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ABSTRACT 

Manipulating the fundamental properties of light at the nanoscale represents a new 

paradigm of modern optics. Controlling polarization states on-demand, for example, 

is highly desirable in optical communications, bio-imaging and quantum 

information processing, where fast continuous switching, compactness, and ease of 

integration are essential. In this regard, anisotropic 2D quantum materials like black 

phosphorus (BP) provide an attractive platform with its electronically tunable 

anisotropy, strong excitonic absorption and direct bandgap, all at the ultrathin limit  

of atomic-scale thicknesses.  

This thesis explores the capacity of BP for optically efficient, broadband and versatile 

polarization modulation by integrating the material into a variety of nanostructures. 

We first examine methods for optically efficient modulation with 2D materials via 

resonance wavelength detuning and high-Q cavities. By leveraging spatially 

engineered polarization gradients, we propose a tunable polarization beam splitter 

demonstrating the potential of BP for structuring light. 

We then present a plasmonically-coupled black phosphorus metasurface capable of 

multispectral polarization control over several telecommunication bands. The device 

represents a 10-fold decrease in thickness and 5-fold decrease in gating voltage over 

similar modulators in the literature. Finally, we report a dual-gated cavity integrating 

two cross-aligned BP layers for comprehensive, all-electronic modulation across the 

Poincaré sphere surface. This is the first demonstration of independent, active two-

parameter control via excitonic tuning in an optical cavity. 

By concluding with several propositions of multi-dimensional parameter control 

using 2D quantum materials, this work illustrates the versatility of BP as a modulator, 

opening further possibilities for the arbitrary structuring of light. 
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C h a p t e r  1 

INTRODUCTION 

1.1 Polarization 

The ancient Vikings are widely believed to be the first discoverers of light 

polarization circa 900 AD1. Various Viking sagas contain records of a ósunstoneô for 

maritime navigation during overcast or snowy weather, theorized to be a calcite 

crystal known as the Iceland Spar2,3. The birefringent crystal, acting as a linear 

polarization filter, would have allowed the Vikings to determine the direction of 

skylight polarization and thus the geographical north, akin to how bees or ants 

navigate. It was not until 1669, when mathematician Rasmus Bartholin acquired and 

performed experiments on the Iceland Spar, that the nature of polarization was more 

formally elucidated4. Today, we understand polarization as an intrinsic property of 

light that describes the relative amplitude and phase differences of the electric fields 

in the two cardinal directions perpendicular to the direction of light propagation.  

While sky-polarimetric navigation would be an impressive application more than a 

thousand years ago, scientists have since exploited light polarization for a vast array 

of uses. Modern applications range from high-throughput telecommunications, bio-

imaging and sensing, to quantum information processing and networking5-7. In a bid 

to miniaturize bulky birefringent crystals and expand functionality for such 

applications, technologies such as rotatable liquid-crystals or electro-optic 

modulators based on the Pockels effect have been developed. These modulators 

fundamentally rely on electronically tunable birefringence for polarization access 

beyond just the orthogonal s- and p- polarizations of naturally occurring birefringent 

crystals, all in a compact format. However, the demand for faster, smaller 

polarization modulation devices drives the search for new materials capable of 

achieving the same effect. 
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1.2 2D Materials 

2D materials, also known as van der Waals materials, are atomically thin layered 

materials. In-plane, strong covalent bonds between the atoms hold the recurring 

crystal structure together, while weak van der Waals forces of attraction link the 

individual layers out-of-plane. This allows large-area, atomically thin flakes to be 

mechanically exfoliated by use of sticky tape, as first famously demonstrated in 2004 

by isolating graphene from graphite8. These isolated 2D materials differ greatly in 

optoelectronic behavior compared to their bulk counterparts, with band structures 

continuously changing from the bulk to the monoatomic limit where out-of-plane 

quantum confinement is maximized. Furthermore, the constitutive atomic 

composition of each 2D material determines its overall electronic, optical, thermal, 

chemical and mechanical properties, leading to a vast array of novel phenomena. For 

example, graphene acts as a conductor due to its delocalized p-orbital electron and 

zero bandgap structure, while hexagonal Boron Nitride (hBN) is a commonly used 

2D dielectric due to its large bandgap, chemical inertness and stability9. The ability 

to collectively stack differing 2D materials into a combined heterostructure provides 

further potential for exploiting these novel phenomena for use in a single monolithic 

device10.  

Owing to their 2D nature, most van der Waals materials can host quasiparticles 

known as excitons, which are bound states of electron-hole pairs11. These excitons 

are formed when a packet of energy (most commonly a photon) is absorbed by the 

material, exciting an electron into the conduction band while leaving a hole in the 

valence band. The mutual coulombic attraction between the electron and hole forms 

an excitonic bound state that typically dictates the optical and electrical properties of 

the material. At the monolayer limit, the excitons are confined to the plane of the 

material and experience minimal out-of-plane dielectric screening, further enhancing 

the exciton binding energy (~100s of meV)12. This results in strongly resonant 

excitons that remain stable and observable even at room temperature, where thermal 

fluctuations are about ~25 meV. Consequently, these excitons have high oscillator 
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strengths, resulting in materials with high optical absorption and photoluminescence 

despite their atomically thin nature. This excitonic absorption is often modelled with 

a Lorentzian function describing its linewidth, resonant energy and amplitude 

strength, with the interband optical conductivity given by13:  

„ ‫
τὭ„Ὢ‫

‫ ‫
Ὥɜ
ς

 

where ů0 is the universal conductivity, f0 is the oscillator strength, ɤ0 is the exciton 

resonance frequency, ũ is the resonance linewidth, and ɤ is the operating frequency. 

 

Figure 1.1: Excitons in 2D materials. (a) Schematic representation of strong 

exciton binding energies in the 2D limit where out-of-plane dielectric screening is 

minimized. (b) Changes in the exciton absorption and band gap energies when a 

2D material is thinned from the bulk to the 2D limit. Reprinted from [14]. 

A further essential characteristic of excitons lies in their tunability, where resonance 

characteristics and oscillator strengths can be dynamically changed. Choice of 

material thickness determines the quantum confinement within the material, with 

thinner samples possessing a higher exciton resonance energy. Mechanical 

deformation by means of strain engineering changes the lattice constant and van der 
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Waals gap of 2D materials, effectively altering the band structure, band gap 

magnitude, and sometimes even the nature of the band gap (direct vs indirect)15-17. 

Magnetic tuning is another method whereby an applied magnetic field breaks valley 

degeneracy, leading to a Zeeman splitting of the exciton energy proportionate to the 

applied field18. Electronic tuning approaches, however, retain the most appeal due to 

their ease of use and compatibility for circuit integration. A uniform electric field 

applied perpendicular to a sufficiently thick 2D material induces the Burstein-Moss 

effect or quantum confined Stark effect, resulting in excitons with tunable lifetimes, 

transition energies, and oscillator strengths19-21. Alternatively, for thinner, near-

monolayer samples, direct carrier injection into the 2D material causes dielectric 

screening of the exciton which directly weakens its oscillator strength22. Combined 

with nanosecond-scale exciton photoresponsivities, electronic tuning is a promising 

approach to realizing optoelectronic devices operating with GHz speeds of 

switchable control23-24.  

