c) Image of the 

output of the device through the NIR camera when NIR light is fed in from the input port. 

In the experiment, a microscope, installed with an NIR camera at the top through an adapter, 

is placed over the sample for observation, alignment, and NIR imaging. The microscope is first 
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adjusted to locate the output port. Fig. 5-3(b) shows the image of the sample by the NIR camera. 

Then amplified NIR light (λ = 1560 nm) is fed into the input port through a lensed fiber. After the 

light propagates through the device, it is scattered into the quartz substrate and then into the air. 

Partial scattered light is imaged by the microscope NIR camera. Figure 5-3(c) shows the light 

scattering from the middle output window. 

When an AC voltage (14V-Vpp) is applied on the device, the change of power level of the 

output light with the voltage fluctuation can be observed. This verifies that the light output is really 

modulated. The modulation is so obvious that light intensity change in the NIR image can easily 

be seen by eyes at extremely low frequencies. Our supplemental movies document the modulation 

at f = 3 Hz. Movies 1 and Movie 2 show the output from the modulators with waveguide lengths 

800 nm and 2.0 μm, respectively. 

5.4 Modulation depth and modulation speed 

 

Figure 5-4. Oscilloscope measurement of the output light power under an applied electric 

signal of (a) 1 MHz, (b) 10 MHz, (c) 100 MHz, and (d) 500 MHz. (a&b) are obtained using 

a DC-coupled photodetector. (c&d) are obtained using an AC-coupled photodetector. 
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To test the response of the device to higher frequency modulating voltagesa, the NIR camera 

is first replaced by a DC-coupled InGaAs photodetector (Thorlabs PDA10CF), which is positioned 

exactly at the focused image of the microscope adapter. The photodetector collects the output light 

power and converts it into an electric signal in an oscilloscope. A 50-Ω load is used to convert the 

photocurrent into a voltage, 𝑉𝑜𝑝 . Figures 5-4 (a&b) depict the tested photo voltage of the EA 

modulator under an applied 14 V-Vpp RF sine signal of 1 MHz and 10 MHz, respectively. If the 

extinction ratio is defined by 𝑟𝑒 =
max{𝑉𝑜𝑝}

min{𝑉𝑜𝑝}
, the extinction ratio measured at 10 MHz is around 

1.75 or 3.04 dB/μm. To demonstrate the operation of the modulator at even higher frequencies, the 

DC-coupled photodetector is replaced by an AC-coupled, amplified InGaAs photodetector 

(Newport 818-BB-30A), and the output is further amplified by a microwave amplifier. Figures 5-

4 (c&d) plot the tested photo voltage of the EA modulator under an applied 14 V-Vpp RF sine signal 

with frequencies f = 100 MHz and f = 500 MHz, respectively. 

Owing to the limitation in the speed of the photodetector, the power level of the incident light, 

and the input coupling efficiency we observed light modulation only up to 500 MHz. The obtained 

results show a very promising prospect for an ultra-compact, ultra-fast optical modulator. We are 

upgrading our testing setup to evaluate its performance at GHz modulating frequencies. The results 

will be reported in the future. 

5.5 Conclusions 

In conclusion, we have experimentally demonstrated an 800-nm-long plasmonic EA 

modulator, which has a significant modulation depth and can potentially work at GHz high speed 

at telecommunication wavelengths. In this device, we have combined the MIC structure with an 



99 

 

MIM plasmonic waveguide configuration, with double capacitor gating scheme for greatly 

enhanced field effect. The involved fabrication processes are undemanding and CMOS-

compatible. The device may meet the requirements for an ultra-compact and ultra-fast EO 

modulator as future 3D interconnection, where NIR light propagates between top and bottom sides 

of chip-based systems and is modulated by electric gate. To this end, both sides of the modulators 

are passivated and Chip 1 and Chip 2 may be standard CMOS circuits. As shown in Fig. 5-5, a 

variation of the modulator, yet based on the same principle, may also be employed for future on-

chip nanophotonic/nanoplasmonic interconnection. 

 

Figure 5-5. The potential applications of the MICIM modulator in 3D interconnection and 

in integrated photonic/plasmonic circuits. (a)  The potential application of the modulator in 

3D interconnection, where both sides of the modulators are passivated and Chip 1 and 

Chip 2 may be standard CMOS circuits. (b, c) The potential application of the MICIM 

modulator in integrated photonic/plasmonic circuits, where (b) illustrates the front view, 

and (c), 3D view.  Photonic/plasmonic power flow is between the two metal layers in the red 

arrow direction. 
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6. NANOSCALE FIELD-EFFECT OPTICAL 

MODULATORS BASED ON DEPLETION OF ENZ 

FILMS 

In the previous chapters, we have numerically demonstrated EA modulators based 

on ENZ-slot waveguide by free carrier accumulation [187]. However, the electron density 

in the accumulation layer nearly exponentially decays with distance, which leads to very 

non-uniform optical dielectric constant across the accumulation layer. We have also 

experimentally shown that both accumulation and depletion can lead to EA modulation 

[191, 192]. Herein, in this chapter, we propose EA modulators each based on the depletion 

of an ENZ thin film. In contrast to accumulation, the initial film can be designed with 

uniform carrier concentration and uniform ENZ optical dielectric constant. The depletion 

can greatly remove the carriers. Thus, optical modulation can be achieved between ENZ 

and depletion with very large extinction ratios [193]. 