Black phosphorus (BP) 

For polarization modulation applications, the class of tunable anisotropic materials 

are of particular interest. 2D materials like MoO3, ReS2 and BP all possess an innate 

in-plane crystalline anisotropy with a mirror symmetry in the x-z plane, leading to 

forbidden intersubband transitions along the y-direction25-27. As a result, these 

materials exhibit linear dichroism due to their strong optical anisotropy. This thesis 

will mainly focus on BP, an allotrope of phosphorus, as it possesses a thickness 

dependent direct bandgap that stretches from the near to the mid infrared (0.3 to 2.0 

eV). The semiconducting BP effectively bridges the energy gap between the 

transition metal dichalcogenides (bandgap of 1.5 to 2.5 eV) and the zero bandgap 

graphene, offering important applications in defense, medicine and 

telecommunications within its operating wavelength range (750 nm for monolayer-

BP, up to 4000 nm in the bulk)28. Electronic exciton tunability has also been 

demonstrated in thin BP, with capacitive gating shown to weaken the exciton 
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oscillator strength from 2.6 to 1.7 meV in trilayer-thick BP22. This provides a means 

of tunable birefringence in the material for polarization modulation.  

 

Figure 1.2: Bandgap comparison of BP with other 2D materials. Some common 

applications at the relevant wavelength ranges are shown below. Inset: Schematic 

diagram of the crystal structure of BP. Adapted from [28] 

Despite its unique anisotropic properties and tunability, devices based on thin layered 

BP are relatively rare due to the materialôs photosensitivity for oxidation. Nucleation 

of thin BP into phosphorus oxide in the presence of oxygen and light, followed by 

hydration into phosphoric acid, occurs spontaneously due to the presence of excitons 

that act as charge carriers for the degradation reaction29. However, numerous 

methods for protecting BP have also been shown, ranging from 2D material 

encapsulation, alumina passivation, and on-chip N2 sealing, with projections of 

device lifetime extending to ~15000 h under such conditions30. Careful device 

assembly and passivation under inert conditions are therefore critical to making BP-

modulators that function in the near-IR, where oxidation occurs more readily. 
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Finally, it should also be noted that despite the high exciton oscillator strength and 

absorption, the layer-to-layer separation of BP stands at 0.53 nm31. Normally incident 

light on few-layer BP therefore accumulates relatively little anisotropic phase and 

amplitude through a single pass due to the nano-scale optical path lengths involved. 

For significant modulation to take place, the BP needs to be coupled to a resonator. 

1.3 Optical Resonators 

A model for a general optical resonator is shown in Figure 1.3a32. It consists of an 

input port (a1) transmitting power into both an output port (b1, with a transmission 

coefficient t) and also into a circulator cavity port (b2) with coefficient ə*. Inside the 

circulator, light accrues a phase change ɗ and a loss coefficient Ŭ per round trip, 

before coupling back to the output port with coefficient ə. Resonance occurs when 

light at the end of the circulator (a2) is in phase with the light injected at the start (b2), 

necessitating that ɗ = 2ḿ, where m is an integer. At resonance, the transmitted 

power |b1|² is given by: 

ȿὦȿ
‌ ȿὸȿ

ρ ‌ȿὸȿ
 

 

Figure 1.3: General model for an optical resonator. (a) Schematic of an optical 

ring resonator showing input and output ports, coupling coefficients and loss 

coefficient Ŭ. (b) Transmitted power as a function of transmission coefficient t, for 

Ŭ = 0.999 (solid) and Ŭ = 0.98 (dotted). Adapted from [32]. 
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When Ŭ = t, the transmitted power goes to zero, which is a condition known as critical 

coupling where the energy lost per round trip is exactly replenished by light coupling 

from the input port into the circulator. In this scheme, energy transfer into the 

resonator is maximized. This is seen in the transmission dip in Figure 1.3b. To the 

right of the dip, resonator internal losses exceed the coupling efficiency, resulting in 

under-coupling, while to the left of the dip, coupling efficiency exceeds resonator 

losses, causing over-coupling. For low-loss resonators with a high Q (Ŭ near unity), 

the transmission slope is extremely steep in the under-coupled regime near the 

transmission minimum. Any small change in Ŭ (by means of modulation) would 

therefore effect a drastic change in transmitted power and accrued phase change. This 

forms the basis for large polarization modulation using electronically tunable, 

atomically-thin BP.  

While the general scheme for large modulation using optical resonators is given 

above, the resonator itself can take many forms to achieve the desired geometric 

resonance. Fabry-Perot cavities, plasmonic metasurfaces, ring resonators and 

photonic crystals are some resonator examples with which optical modulation has 

been achieved33. These resonators, coupled to a quantum emitter held within the 

cavity, typically operate in the weak coupling regime, where the degree of light-

matter coupling and enhancement of the local density of states can be quantified by 

the Purcell factor 

ὖ
σ

τ“

‗

ὲ

ὗ

ὠ
  

which is proportional to the cavity quality factor Q, and inversely proportional to the 

cavity mode volume V34. Achieving large modulation using 2D materials requires 

maximizing the Purcell factor, which is generally done using 2 distinct strategies. 

Either the cavity Q could be maximized at the cost of moderate mode volume, as is 

the case with low loss Fabry-Perot cavities and micro ring resonators. Or the 
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resonator could squeeze the electric field into a very small mode volume, at the cost 

of sacrificing the cavity Q, as is the case with plasmonic metasurfaces.  

1.4 Metasurfaces 

The advent of micro and nano-fabrication techniques in the late 20th century ushered 

in the era of modern metasurface based nano-optics. At a fundamental level, 

metasurfaces are composed of a periodic array of subwavelength meta-atom resonant 

scatterers that locally sculpt the phase and amplitude response. This allows for 

functionalities that exceed the limitations of conventional bulk optics. The operation 

of metasurfaces can be described using the generalized Snellôs law, which accounts 

for the phase gradient imposed by the meta-atoms along the device interface, in both 

refraction and reflection: 

ὲÓÉÎ— ὲÓÉÎ—
ρ

Ὧ

Ὠɮ

Ὠὼ
 

ὲÓÉÎ— ÓÉÎ—
ρ

Ὧ

Ὠɮ

Ὠὼ
 

Here, dū/dx is the phase gradient imposed along the x-direction, k0 is the free-space 

wavevector, ni and nt are the refractive indices outside and inside the medium 

respectively, and ɗi, ɗt, ɗr are the angles of incidence, transmission and reflection. By 

geometrically patterning individual meta-atoms to provide an overall phase gradient, 

the far-field response of the metasurface can be engineered to steer the reflected beam 

to an angle consistent with the generalized Snellôs law35. This allows one to achieve 

novel functionalities such as beam steering, holography, and cloaking36. 



 

 

9 

 

Figure 1.4: Overview of tunable metasurfaces applications, approaches and 

design strategies. Reprinted from [37]. 

While the shape and gradient of the meta-antennae determine the device 

functionality, these characteristics become immutable after device fabrication. 

Achieving on-demand modulation therefore requires active control of the deviceôs 

material properties. This is possible through control parameters like applied strain 

and temperature, or through electronic reconfiguration like in tunable epsilon-near-

zero (ENZ) materials (e.g. indium tin oxide) and in liquid crystals (LC)38-40. Such 

materials are incorporated into the metasurface architecture and resonantly coupled 

to maximize the deviceôs tunability, further enhancing its functionality. As explained 

in section 1.2, 2D materials are also suitable hosts for such active nanophotonics, 

possessing faster switching speeds and smaller device footprints than the 

aforementioned ENZ/LC materials. 

1.5 Plasmonics 

Another means of enhancing light-matter interaction is through the use of 

plasmonics. Plasmons, which are quasiparticle excitations arising from quantized 

plasma oscillations, can be resonantly excited at metal-dielectric interfaces given 

appropriate momentum and energy matching conditions41. This occurs when a sub-
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wavelength metallic nanoparticle is subject to an electric field whose wavelength is 

in resonance with the conduction electrons of the nanoparticle. As a result, this 

localized surface plasmon resonance is dependent on the nanoparticle shape, size and 

material, giving geometrical tunability to the plasmonic resonance parameters. 

Furthermore, these surface waves, being confined to the sub-wavelength 

nanoparticles, enable extreme light confinement beyond the optical diffraction limit. 

These electric field óhotspotsô can be engineered in plasmonic metasurfaces of 

various configurations, such as in metallic nanoparticle dimers, or metallic-dielectric-

metallic architectures that couple localized surface plasmons within the thin dielectric 

layer gap42. Such devices interact strongly with the incident light while maintaining 

a nanoscale footprint with geometric tunability, making it an attractive candidate for 

integration with 2D materials. 

1.6 Scope of this Thesis 

This thesis focuses on achieving electronic polarization modulation in reflection by 

incorporating BP heterostructures into differing optical resonators. Devices with a 

variety of functions are presented, ranging from designs for high-efficiency 

modulators and angle-tunable polarization beam splitters, to experimental 

demonstrations of multispectral polarization tuning and a purely electronically-

controlled two-parameter modulator capable of accessing polarization states across 

the normalized Poincare sphere. The architectures presented all capitalize on 

coupling the highly absorptive, anisotropically-tunable BP to various resonators that 

further diversify the capability of the device. 

Chapter 2 proposes several designs of high-Q distributed Bragg reflector cavities 

incorporating BP as the active material for various purposes. The concept of detuning 

the operating cavity resonance wavelength away from the BP exciton resonance is 

introduced, which helps to attain high optical efficiency while maintaining sufficient 

refractive index modulation. Using the detuning approach, a high-efficiency 

anisotropic phase modulator, and an anisotropic amplitude modulator with minimal 
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phase modulation are reported. These modulators are shown to function as highly 

tunable half and quarter wave-plates respectively. Next, we explore the concept of 

tuning with two control parameters, where two BP layers are stacked with their 

crystal axes orthogonally aligned to each other within a single heterostructure. By 

independently gating the two BP layers, we show that arbitrary polarization states 

across the surface of the Poincare sphere can be accessed through gating alone. 

Finally, we propose patterning the graphene gates that control the BP doping into a 

metasurface to achieve an angle-tunable polarization beam splitter. 

To realize the complex fabrication process of the BP heterostructures, Chapter 3 

details the methods used to facilitate the heterostructure fabrication. This includes an 

automated flake hunting algorithm where large area hBN flakes are identified from a 

micrograph and its thickness estimated based on its color and optical properties. The 

approach for determining exfoliated BP thickness based on optical contrast 

microscopy and estimating its crystallographic axes based on its cleaved morphology 

is also specified. Finally, the hot pickup technique used for heterostructure assembly 

is briefly described. 

Chapter 4 presents experimental work involving a plasmonic BP metasurface for 

multispectral polarization control. Plasmonic nanodisks lithographically deposited 

on top of a trilayer-BP heterostructure enhances the light-matter interaction for 

increased polarization tunability and also allows for geometric tuning of the deviceôs 

operating wavelength by adjusting the nanodisk radius. By printing patches of 

plasmonic nanodisks with varying radii on the heterostructure, we therefore 

demonstrate gate-dependent active polarization tuning at both the O and S/C-bands 

on a single ultrathin device. 

In Chapter 5, we experimentally realize the dual-gated BP structure first introduced 

in Chapter 2, but with a gold Fabry-Perot cavity instead for ease of fabrication. We 

design the device to be slightly over-coupled, with electronic gating reducing the BP 

oscillator strengths to bring the device through critically coupling, into the under-
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coupled regime. By traversing the gating parameter space around the critically 

coupled point, an 86% Poincare sphere coverage was predicted to be achievable via 

dual-gating with this design. Experimentally, we show a two-dimensional range of 

accessible polarization states through gating alone, which constitutes the first 

demonstration of active two-parameter electronic modulation using 2D materials. 

Finally in Chapter 6, an outlook is presented for possible future devices involving 

BP. This includes exploring 2-dimensional parameter control beyond polarization 

modulation, using BP for structuring light into vortex beams, and narrowband mid-

IR emitters using guided mode resonant structures on BP. We conclude with an 

overall outlook for BP and the implications on van der Waals materials for active 

nanophotonic applications. 
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C h a p t e r  2  

EFFICIENT, POLARIZATION-DIVERSE STATE GENERATION 

USING BLACK PHOSPHORUS 

The dynamic, on-demand generation of different polarization states of light has 

diverse applications in optical communications, imaging, sensing, and quantum 

information processing. Such active polarization control is typically achieved using 

active metasurfaces or spatial light modulators based on liquid crystal media which 

have limited switching speeds and conversion efficiency. Layered van der Waals low 

dimensional materials provide new avenues for more versatile polarization control 

with an operating frequency several orders of magnitude higher than for liquid crystal 

devices. Here, we report the design of a heterostructure for efficient, polarization-

selective free-space phase modulation or amplitude modulation by integrating 

electrically tunable, optically anisotropic black phosphorus (BP) into high quality 

factor (Q ~ 7500 to 11000) distributed Bragg reflector-based Fabry-Perot cavities. 

These devices achieve a respective phase tuning range of 210° and amplitude tuning 

range of 99%. We also introduce designs for BP heterostructures that employ two 

twisted cross-aligned BP layers, which are able to access polarization states covering 

75% of the Poincaré sphere from voltage tuning alone. Finally, we introduce a design 

for an active metasurface polarization beam splitter based on our cavity 

heterostructures with an electrically tunable angle of diffraction that leverages 

spatially engineered polarization gradients. These structures open a pathway for 

further structuring of light by controlling phase and amplitude along independent 

orthogonal directions. 