6.1 Background 

In Section 4.1, the operation principle of optical modulators based on MOS structure 

has been demonstrated. The accumulation layer thickness and the depletion layer thickness 

can be given by 𝑙𝑎𝑐 ≈ 𝜋𝐿𝐷/√2 and 𝑤𝑑 =
𝑄𝑠

𝑒𝑁0
, respectively. According to the parameters 

obtained from experiment [191,192], the thicknesses of accumulation and depletion layers 

are estimated to be very thin due to high carrier concentrations of the fabricated ITO film. 

For example, 𝑤𝑑 is typically less than 2 nm and 𝑙𝑎𝑐 is usually only a few angstroms. As a 
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result, we conduct numerical analysis to model the carrier distributions in the double 

capacitor gating scheme, as illustrated in Fig. 6-1. In this scheme, the thickness of ITO film 

is set to be 4 nm, and each HfO2 layer is 10-nm thick. With a doping level of 𝑁 =

6.32×1020 cm-3 and a bias voltage of 10 V, the scheme is simulated with finite element 

method (FEM) for both accumulation (Fig. 6-1(a)) and depletion (Fig. 6-1(b)). From the 

figure, very thin accumulation layers with non-uniform carrier concentrations can be 

observed. Meanwhile, we can see the 4-nm ITO film is almost depleted by the double 

capacitor gating scheme. Therefore, we focus our investigation on depletion of an ENZ 

thin film. 

 

Figure 6-1. FEM simulation of the double capacitor gating scheme on carrier 

distribution for (a) accumulation and (b) depletion. 
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6.2 Design and simulation 

In the investigation, we consider EA modulators based on the metal-insulator-metal 

waveguide and Si waveguide platforms, respectively. The double capacitor gating scheme 

is employed as illustrated in Fig. 6-2(a), where the same gate voltage can induce depletion 

layers simultaneously on top and bottom sides of the ENZ film. The ultrathin film may be 

2D semiconductor or COx. As an example, we first consider an optical modulator based 

on “metal-insulator-COx-insulator-metal” (MICIM), where ITO works at ENZ, and the 

metal layer is assumed to be Au owing its chemical stability and low absorption at near-

infrared frequencies. Figure 6-2(a) illustrates the MICIM structure to be investigated. 

Based on the Drude model, for the typical optical parameters for ITO [194]: 

𝜖∞ = 3.9, 𝑚∗ = 0.35𝑚𝑒 , 𝛾 = 1.8×1014 rad/s ,  

ENZ can be achieved when 𝑁 = 6.32×1020 cm-3 at 𝜆𝑜 = 1550 nm. The corresponding 

optical dielectric constant is 𝜖𝑟(𝐸𝑁𝑍) = 0.0942 + 𝑗0.563, where the minimum |𝜖𝑟| can 

be achieved. Assume the insulator layers are both 10-nm thick HfO2, which has a DC and 

RF dielectric constant of 𝜀𝑟 = 25 and dielectric strength > 1 V/nm. If 10-V positive bias is 

applied on the ITO, the depletion layer thickness can be estimated to be ~2.2 nm according 

to Eqs. (4.1 & 4.3). If the thickness of ITO is designed as 4 nm, then the entire ITO film 

can be mostly depleted by the double capacitor gating scheme. Figure 6-2(b) depicts the 

residual electron distribution for the depletion based on the finite element method (FEM) 

simulation, where a 10-V positive bias is applied at the left end of ITO film. Figure 6-2(c, 

d) is the 1D scan of electron distribution in Fig. 6-2(b) at 𝑥 = 0. As can be seen, the 
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maximum electron density at the center (𝑦 = 0) in ITO reduces to 3.93 × 1020 cm-3 and 

then sharply decreases to a negligible level within 0.9 nm on both sides. The effect of 

induced surface charge on the optical properties of gold is negligible as Au has a huge free 

electron density, ~5.9 × 1022 cm-3. Based on the Drude model, we calculated the complex 

optical dielectric constant distribution in the ITO as shown in Fig. 6-2(e, f). 

 

Figure 6-2. (a) Illustration of the metal-insulator-COx-insulator-metal structure 

working at the depletion mode. (b-d) FEM simulation of the residual electron 

distribution in the ITO film. (e) The real part of the ITO complex dielectric constant 

(𝛜′) of ITO. (f) The imaginary part of the complex dielectric constant (𝛜′′) of ITO. 