2.1 Introduction 

The arbitrary conversion of light between different polarization states has wide-

ranging applications in quantum information processing, optical communications, 
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bio-imaging and sensing, and laser writing5-7,43. In the field of quantum information 

processing, polarization encoding offers an attractive platform for realizing quantum 

key distribution44 and photonic qubits7,45. Likewise, in fiber-based optical 

telecommunications, having access to multiple orthogonally polarized states can 

increase overall transmission rates through polarization division multiplexing5,46,47. 

In both cases, a broad coverage over the Poincaré sphere enables access to additional 

degrees of freedom, which in turn increases channel capacity and overall throughput. 

Traditionally, dynamic polarization control has been achieved using electrically 

reorientable liquid crystal devices that feature high optical efficiencies and 

polarization selectivity48. However, such devices rely on the propagation of light 

through a thick polarization converting liquid crystal layer that imparts a variable 

phase delay to achieve polarization conversion. This results in relaxation times on 

the order of kHz due to the slow response of the thick liquid crystal layers, limiting 

the overall switching speed and optical information throughput of the device49,50. 

Two-dimensional (2D) materials offer an attractive alternative for dynamic optical 

control due to their atomically thin nature, ease of integration into photonic circuits, 

and electrically tunable optical response with GHz level bandwidths10,23. Naturally 

anisotropic 2D materials with inherent crystal asymmetries, such as ReS2, MoO3 and 

black phosphorus (BP) are well-suited for active polarization control applications25-

27. BP stands out in particular due to its strongly tunable exciton anisotropy22. 

Moreover, its thickness-dependent direct bandgap spans from the near-visible (740 

nm in monolayer BP) to the mid-infrared (4 ɛm in bulk BP)28, enabling operation at 

important wavelengths such as the telecommunication band with an optimally chosen 

thickness. 

Because atomically thin 2D materials impart a small phase advance from a single 

pass, their integration into a cavity is necessary to acquire a useful phase advance51. 

However, the cavity mirrors potentially introduce an additional loss channel, in 

addition to excitonic absorptive losses in the active material.  As a result, 2D material-
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based modulators reported to date have typically demonstrated high modulation 

depths but low efficiency52. This limits the optical efficiency of such devices, as well 

as their tuning range and overall functionality22. 

To overcome this, we propose high-Q distributed Bragg reflector (DBR) cavities 

incorporating BP as an active medium. The exciton resonance in this BP layer is far 

from the operating wavelength, in order to minimize excitonic losses, while 

maximizing the reflectivity and anisotropic tuning range.  These heterostructures are 

shown to operate as highly tunable quarter-wave and half-wave plate devices 

depending on the input launch condition. By stacking two such gate-tunable BP 

layers in a twisted configuration with their crystal axes orthogonally aligned, we can 

generate arbitrary polarization states across the surface of the Poincaré sphere, 

achieving >75% coverage. Lastly, we extend this design by gating the BP in strips, 

resulting in spatially varying polarization outputs, resulting in a polarization beam 

splitter with tunable output angles. 

2.2 High Efficiency Anisotropic Phase and Amplitude Modulators 

Figure 2.1a illustrates our high efficiency anisotropic phase modulator 

heterostructure design. The design leverages a high-Q DBR cavity to minimize losses 

while enhancing the accessible phase range of the device. Incorporated into the cavity 

are two monolayers of black phosphorus (1L-BP) whose exciton resonance at 740 

nm is highly detuned from the operating telecom wavelength of ~1550 nm. The two 

co-aligned 1L-BP (twist angle = 0°, with active armchair (AC) axes aligned along x-

direction) are separated by a 2 nm thick gate dielectric hexagonal boron nitride layer 

(hBN) and are used for mutual capacitive gating, thereby allowing charge density 

modulation without introducing additional lossy contacts. An additional 195 nm thick 

bottom hBN spacer layer is used to encapsulate the BP layers and to achieve an 

overall ɚ/4n optical thickness. The Fabry-Perot cavity is then formed by placing this 

stack between an 18-pair bottom DBR mirror and 8-pair top DBR mirror, each 
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composed of alternating TiO2/SiO2 layers. Further device design considerations are 

discussed in Appendix A.2 detailing the design strategies and process. 

To model the heterostructure response, we employ a transfer matrix method to 

determine the complex electric fields along both the active armchair (AC) and 

inactive zigzag (ZZ) axes of the device (see methods). The BP refractive index and 

its voltage tunability were obtained based on previous experimental results that 

determined its exciton resonance wavelength and gate-dependent oscillator strength 

(detailed in Appendix A.1). Figures 2.1b, c illustrate the calculated spectral reflected 

field intensity and phase along the x and y axis of the device for varying BP carrier 

concentrations. The x component of the reflected field shows a selective electrical 

tuning of the intensity and phase, whereas the y component remains unaffected. 

Specifically, an optical efficiency of 87-97% is achieved for an anisotropic phase 

tuning range of 210° during gating (Figure 2.1b, c), which is more than 2 orders of 

magnitude higher than previous known results22. Under this device configuration, the 

cavity Q is at 11000, which is well in line with DBR cavities incorporating 2D 

heterostructures53. 

 

Figure 2.1: Schematics for the high efficiency anisotropic phase and amplitude 

modulation heterostructure. (a) Schematic for the anisotropic phase modulation 
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heterostructure incorporating 1L-BP and operating at a detuned wavelength. The 

device incorporates 8 top TiO2/SiO2 DBR top pairs, and 18 bottom TiO2/SiO2 pairs. 

2 nm thick hBN spacer layers are employed between the top DBR and between BP 

layers. The bottom hBN spacer is 195 nm to achieve near-critical coupling. AC 

denotes the active armchair direction of the underlying BP layers, and ZZ denotes 

the inactive zigzag direction. (b and c) When fully gated, a minimal amplitude 

fluctuation of 10% is induced for a dynamic phase modulation range of 210°. 

Operating wavelength is indicated by the dotted black lines. (d) Schematic for the 

anisotropic amplitude modulation heterostructure. The device incorporates 8 top 

TiO2/SiO2 DBR top pairs, and 18 bottom TiO2/SiO2 pairs. 2 nm thick hBN spacer 

layers are employed between the DBR and 2L-BP layers. The bottom hBN spacer 

is 225 nm to achieve critical coupling. (e and f) When fully gated, the amplitude is 

modulated by up to 99% with a phase modulation of 1.5 radian. 

The high efficiency and phase modulation range can be attributed to the use of the 

detuned 1L-BPs within the cavity. While both the real and imaginary parts of the BP 

refractive index decays at wavelengths higher than the exciton resonance (Figure 

A.1a), the modulation of the real part of the refractive index during gating decays 

slower than its imaginary part due to the Kramers-Kronig relations of the excitonic 

Lorentzian lineshape (Figure A.1c). Therefore, while the detuning approach reduces 

the phase accumulation compared to 3L-BP, optical loss is significantly reduced as 

well through the BP layer (see Appendix A.2)54. In this case, the modest ȹn of 0.055 

is compensated for by using a high-Q cavity, thereby improving the overall optical 

path length. Alternate designs employing lower Q cavities are also possible, offering 

larger operating bandwidths at the expense of lower optical efficiencies (see 

Appendix A.3). 