The double capacitor-gated ITO film can also be used in Si-based waveguides when the 

metal layers are replaced by n+ Si, as illustrated in Fig. 6-3(a). In this case, the HfO2 layers 

are each assumed as 10 nm thick, too. Note that the n+ Si layers work at accumulation when 

the ITO works at depletion. Assume the carrier concentration of the n+ Si is 𝑁 = 1×1018 

cm-3 and the flat-band condition is satisfied without bias. The thickness of the accumulation 
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layer in Si is less than 1 nm. Figure 6-3(b, c) depicts the electron density distribution in the 

ITO and Si. As shown in Fig. 6-3(d-f), the electron density and complex optical dielectric 

constant distributions in ITO are very similar to those in the plasmonic device as shown in 

Fig. 6-3(d-f). The maximum residual ITO electron density at the center (𝑦 = 0) is 4.58 × 

1020 cm-3, which is slightly higher than the corresponding value in the plasmonic device, 

as shown in Fig. 6-3(a), because the potential drop in the Si accumulation layer reduces the 

voltage applied across the HfO2 layers. 

 

Figure 6-3. (a) Illustration of the Si-insulator-COx-insulator-Si structure working at 

the depletion mode. (b, c) FEM simulation of the residual electron distribution in 

the ITO film and accumulated electron distribution in Si. (d) The residual electron 

distribution in the ITO film. (e, f) The complex optical dielectric constant of ITO. (g) 

The accumulation electron distribution in the Si. (h, i) The complex refractive index 

of Si in the accumulation layer. 
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The accumulation electron distribution in Si is plotted in Fig. 6-3(g). The accumulated 

charge is distributed from above 2×1021  cm-3 at the surface decaying to 5×1020  cm-3 

within 0.6 nm. The effect of the induced charge will result in index change, Δ𝑛 , and 

absorption, 𝛼, which can be estimated according to Eqs. (1.10 & 1.11) when working 

wavelength is 𝜆𝑜 = 1550 nm. 

The corresponding complex refractive index of Si can be calculated according to 

{
𝑛 = 𝑛𝑜 + Δ𝑛

𝜅 =
𝛼𝜆𝑜

4𝜋
          

. (6.1) 

Figure 7-3(h, i) plots the complex refractive index, 𝑛 + 𝑗𝜅 , distribution of Si in the 

accumulation layer, where the refractive index of intrinsic Si 𝑛𝑜 = 3.476 at 𝜆𝑜 = 1550 

nm is assumed. 

6.3 Performance analysis 

To consider the field effect on light propagation, we first put the Au-sandwiched 

structure in a 3D plasmonic waveguide as shown in Fig. 6-4(a). The inset illustrates the 

coordinates used in this work. The modulators to be investigated are much more sensitive 

to TM polarization (with major 𝐸𝑦 and 𝐻𝑥 components). The TM polarization and working 

wavelength 𝜆𝑜 = 1550 nm are assumed throughout this work. As can be seen, the top and 

bottom Au layers are electrically connected to easily apply the bias. Any bias applied 

between the ITO and the bottom Au layer will be automatically applied between ITO and 

the top Au layer with the same value. 



106 

 

 

Figure 6-4. The electric field profiles (|𝑬(𝒙, 𝒚)|), effective indices, and propagation 

loss for different ITO-sandwiched waveguides in two cases: no bias and depletion. 

(a-c) In a plasmonic waveguide. (d-f) In a Si waveguide. The maximum field 

magnitude is normalized to be 1 in each plot. The refractive indices of Si, HfO2, 

SiO2, and Au are assumed to be 3.476, 2.070, 1.444, and 0.559+j9.81, respectively. 

The thickness of each HfO2 layer is 10 nm, ITO thickness, 4 nm. 

We assume without bias the optical dielectric constant of is 𝜖𝑟(𝑒𝑛𝑧) = 0.0942 +

𝑗0.563 . Using a 3D mode solver based on the finite-difference time-domain (FDTD) 

method, we found the mode supported by the plasmonic waveguide. Figure 6-4(b) shows 

the mode profile (|𝐸(𝑥, 𝑦)|) when the ENZ ITO is sandwiched. As can be seen, very strong 

electric field is excited in the ENZ ITO film, which results in a very large attenuation 𝛼 =

59.27  dB/μm. The effective index 𝑛eff = 1.840  is considerably small because a large 

portion of power is concentrated in the low index ITO film. For the depletion case, we 

applied the complex dielectric constant of ITO as shown in Fig. 6-2(e, f) in the 3D mode 

solver. Figure 6-4(c) shows the corresponding mode profile, where the electric field and 

hence power distribution spread nearly the whole spacing between the two Au films. It is 

found that the attenuation reduces to 𝛼 = 4.27 dB/μm and effective index increases to 
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𝑛eff = 3.160. In fact, most of the attenuation comes from the absorption by Au. The 

residual electrons in ITO only contribute ~0.5 dB/μm attenuation. In the ITO film layer, a 

mesh size 𝑑𝑦 = 0.1 nm is applied in the y-direction when the 3D mode solver is used. 