To achieve anisotropic amplitude modulation, critical coupling is highly desired to 

ensure complete extinction of the electric field along the AC axis of the 

heterostructure. While this is possible in theory with a 1L-BP device with an 

extremely high-Q cavity, realistically such a device cannot be fabricated without 

introducing roughness related losses in the deposited TiO2/SiO2 layers. Accordingly, 

we also consider the design of a bi-layer black phosphorus (2L-BP) active device 

(Figure 2.1d) which incurs a higher loss than a 1L-BP device. In modifying the design 
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from a 1L-BP device to a 2L-BP device, an increase in the imaginary part of the 

refractive index from 0.002 (1L-BP) to 0.01 (2L-BP) results such that critical 

coupling is achieved at a reasonable Q of 7500. By choosing an operating wavelength 

slightly red-shifted from the critical coupling condition, the heterostructure maintains 

a large tunable amplitude modulation of 99%, while reducing the overall phase 

modulation to less than 1.5 radians (Figure 2.1e, f). 

To quantitatively understand the polarization output of the devices shown in Figure 

2.1, we consider the modification of the x-component of the incident electric field by 

the BP device: 
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Here, Ax/y and ʟ x/y are the amplitude and phase of the x and y-component of the 

incident electric field respectively. ABP corresponds to the carrier-density dependent 

output amplitude (square-root of the values obtained in Figure 2.1b, e), and ʟ BP 

corresponds to the carrier-density dependent output phase (values obtained in Figure 

2.1c, f). The anisotropic phase and amplitude modulation heterostructures outlined 

above primarily affect the phase difference ŭ and auxiliary angle Ŭ of the output field 

respectively. 
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Intuitively, one may interpret the gating effect of a perfectly lossless anisotropic 

phase modulation device as carving a 1D trajectory along a circle parallel to the S2-

S3 plane of the Poincaré sphere. Conversely, an ideal anisotropic amplitude 

modulation device, when gated, forms a circular trajectory parallel to the equator. At 
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the specific polarization input launch conditions shown in Figure 2.1a & d, the phase 

and amplitude modulation heterostructures can therefore act as tunable quarter-wave 

and half-wave plate modulators respectively. For the phase modulation 

heterostructure, a modulation depth of 210° allows the x-component of the electric 

field to attain both ˊ/2 and -ˊ/2 phases relative to the y-component, which are the 

eigenstates of the left and right circularly polarized (LCP/RCP) basis. To compensate 

for the slight loss in amplitude due to excitonic absorption along the AC axis, the 

light is launched at a 43° angle relative to the AC axis, which allows the output 

trajectory to pass through both the LCP and RCP points (Figure 2.2a). Other linearly 

polarized launch conditions result in trajectories that are offset from the poles, 

offering another control parameter to access other parts of the Poincaré sphere (see 

Appendix A.4). 

 

Figure 2.2: Normalized Poincaré sphere plots for (a) Anisotropic phase 

modulation BP heterostructure, showing quarter-wave plate like trajectory across 

the poles of the sphere when gated, with the black arrow marking the start when 

ungated, and the beige arrow marking the end. (b) same as (a), but for the 

anisotropic amplitude modulation BP heterostructure instead. 

Similarly, the amplitude modulation heterostructure allows tunable output between 

horizontal and vertical polarization states (Figure 2.2b). Here, the small input angle 
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results in a predominantly x-polarized output at high doping densities where the AC 

related extinction is small. As doping density decreases, the device approaches the 

critical coupling regime, resulting in an extinction of the x-polarized component that 

swings the output to a y-polarized state. While the idealized trajectory in this case is 

along two opposing ends of the equator of the Poincaré sphere, slight deviations from 

the equator occur due to the phase fluctuations along the AC axis. 

2.3 Tuning with 2 Control Parameters 

To further extend the gating tuning range from a 1D trajectory to over a 2D surface 

of the Poincaré sphere, an additional control parameter must be added to the device. 

For most practical applications, voltage tuning is highly desired as it allows for the 

output polarization to be tuned without changing any other constituent property of 

light. This can be done by incorporating orthogonally aligned BP layers (twist angle 

= 90°) into the cavity, each controlled by a separate set of gating contacts (Figure 

2.3a). In such a configuration, independent control can be exerted along the two 

principal axes of the heterostructure. Graphene is used as a gating contact to 

separately modulate carrier density within the two different BP layers.  
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Figure 2.3: Schematic of a BP heterostructure with two degrees of freedom. 

(a) Illustration of the twisted-BP heterostructure. The top (bottom) BP layer is 

aligned with its armchair (AC) axis parallel to the x-direction (y-direction). 

Capacitively gating the BP layer to its attached graphene gate gives independent 

phase control in both principal axes. Only 5 top TiO2/SiO2 DBR top pairs are 

required to achieve critical coupling. 3 nm thick hBN spacer layers are employed 

between layers, with the bottom hBN spacer being 185 nm. (b) Amplitude and 

phase for the x & y-components of reflected light as a function of gating voltage at 

the operating wavelength of 1500.5 nm. The Ex and Ey curves predominantly 

overlap. (c) Complex reflectivity plot for the same data as in (b), with same overlap 

observed in rx and ry. (d) Normalized Poincaré sphere coverage of device based on 

Vx and Vy tuning, with Vx tuning represented in fill color (black to peach), and Vy 

tuning represented in border color. (e) Sampled polarization coverage of device as 

in (d), shown as a function of elliptical and azimuthal angles. 

To minimize the optical loss of graphene, we presume the graphene to be p-doped to 

a moderate chemical potential of -0.4 eV. This allows us to avoid the interband 

transitions that are primarily responsible for absorptive losses within the operating 

wavelength range (see Appendix A.6). However, even in this regime, graphene still 

introduces more absorptive loss per pass than 1L or 2L-BP (see Figure A.1d). This 
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reduces the efficacy of the detuning approach since optical losses are dominated by 

the graphene rather than the BP. Therefore, 3L-BP, with an exciton resonance closest 

to the operating wavelength, is preferentially used to maximize both phase 

accumulation and amplitude modulation per round trip. The number of top DBR 

layers are also reduced from 8-pairs to 5-pairs to compensate for the higher 

intracavity absorption.  

The independent voltage trajectories for the twisted layer heterostructure are shown 

in Figure 2.3b, c. At the operating wavelength of 1500.5 nm, a phase modulation 

range of 248° is independently achievable along the x and y axes, with amplitude 

modulations ranging from 18 to 80%. When 45° linearly polarized light is incident 

on the device, the two pairs of orthogonally oriented BP can be separately tuned to 

output a wide range of polarization states, covering more than 75% of the Poincaré 

sphere (Figure 2.3d, e). Since the phase and amplitude modulation are jointly 

coupled, no pure amplitude modulation occurs, resulting in two inaccessible regions 

of polarization states near the equator. Spectral intensity and phase responses of the 

device are included in Appendix A.8 for completeness. We also note that without 

using graphene as a gating contact (and mutually gating multiple co-aligned BP 

layers to each other pairwise instead), a larger 90% surface coverage of the Poincaré 

sphere can be achieved (see Appendix A.3). 