Outside the ITO layer, 𝑑𝑥 = 2 nm, 𝑑𝑦 = 0.5 nm. 

Similarly, we investigated the two operation modes when the ITO is sandwiched in a Si 

waveguide as shown in Fig. 6-4(d). Figure 6-4(e) shows the mode profile (|𝐸(𝑥, 𝑦)|) when 

the ENZ ITO is sandwiched. Figure 6-4(f) shows the mode profile (|𝐸(𝑥, 𝑦)|) when the 

depleted ITO is sandwiched. The complex dielectric constant of ITO shown in Fig. 6-3(e, 

f) and the refractive index of Si shown in Fig. 6-3(h, i) are applied in the depletion case. 

As can be seen, the waveguide attenuation reduces from 9.49 dB/μm to 0.34 dB/μm and 

effective index slightly increases from 1.839 to 2.147 when ITO is switched from ENZ to 

depletion state. In the ITO film and Si accumulation layers, a mesh size 𝑑𝑦 = 0.1 nm is 

applied in the y-direction when the 3D mode solver is used. Elsewhere, 𝑑𝑥 = 4 nm, 𝑑𝑦 =

0.5 nm. 

In order to evaluate the insertion loss of the EA modulators, we did 3D FDTD simulation 

with the mesh size 𝑑𝑥  and 𝑑𝑦  as described in above text and 𝑑𝑧 =  2  nm. We first 

simulated the modulator based on the plasmonic waveguide platform as shown in Fig. 6-

5(a). In the design, the modulator is embedded in a waveguide with the same configuration 

as itself except without the ITO layer. As a result, the input and output waveguides are two 

identical Au-HfO2-Au waveguides, where the thickness of HfO2 is 20 nm. The length of 

the EA modulator is 200 nm. Figures 6-5(b & c) show the power distribution in the 

waveguide in ENZ and depletion cases, respectively. Two detectors are placed 30 nm away 
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from the modulator to evaluate the input and output power flow in the z-direction. 

Simulation results demonstrate that the overall throughput is 12.7% for ENZ ITO, and 

77.5% for depleted ITO. Note that the insertion loss is 1.11 dB (77.5%). The achievable 

extinction ratio is 7.86 dB.  

 

Figure 6-5. (a) The illustration of an EA modulator embedded in an Au-HfO2-Au 

plasmonic waveguide. The cross-section dimensions of the modulator are shown in 

Fig. 3(a). (b, c) The 3D simulation of light propagation between the plasmonic 

waveguide and the EA modulator in ENZ and depletion cases, respectively. (d) The 

illustration of an EA modulator embedded on a rib Si waveguide. The cross-section 

dimensions of the modulator are shown in Fig. 3(d). (e, f) The 3D simulation of light 

propagation between the rib Si waveguide and the EA modulator in ENZ and 

depletion cases, respectively. 

We also simulated the modulator based on the Si waveguide platform as shown in Fig. 

6-5(d). The length of the EA modulator is 500 nm. In this case, the modulator is embedded 

in a Si waveguide with same overall dimensions as itself except without the ITO and HfO2 

layers. Figures 6-5(e & f) show the power distribution in the waveguide in ENZ and 
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depletion cases, respectively. Simulation results demonstrate that the overall throughput is 

38.5% for ENZ ITO, and 85.0% for depleted ITO, which give rise to extinction ratio, 3.44 

dB with insertion loss, 0.71 dB. 

6.4 Discussion and conclusion 

The optical bandwidth of the modulators can be over several THz due to the slow Drude 

dispersion [187]. The EA modulators can potentially work at an ultra-high speed, being 

mainly limited by the RC delay imposed by electric circuits. In spite of the involvement of 

double, thin high-k insulator layer, the parasitic capacitance of the EA modulators can still 

be very small owing to their nanoscale footprints. Thus, low energy consumption per bit is 

expected. The fabrication of 4-nm thick ITO may be challenging. There are two approaches 

to address this issue:  

(1) Multilayer 2D semiconductor with heavily doped carrier concentration. For 

example, 10 layers of graphene. 

(2) Material with even higher dielectric concentration. There were reports on 

perovskite-based dielectrics, BaTiO3 with εr=165 [210], and SrTiO3 with εr=219 

[211] at room temperature. 

There are three approaches to further improve the performance of the proposed EA 

modulators: (1) decreasing the ENZ film, (2) shrinking the insulator thickness, and (3) 

increasing the dielectric constant of the insulator.  

To summarize, recent experiments show the potential applications of COx as tunable 

ENZ material. When sandwiched in a plasmonic or Si waveguide, a very thin ENZ film 
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can greatly enhance light absorption; whereas, the depletion of the carriers in the ENZ film 

can significantly reduce light absorption. The depletion of ultrathin ENZ film-sandwiched 

waveguides may enable EA modulation at the nanoscale. The successful development of 

this technique may lead to a significant breakthrough in on-chip optical interconnects. 
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7. ULTRA-COMPACT HIGH SPEED FIELD-

EFFECT  DIELECTRIC MODULATOR 

In the previous chapters, based on the field effect (i.e. carrier accumulation and 

depletion) within active conductive oxide layer in the MIC and MICIM structures, we have 

experimentally demonstrated plasmonic EA modulators that have broadband EO response, 

ultra-compact footprint as well as potentially high operation speed. According to the 

numerical study of field-effect optical modulators based on ENZ-slot waveguide in 

Chapter. 3 & 6, we know that field-effect EA modulation can also be found in dielectric 

waveguide configurations. Compared with plasmonic modulator where light can propagate 

as surface plasmon polaritons (SPPs) at metal-dielectric surface, dielectric modulator 

would lose some compactness. However, it promises much easier integration with existing 

platforms based on CMOS technology. Besides, without metallic components, the optical 

losses will become much smaller. Thus, it is worthy of exploring an efficient and compact 

dielectric modulator. 

7.1 Background 

Since 2010 when the EO response of ITO inside an MIC structure was revealed [33], 

many works towards COx-based EO modulation have been proposed. However, most of 

the proposed modulators utilize plasmonic waveguide configurations. Few modulators 

integrated with dielectric materials have been reported [209, 212]. Zhao et al. reported their 

numerical study of a high-confinement Si slot-waveguide modulator (Fig. 7-1(a)), in which 

SiO2 buffer layer and polysilicon cladding are used to confine EM fields within 10nm ITO 
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film [212]. They also investigated the integration of the slot-waveguide modulator with Si 

strip waveguides. In Ref. [83], Sorger et al. demonstrated an ITO-based nanophotonic 

modulator on SOI platform with a modulator length of 3λ (Fig. 7-1(b)), which can reach 

an extinction ratio of 1 dB/μm over a wide bandwidth range. However, the broadband 

modulator is actually utilizing the field-effect in an MIC structure. The silicon substrate is 

mainly used as a waveguide for light interaction with the MIC modulator. Therefore, it is 

necessary to experimentally demonstrate the operation of a dielectric modulator to facilitate 

the development of COx-based EO modulators for future integrated photonic circuits. 

 

Figure 7-1. (a) The schematic of a high-confinement Si slot-waveguide modulator 

[212]. (b) An ITO-based nanophotonic modulator [83]. 

7.2 Design, modeling, and fabrication 

The design of the COx-based dielectric modulator is shown in Fig. 7-2 (a). As can be 

seen, in this dielectric slot waveguide, TiO2 will serve as the waveguide for guiding light 

to interact with ITO. ITO slot is embedded between TiO2 waveguide and doped Si, and 

(a) (b)
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again, high k material, HfO2 is used as gate dielectric. External electric signals will be 

applied on doped Si and ITO, which stimulates the field effects in the active ITO layer on 

ITO-HfO2 interface. Figure 7-2(b) illustrates the designed schematic for the device to be 

fabricated. The device will be fabricated on SOI substrate. In order to reduce optical losses 

and electrical resistance, only Si in the modulator region will be doped for applying electric 

signal. Besides, nickel silicide will be used to further reduce contact resistance on doped 

Si. Since the light coupling in the MICIM plasmonic modulator (Fig. 5-2(a)) through a 

lensed fiber and input/output slits is very poor, we utilize grating couplers for the dielectric 

modulator. Here, a TiO2 waveguide with gratings on the two ends is used for light coupling 

and propagation, where the U-shaped is designed for convenient light coupling by using 

angled fiber arrays. Gold will only be used as contact pads in the device. 

 

Figure 7-2. (a) The multi-layer stack of the dielectric modulator. (b) The 3D 

schematic of the modulator. 

Preliminary modeling has been done for modulator based on dielectric ENZ-slot 

waveguide, showing greatly enhanced light absorption at ENZ state. Here, with the 

designed schematic, we model the whole device for both light coupling and modulation 

(a) (b)
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performance. The center wavelength for device operation is set to be 1550 nm, where, 

according to FDTD solutions, the maximum light coupling efficiency can be achieved with 

the grating period of 1.4 μm and an incident angle of 28º.  

From Fig. 7-3(a), we can see the schematic model of the device built in Lumerical 

FDTD solutions. The modulator is located at the center of the U-shaped waveguide. Over 

each grating coupler is an optical fiber for illuminating or receiving light. In the simulation, 

light transmission of the device under both original state (𝜀ITO = 2.53 + 𝑗0.11) and ENZ 

state ( 𝜀ITO = 0.44 + 𝑗0.32 ) are examined. For the 4-μm-long modulator, the output 

transmission has a peak value 25.5% for 1555 nm input light when ITO is at original state, and 

dramatically drops to less than 3% at ENZ state, as can be seen in Fig. 7-3(b). Therefore, it has 

been verified that the designed modulator has a moderate coupling efficiency. More 

importantly, significant light absorption can be expected if the device is working under 

ENZ condition. 