2.4 Tunable Polarization Beam Splitting  

To attain spatial control over light polarization, we pattern the graphene gate into 

ribbons to realize a tunable polarization beam splitting (Figure 2.4a) metasurface. 

The ribbons are patterned into strips with a periodicity of 2.0 ɛm, with 50 nm gaps 

between. At these periodicities, no dipolar graphene plasmon resonances are 

expected at the operating wavelengths55. As such, the graphene ribbons allow control 

over the local doping density of the BP layers, adding an additional degree of freedom 

by controlling the local polarization state along each strip. Most notably, for 45° 

linearly polarized incident light, polarization beam splitting can be achieved if the 
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linear polarization output from each ribbon subcell rotates along the row (Figure 

2.4b). 

 

Figure 2.4: Tunable polarization beam splitter design. (a) Schematic of the 

tunable polarization beam-splitting metasurface (not to scale). AC denotes the 

armchair direction in the BP layer. (b) Cross-section of the device supercell with 

ribbon-patterns etched onto the gating graphene. The graphene ribbons have a 

period of 2.0 ɛm each, with a gap separation of 50 nm. Each gate dielectric hBN 

layer between BP and graphene are 3 nm thick, and the bottom hBN layer is 185 

nm. BP1-4 refers to the BP subcell number that is capacitively gated to different 

potentials based on its closest graphene ribbon. The voltage configuration to 

achieve polarization beam splitting is labelled within each graphene ribbon shown, 

with V1 and V2 being voltages that induce a 180° phase difference while maintaining 

equal amplitudes. Angle tunability of the diffracted beams can be achieved by 

modifying the repeat number of the sub-cells. 

The gating configuration for polarization beam splitting is shown in Figures 2.4b and 

2.5a for a periodic 4-cell metasurface. An operating wavelength of 1500.5 nm is 

judiciously chosen such that there are points on the gating trajectories that are of 

equal amplitude but phase shifted by 180°. Figure 2.5a shows on the complex plane 

the gating scheme used to induce an alternating 180° phase shift in the x and y 

components, while keeping the overall amplitude constant. As a result, when the 

device is illuminated with 45° linearly polarized light, each of the sub-cells BP1-4 

scatter linearly polarized outputs that rotate down the supercell. When viewed in the 

circular polarization basis, this output has equal and opposite phase fronts for the 
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outgoing left (LCP) and right (RCP) circularly polarized light, resulting in 

polarization beam splitting (Figure 2.5b). 

Finite difference time domain (FDTD) simulations were performed on the 

metasurface to determine its polarization beam splitting efficacy (see Appendix A.1). 

The reflected phase and amplitude near field data from the FDTD simulations was 

then projected onto a 1 m radius hemisphere, with the number of periods restricted 

to an 8-strip (16 ɛm) by 16 ɛm device. Figures 2.5c, d show the results of the far-

field projection. A 10.9° diffraction angle was observed as expected, with 86% of the 

reflected power being contained in the first diffraction order beams. The overall 

polarization purity of the LCP/RCP states were found to be |S3| > 0.86. Changing the 

output diffraction angle can also be done by changing the sub-cell repeat number (see 

Figure A.6). 

 

Figure 2.5: Tunable polarization beam splitter results. (a) Complex reflectivity 

plots for the output of each sub-cell, with the gating configuration of each sub-cell 

used for polarization beam splitting at a wavelength of 1500.5 nm shown. Under 

such a configuration, the blue (red) arrows show the complex reflected amplitude 
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for the x-component (y-component) of light for that sub-cell. The amplitudes 

remain constant throughout, but the induced phase differences between the x and y 

components results in a rotating linearly polarized output. (b) Resultant output 

phase of each sub-cell in the circular-basis, showing equal and opposite phase fronts 

for the left and right circular polarizations. (c) Hemispherical far-field projection of 

normalized electric field intensity output of device based on FDTD simulations. 

Each radial segment demarcates 10° angular separation. (d) Hemispherical far-field 

projection of S3 parameter, showing polarization beam splitting at 10.9° with |S3| > 

86%. 

2.5 Conclusions 

In this work, we have proposed high-Q distributed Bragg reflector cavity 

heterostructure designs incorporating BP for anisotropic phase and amplitude 

modulation. Utilizing orthogonally stacked BP layers within the cavity that are 

independently biased allows for generating output polarization states spanning >75% 

of the Poincaré sphere. Further patterning of the gates into ribbons allow for spatially 

varying output polarization states resulting in metasurfaces which enable angle-

tunable polarization beam splitting. 

These proposed heterostructure and metasurface designs demonstrate the versatility 

of BP as an active material for high-bandwidth phase and amplitude modulation in 

high efficiency DBR cavities for dynamic wide-range polarization tuning. While 

higher overall reflectivity values pave the way for practical telecommunication 

applications, the increase in accessible polarization states to >75% of the Poincaré 

sphere surface potentially expands the device functionality for uses in quantum 

information and polarization imaging. The reported result in polarization beam 

splitting is one such example, while the same device can host other functions such as 

beam splitting of light and simultaneously manipulating output polarization states 

(see Figure A.7). Further control and structuring of light may be achieved by 

designing BP devices based on individually addressed pixels56 that allow for 

atomically thin, spatial light modulator devices which operate at the GHz level 

speeds. 
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C h a p t e r  3  

TECHNIQUES FOR 2D HETEROSTRUCTURE FABRICATION 

As seen in the numerous device designs in Chapter 2, hBN and BP flakes of 

differing thicknesses are required for each device. Furthermore, large-area flakes 

are highly desired to maximize the usable device area after stacking. While methods 

such as chemical vapor deposition (CVD) can generate flakes that have large areas, 

controlling the thickness and maintaining good exciton properties still remains a 

challenge for most CVD 2D materials57. Mechanical exfoliation remains the 

preferred method for obtaining pristine flakes with high crystalline quality58,59. 

However, the low yield of the exfoliation method makes it a labor intensive and 

slow process. Here, methods for expediting the flake hunting process for identifying 

hBN and graphene flakes of the desired area and thickness are elucidated. The 

method for identifying BP thickness and crystallographic direction without 

subjecting it to atomic force microscopy (AFM) or Raman microscopy is also 

specified. Finally, the method for building the 2D heterostructure is summarized. 

3.1 Automated Flake Hunting Algorithm 

Following flake exfoliation onto a SiO2/Si substrate (see Appendix B.1 for full 

method), a large-area micrograph of the substrate and the flakes are captured. An 

algorithm is applied to identify large area flakes and to estimate the thickness of 

each flake.  

First, to distinguish the flakes from the substrate, Otsu thresholding is applied to 

separate pixels into the background and foreground classes60. This is done by 

plotting the pixel intensity histogram of the image, then calculating the inter-class 

variance ůb
2 at every pixel intensity threshold t.  
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where the probability of the classes (ɤ0, ɤ1) and class means (ɛ0, ɛ1) are given by: 
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with L being the number of bins. The maximum of the inter-class variance then 

provides the pixel intensity threshold between background and foreground. Area 

thresholding is then performed by counting the number of connected pixels of each 

flake and filtering out flakes that fall below a user-specified area (Figure 3.1b, c).  