Figure 7-3(c) illustrates the fabrication flow. Starting from 220 nm SOI wafer, the Si 

layer is first thinned to 120 nm, the designed thickness for Si. Wet oxide furnace growth is 

used to consume the undesired Si, and the grown thermal oxide then serves as the mask for 

doping Si layer in the modulator region by solid-source phosphorous diffusion. After 

stripping the oxide mask in the buffered oxide etch solution, undesired Si layer is removed 

by plasma etch. In order to optimize electrical contact on doped Si, a thin nickel film is 

deposited and then annealed by rapid thermal process (RTP) to form nickel silicide, which 

significantly decreases the resistance of electrical contact films. After that, similar to the 

plasmonic modulator, layer-by-layer deposition and liftoff processes are utilized to 
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fabricated the multi-layers of HfO2 (ALD), ITO (sputter), TiO2 (evaporation) as well as 

gold (evaporation). The SEM image of the fabricated device is shown in Fig. 7-3(c). The 

distance between two grating couplers is 127 μm, which matches the spacing of the fiber 

arrays. The modulator, located in the center of the U-shaped waveguide, is shown in the 

enlarged image. The modulator width is 1μm, and the minimum designed modulator length is 

4 μm. Therefore, the dielectric modulator has a very compact size of 4 μm2. 

 

Figure 7-3. (a) The simulated device schematic in Lumerical FDTD solutions. (b) 

The output transmission of the modulator at original state and ENZ state. (c). 

Fabrication flow and SEM images of the device. 
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7.3 Light coupling and modulation measurement 

 

Figure 7-4. (a) Light coupling and modulation measurement setup. 

The experimental setup for the light coupling and modulation measurement is depicted 

in Fig. 7-4. This is a whole-wafer test setup. A motorized wafer stage is used to hold as 

well as to precisely control the rotation of the 4-inch wafer. On the right side, four-channel 

angled fiber arrays are set above the devices for coupling light in and out. Note that as 

illustrated in the working principle (Chap. 3), the modulator can only work with TM-

polarized light, so the input light from a tunable laser source (1260 nm to 1520 nm) will 

first go through polarization control before coupling into the device. The output light is fed 

into a photodiode which connects an oscilloscope or a spectrum analyzer to examine the 

light power and modulation response. On the left side is a GSG RF probe, which is paired 

with a function generator, and used for applying electrical signals on the contact pads of 

the devices. A microscope, installed with an NIR camera at the top through an adapter, is 

RF probe

Fiber arrays

Wafer stage
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placed over the device under test (DUT) for observation, alignment, and NIR imaging. 

From the inset of the figure, we can see an NIR camera picture showing light coupling in 

(bottom side) and out (top side) of the device. 

 

Figure 7-5. (a) Output transmission of the simulated device with updated 

parameters and the measured output transmission without external electric signal. 

(b) The output light power waveform of the modulator under a 500 Hz, 11V-Vpp 

electric signal. 

Firstly, we investigate the coupling performance of the devices. Based on the measured 

parameters of the fabricated layers (film thickness, index, dimensional error), the FDTD 

simulation results are updated. As shown in Fig. 7-5(a), we obtain a peak 5.5% output 

transmission at the wavelength of 1510 nm. Due to the wavelength limitation in the laser 

source, we only plot measured coupling efficiency of the device in the range of 1480 nm 
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to 1520 nm, which shows a peak value of 2% at 1510 nm. From the inset, we can clearly 

see the simulation and test results match well except the magnitude of the efficiency, 

which, should be mainly caused by the fabrication and measurement imperfection. Note 

that the highly doped Si contributes to about 0.7% optical loss according to numerical 

simulation. 

Then, with the setup set for maximum output transmission, an AC electric signal is 

applied on the DUT. With a DC-coupled photodiode (25 MHz bandwidth), the output light 

power is displayed on the oscilloscope. Figure 7-5(b) shows the output waveform of the 

DUT under a 500 Hz, 11V-Vpp sinusoidal electric signal, which verifies the EO modulation 

response. The measured extinction ratio is less than 1dB/μm, which should be mainly due to 

fabrication imperfections. 

 

Figure 7-6. (a) Modulation depth versus frequency measured by a spectrum 

analyzer. (b) Spectrum analyzer measurement showing light intensity modulation at 

2 GHz. 

In order to investigate the operation speed of the dielectric modulator, an AC-coupled 

InGaAs photodiode with 10 GHz bandwidth is utilized. The output signal is then analyzed 

by a high speed (up to 13.2 GHz) spectrum analyzer, where an intensity peak can be 

(a) (b)
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observed at certain modulating frequencies. Note that the measurements are taken under 

the optimum coupling condition (𝜆 = 1510 nm). The amplitude of the peak represents the 

modulation depth. In Fig. 7-6(a), the modulation depth of the device under 11V-Vpp electric 

signal is plotted with respect to different modulating frequencies. Clearly, EA modulation 

at GHz has been successfully achieved. The modulation depth decays with increasing 

frequency, showing that the device has a RC circuit-limited operation speed. Specifically, 

we have achieved a modulation speed of up to 2 GHz, as shown in Fig. 7-6(b).   

7.4 Circuit analysis 

Due to the RC-limited operation speed exhibited in the dielectric modulator, an electric 

circuit model needs to be extracted to identify the limitation factors. Therefore, circuit 

analysis is conducted by measurement of reflection coefficient S11 of device circuit and 

curve fitting. A high speed (20 GHz) network analyzer is used for the measurement. The 

measured S11 data as a function of frequency is shown as black diamonds in Fig. 7-7. From 

the figure, the S11 value decreases to -2 dB at 3.2 GHz, which further verifies the RC-

limited speed of the device. Note that the reflection coefficient bounces back after a certain 

frequency, indicating that there exists parasitic inductance in the device circuit. As a result, 

we treat the device as a simple RLC circuit shown in Fig. 7-7(a), where L is series 

inductance, C is gate dielectric capacitance, g is AC conductance, and R is series resistance 

of the substrate and metal contact. From the fitting curve, the circuit parameters are 

extracted as L=108 pH, C=3.1 pF, R=6.2 Ω, and 1/g=4.4 kΩ. Therefore, the cutoff 

frequency can be estimated as fc=8.3 GHz.  
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Figure 7-7. S11 measurement and curve fitting of (a) a simple RLC equivalent circuit 

model of the modulator and (b) a more complicated model. 

As shown in Fig. 7-7(b), a more complicated circuit model, which takes the capacitance 

and conductance of the ITO layer into account, is also well fitted. Of course, the real circuit 

of the device should be much more complicated with many more components. We are still 

working on developing a realistic model to locate the key components that limit the device 

performance, and expect to achieve an operation speed of tens of GHz by optimizing the 

design and fabrication accuracy. 

7.5 Conclusions 

In conclusion, we have experimentally demonstrated a COx-based EA modulator 

integrated in a dielectric platform. The modulator has an ultra-compact footprint of 4 μm2. 

(a) 

(b) 
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Besides, it exhibits up to 2 GHz operation speed at telecommunication wavelengths, which 

is the first experimental illustration of GHz EO modulation based on COx materials. In this 

device, we have utilized the electrically-driven field effect in a doped semiconductor-

insulator-COx structure, which is enhanced by high-k dielectric material. The involved 

fabrication processes are undemanding and CMOS-compatible. According to the circuit 

reflection analysis, the operation speed is mainly limited by circuit RC constant, which can 

be further optimized with better device design, improved material properties, and more 

accurate fabrication process. The modulation efficiency of this prototype dielectric 

modulator is also expected to be greatly enhanced with such optimization. The device 

provides a promising candidate for an ultra-compact and ultra-fast on-chip interconnect in 

future integrated photonic circuits.  
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8. CONCLUSIONS 

In this dissertation, for the purpose of solving the bottleneck of lacking ultra-

compact and ultra-fast EO modulators, two novel materials, graphene and conductive 

oxide, have been investigated, where enhanced light absorption by the two materials and 

its application in EO modulation has been studied and explored analytically, numerically 

and experimentally. The research topics covered in this dissertation concentrated on 

improving the performance of the devices by taking the advantages of the strong light-

matter interaction in novel waveguiding platforms, such as introducing graphene-

sandwiched structures for broadband enhanced light absorption, and utilizing ENZ effect 

and field effect for efficient and high-speed EA modulation in COx-based 

plasmonic/dielectric slot waveguides. 

8.1 Enhanced light absorption by graphene 

Chapter 3 explored the possibility of achieving greatly enhanced light absorption by 

graphene in a broad spectral range. Both monolayer and multi-layer graphene-based 

sandwiched structures have been examined. The fundamental study of the optical property 

of monolayer graphene has shown that greatly enhanced light absorption up to 42.7% could 

be achieved for TE polarized light from visible to NIR regime. Preliminary results of EO 

modulation by applying electrolyte gel in the graphene-based multilayer structure has also 

been demonstrated. For multi-layer graphene, over 70% light absorption can be 

achieved for unpolarized light, and nearly 100% light absorption can be obtained at 
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certain conditions. Such high absorption of the structure, together with many other 

exceptional properties of graphene, promise potential application in photovoltaics.  

8.2 Field-effect optical modulation by conductive oxide 

The work presented in Chapter 4, 5 and 7 focused on the investigation of COx as 

electrically tunable ENZ materials and its application in field-effect optical modulation. In 

Chapter 4, based on ENZ effect of COx in slot waveguide structures, greatly enhanced light 

absorption has been achieved, which promises nanoscale EA modulators with high 

efficiency and speed, low losses and easy fabrication. The significant optical property 

change of COx can also be utilized for laser beam steering. 

Chapter 5 explored MIC EA modulators based on the theoretical study in Chapter 4. 