 

Figure 3.1: Otsu thresholding and area thresholding applied to hBN flakes. (a) 

Original micrograph of hBN flakes on SiO2 (285 nm)/Si substrate. (b) Post-

processed micrograph with applied Otsu thresholding for foreground/background 

detection, and area thresholding. (c) Histogram of flake area. Flakes with <1500 

pixels were filtered out. 

To estimate flake height, first a range of flake thicknesses are converted to expected 

pixel RGB values (Figure 3.2a). This is done by performing a transfer matrix 
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calculation to determine the reflectance spectra of the 2D material within the visible 

spectrum (see Appendix A.1), then converting the reflectance spectrum to RGB 

pixel values using color matching functions that relate the two61. The SiO2/Si 

substrate was used as a reference to normalize the conversion, but this 

normalization was found to be unnecessary if the microscopeôs RGB channels were 

white balanced with a white reference sample beforehand. A least squares 

difference fit was performed between the RGB channels of the pixels of a 

contiguous flake, and the expected pixel RGB values from the transfer matrix 

model to determine the closest thickness match, with each color channel being 

given equal weightage. This allowed an estimate of the overall flake thickness to 

be made using the flakeôs mode thickness. Each flake was then indexed and 

highlighted according to the thickness desired for the heterostructure (Figure 3.2b, 

c). 

 

Figure 3.2: Flake thickness estimation example for hBN on SiO2/Si substrate. 

(a) Conversion of transfer matrix reflectance spectrum to RGB using color 

matching functions, at each hBN thickness. (b) Indexed flakes with an estimated 



 

 

29 

thickness between 140-165 nm. (c) Indexed flakes with an estimated thickness 

between 60-100 nm. 

While the algorithm helps to automatically shortlist candidate flakes for 

heterostructure fabrication, the exact physical thickness and optical path length of 

the shortlisted flakes still had to be confirmed via AFM and FTIR respectively. 

AFM measurements confirmed the algorithmôs thickness estimation accuracy to be 

within 10% of the actual flake thickness. Nonetheless, the algorithm removes the 

need for visual inspection of the chip and manual shortlisting via color matching 

with the human eye, and instead generates a catalog of flakes sorted by thickness 

and area given a micrograph. The method was applied to both hBN and graphene 

flake detection for device building in Chapters 4 and 5. 

3.2 Methods for Determining BP Thickness and Orientation 

Determining the exact BP thickness near the monolayer limit presents two distinct 

challenges: firstly, the aforementioned algorithm cannot accurately distinguish 

thickness differences at few-atom thicknesses where optical contrast is low. 

Secondly, the photooxidation of BP requires it to be handled in an inert N2 glovebox 

prior to encapsulation, which precludes the possibility of using AFM, FTIR or 

Raman microscopy techniques on bare BP flakes. Encapsulation with another inert 

2D material such as hBN is an irreversible process, while using PMMA as an 

encapsulant prevents applying AFM to the BP flake. The characterization of the BP 

flake must therefore be done prior to heterostructure assembly. 

For determining BP flake thickness, a background adjusted contrast measurement 

was done using a light microscope by comparing the average flake pixel intensity 

against the background immediately surrounding the flake. An average of 3.73% 

contrast per layer of BP was found to fit the data acquired by exfoliating 33 different 

samples of thin layer BP (Figure 3.3a).  

Ὅ
Ὅ Ὅ
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Figure 3.3: BP flake thickness and crystallographic orientation estimation. (a) 

Optical contrast measurements for determining BP layer thickness. Error bars show 

the standard deviation in contrast values across multiple exfoliated samples. (b) Tri-

layer BP flake, with macroscopic fractures indicating ZZ axis direction highlighted 

with black lines. 

For crystallographic orientation estimation, we used a result from reference [62], 

which performed edge reconstruction based on GW-BSE simulations and matched 

it against BP-edge TEM images to determine the most likely forms of macroscopic 

fractures. The zigzag-oriented ZZ4-i configuration was found to be the most likely 

edge defect fitting the experimental data. We therefore used visible edge defects in 

micrographs to determine the ZZ axis of exfoliated flakes before device assembly 

(Figure 3.3b). Post assembly, we confirmed the orientation more rigorously using 

Raman microscopy (see Figure 5.3b for example) and found the orientation error 

to be less than 10°. 

3.3 Hot pick-up Technique for Heterostructure Assembly 

For heterostructure stacking and assembly, the hot pick-up method from reference 

[63] was adapted with minor changes (Figure 3.4). The methodôs primary 

advantages include quick sequential stacking of the heterostructure in a single drop-

off step, and the expulsion of contaminants between layers at elevated temperatures. 
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This minimizes the formation of aggregated blisters formed from contaminants and 

improves overall device homogeneity.  

 

Figure 3.4: Hot pick-up method for heterostructure assembly. Reprinted from 

[63]. 

Prior to applying the hot pick-up technique, polycarbonate (PC) on 

polydimethylsiloxane (PDMS) stamps were prepared by securing a small PDMS 

dome onto a glass slide using heat-resistant tape. PC was dissolved in chloroform 

at a 5% weight ratio; smaller ratios resulted in films that could not reliably pick up 

van der Waal materials, and larger ratios resulted in films that did not delaminate 

from the stamp onto the substrate during the drop-off process. The solution was 

sealed in an air-tight capsule, and found to expire after a few months due to 

hydration of the PC and evaporation of the solvent causing an imbalance in the 

weight ratio. A film of PC was created by smearing a thin layer of the solution 

between two glass slides and left to dry, before picking it up with a piece of tape 

with a window cut into it. This freestanding PC film was then draped onto the 

PDMS dome and glass slide. 

For the pick-up process itself, we found that operating at elevated temperatures 

above 40°C was helpful in ensuring full flake adhesion to the PC stamp and in 

flushing out contaminants due to increased diffusivity. We used 100-110°C for 
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hBN flakes, 115-125°C for graphene, and 80-100°C for handling BP. Both hBN 

and BP adhered directly to the PC stamp, but graphene was found to adhere only to 

hBN, as previously reported in literature.  

For the drop-off process, the substrate/heterostructure/stamp stack was heated to 

180°C, well above the PC glass transition temperature of 147°C. This allows for 

the PC film to delaminate from the PDMS dome for drop-off. The heterostructure 

was then annealed in N2 at 180°C for an hour, and left to cool to room temperature, 

before soaking in chloroform for 2h to remove the PC. The anneal step was 

important to secure the heterostructure to the substrate, which prevents it from 

being flushed away by adhesion forces during the chloroform soak. An additional 

post-soak anneal was done in vacuum at 80°C for 2h to conformally secure the 

heterostructure around the pre-existing structures on the substrate, and to remove 

any air trapped between the 2D layers. This helped to more fully encapsulate the 

BP and prevents its photooxidation during further analysis and processing in 

atmospheric air.  
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C h a p t e r  4 

PLASMONIC BLACK PHOSPHORUS METASURFACES FOR 

MULTISPECTRAL POLARIZATION CONTROL 

Polarization modulation spanning multiple wavelength bands have traditionally 

been achieved using slow, bulky liquid-crystal based spatial light modulators. 