The investigation on the modulators has shown broadband EA modulation under DC 

biases. Light absorption of the MIC structure can be modulated by both carrier 

accumulation and depletion, and the observation leads to the conclusion of the modulation 

mechanism − field effect optical modulation. The investigation of the tunable property 

of ITO verified its ENZ behavior in the MIC structure around telecom wavelengths. 

The ENZ working region depends on ITO film properties, which can be tuned in the 

fabrication process.  

Based on the observation and conclusion in Chapter 5, Chapter 7 theoretically studied 

the potential of carrier depletion of ENZ ITO in nanoscale EA modulators. The simulation 

results showed great promise, however, some problems remain to be solved in the 

experimental demonstration. 
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8.3 Ultra-compact and ultra-fast field effect EA modulators 

Chapter 6 and 8 demonstrated the experimental verification and investigation of ultra-

compact plasmonic and dielectric field effect EA modulators, respectively. In Chapter 6, 

by utilizing an MICIM structure, where the field effect is enhanced by the double capacitor 

gating, the plasmonic modulator has an 800-nm long waveguide length, and can 

achieve an impressive extinction ratio of 3.04 dB/μm. The modulator can work up to 

500 MHz according to the measurement, and is expected to achieve GHz operation with 

optimized design and test.  

In Chapter 8, with the U-shaped waveguide and grating coupler design, the doped Si-

HfO2-ITO dielectric modulator exhibited an operation speed of up to 2 GHz, which 

is the first experimental demonstration of GHz operation of COx-based EO 

modulators. The speed is mainly limited by the RC constant of the device. 

Both plasmonic and dielectric modulators based on COx show great promise for ultra-

compact and ultra-fast EO modulators in future integrated photonic circuits. With 

optimization on device design, fabrication process and test setup, we expect efficient 

modulation at 10s of GHz within a nanoscale EA modulator.  

8.4 Future work 

The work presented in the dissertation is concentrated on the investigation of enhanced 

light absorption and its application in EA modulation. There is certainly a huge scope for 

further development on several aspects of the work. Below are some directions which could 

be followed up: 
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1). Graphene photodetector, which may be one of the potential applications of the 

significantly enhanced absorption by graphene presented in Chapter 2. The wavelength-

independent absorption enables graphene to be used for a wide spectral range from 

ultraviolet to infrared. Actually, many graphene-based photodetectors have already been 

proposed with advantages of broadband photoresponse, high photoresponsivity as well as 

high operation speed [143,145,146]. Our research may provide simple and efficient 

structures for future photodetectors. 

2). Graphene-based photovoltaics. The supreme properties of graphene make it capable 

of fulfilling multiple functions in photovoltaic devices: 1) transparent conductor window, 

2) photoactive material, 3) channel for charge transport, and 4) catalyst. As transparent 

conducting electrodes, graphene can be used in organic, inorganic, as well as dye-sensitized 

solar cell devices. For example, with graphene electrodes obtained by different synthesis 

techniques, researchers have achieved power conversion efficiencies (PCEs) of 0.3% 

[213], 0.4% [214], 1.2% [215]. With multi-layer graphene, Jung et al have demonstrated a 

PCE of 2.68% [216]. By using graphene as the active material in photovoltaic devices, one 

can expect stronger light absorption and higher charge mobility with good stability. 

Researchers have reported over 1.5% PCE by utilizing graphene as acceptor in 

heterojunction organic solar cells [217]. Theoretically, up to 12% single-cell efficiency can 

be realized by graphene-based organic devices [218]. The optimization for better 

performance may rely on, but not limited to 1) increasing transparency while decreasing 

sheet resistance of graphene films, 2) effectively control of the work function, and 3) 

improvement of graphene miscibility to assure a good dispersion [219]. The enhanced 
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unpolarized light absorption over a broad solar spectrum realized by our proposed 

graphene-sandwiched structure may provide possibilities for improving PCE in future 

graphene-based photovoltaic devices. Of course, the utilization of the structure in the actual 

devices still needs investigation. 

3). COx-based field effect EA modulators with high-k dielectrics. In Chapter 6 and 8, 

immense potential of both plasmonic and dielectric modulators have been shown. The 

strength of the field effect directly relates to the effective performance of the modulator. 

To further enhance the field effect, a new material with a comparable or even higher 

dielectric constant as well as CMOS-compatible is desirable. Recently reported perovskite-

based dielectrics, BaTiO3 with εr=165 [210], and SrTiO3 with εr=219 [211] at room 

temperature, which can be grown by RF sputtering or ALD process, are viable alternatives 

for the gate dielectric. However, the increased capacitance induced by ultra-high dielectric 

constant of these materials may degrade the operation speed of the modulator devices, 

which should be considered in the future investigations. 

Besides, other COx materials, such as AZO, GZO, and IGZO, can be investigated for 

EA modulation. GZO and AZO have shown similar ENZ effect as ITO in the telecom 

wavelength range, where the latter exhibit even smaller optical losses. IGZO has shown 

extraordinary performance in thin-film transistors (TFT) [220]. It is worthwhile to further 

explore its optical absorption and EO properties. 
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