However, integration into photonics circuits for applications such as bio-imaging, 

optical communications and quantum networking require solutions that are fast, 

compact, and with potential for integration into photonic circuits. Here, we design 

and fabricate a metasurface comprised of plasmonic nanodisks on top of an 

electrically tunable black phosphorus (BP) heterostructure to realize active 

polarization control in both the 1290 (O-band) and 1520 (S to C-band) nm on a 

single ultrathin device. This was achieved by varying the nanodisk radius across 

different patches to adjust the plasmonic resonance wavelength relative to the BP 

exciton resonance, then adapting the nanodisk period accordingly to maintain a 

high degree of coupling for maximal polarization tuning. The device demonstrates 

a 10-fold decrease in heterostructure thickness and 5-fold decrease in required 

gating voltage over previously reported BP-based polarization modulators, while 

also expanding functionality to multispectral operation. 

4.1 Introduction 

Active polarization control spanning multiple wavelength ranges in photonic 

integrated circuits has an array of applications in bio-imaging, quantum computing, 

and telecommunications7,64,65. Multispectral polarization-sensitive bio-imaging has 

seen uses in fields from oncology to dermatology, with device miniaturization 

being a key driving factor for in-vivo studies64,66-68. In telecommunications, 

schemes utilizing both wavelength-division multiplexing and polarization-division 

multiplexing in a hybridized on-chip format have been shown to increase channel 
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capacity over traditional multiplexing techniques65,69,70. The surge of interest in 

quantum technologies has also seen developments in polarization-encoded 

photonics qubits across wavelength ranges suited for long-distance transmission71. 

The common thread in the aforementioned applications lies in the multispectral 

polarization-tunability of the devices in a compact, photonics circuit-integrable 

packaging. In this regard, 2D material-integrated plasmonic metasurfaces are an 

attractive candidate due to their gate tunability, compactness, ease of integration 

into photonic circuits, and unique electro-optic properties72-75. Plasmonic 

metasurfaces provide a compact means of nanoscale light confinement and 

coupling necessary to enhance absorption within the atomically thin 2D material, 

while controlling the device operating wavelength based on the meta-atom 

geometry42,76. Active control of the deviceôs electro-optic properties post-

fabrication can then be achieved by modifying the exciton properties of the 2D 

material via gating, which have been shown to have rise and fall times on the order 

of 10s of nanoseconds, enabling GHz speeds of switchable control23,77. While many 

2D anisotropic materials such as MoO3 and ReS2 are capable of polarization 

control25,26, black phosphorus (BP) is particularly well-suited due to its strong 

tunable optical anisotropy78,79. Furthermore, BPôs thickness-dependent bandgap 

between 650 ï 4000 nm covers the near to mid-infrared range critical to 

telecommunications and sensing applications80.  

In this work, we designed and fabricated plasmonic metasurfaces on top of a tri-

layer black phosphorus heterostructure for multispectral active polarization control 

about the telecommunications wavelength range. The metasurface enhances the 

light-matter interaction for increased polarization tunability, while the plasmonic 

meta-atom geometry was tuned to vary the operating wavelength around the BP 

exciton resonance. The BP exciton oscillator strength was then tuned via capacitive 

gating to change its anisotropic refractive index. Through this, we achieved gate-

dependent active polarization tuning at the O and S/C-bands on a single, ultrathin 
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(<150 nm thick) device. This opens up prospects for a compact, energy-efficient 

means of near to mid-infrared GHz-level multispectral polarization modulation. 

4.2 Design and Simulation of Multispectral BP Polarization Modulator  

The basic device design and operating concept is illustrated in Figure 4.1a. 

Plasmonic gold nanodisks couple incident light into the hexagonal boron nitride 

(hBN) encapsulated tri-layer black phosphorus (3L-BP) heterostructure, which is 

placed on top of a gold back reflector (Figure 4.1b). This nanoparticle-on-mirror 

(NPoM) scheme maximizes interaction of the atomically thin 3L-BP layer with the 

electric field to enhance the anisotropic tuning afforded by the 3L-BP under 

capacitive gating. Since the plasmonic resonance wavelength depends heavily on 

the radius of the deposited nanodisks, having multiple patches of differing nanodisk 

radii on the device allows for active polarization tunability across multiple 

telecommunication bands. 

 

Figure 4.1: Multispectral plasmonic 3L-BP device for active polarization 

control (not to scale). (a) Schematic for the plasmonic BP device composed of gold 

nanodisk patches with different disk radii on top of a hBN/3L-BP/hBN 

heterostructure. Each patch is designed to operate at different plasmonic resonance 
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wavelengths around the 3L-BP exciton resonance by varying the nanodisk radius. 

Combined with the electrically tunable anisotropy of the BP layer under capacitive 

gating, the device can actively tune the output polarization at different operating 

wavelengths. (b) Device design showing the alignment of the square unit cells of 

the nanodisks with the crystallographic orientation of the active armchair axes of 

the BP layer (labelled óACô). The gold nanodisks are approximately 15 nm in 

height, while the underlying heterostructure is about 30 nm thick. (c) Tilted SEM 

image of a test device of plasmonic gold nanodisks on top of hBN, showing 

approximate lateral dimensions of the device. 

Several additional factors were considered in the device design. Firstly, to minimize 

the device footprint, the nanodisk was fabricated to be approximately 15 nm thick 

(Figure 4.1c). This was the minimum nanodisk thickness that could induce a 

plasmonic resonance while avoiding fabrication complications from depositing 

below the 10 nm gold layer wetting limit81. As a result, the underlying 

heterostructure, with hBN occupying the bulk of the optical medium, needed to be 

only 30 nm thick. This stands in contrast to other optical cavity schemes, such as 

Fabry-Perot or Mie resonance devices, that are about an order of magnitude thicker 

and therefore also require higher operating voltages and energy consumption to 

reach the same tunability22,82,83. The relative vertical placement of the 3L-BP layer 

within the heterostructure also affects the degree of polarization tunability. Ideally, 

the 3L-BP should be placed as close to the plasmonic nanodisk as possible to 

maximize coupling with the surface plasmon. However, this comes at a trade-off of 

higher operating voltages since the BP is further from the gold back reflector. 

Furthermore, finding monolithic, nm-thick, large area hBN flakes capable of 

hosting multiple patches of plasmonic disks while also fully encapsulating the 

underlying BP also poses a fabrication challenge. As such, the top hBN layer 

thickness was chosen at an intermediate 10 nm, with a 20 nm hBN layer beneath 

the 3L-BP. Lastly, the crystallographic armchair (AC) and zigzag (ZZ) axes of the 

BP are designed to align along the edges of the nanodiskôs square unit cell, so as to 

minimize the size of the nanodisk patch required. 
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A full FDTD parameter sweep was then performed to determine the optimal nanodisk 

radius given a desired operating wavelength (Figure 4.2a). Analytically, the 

plasmonic resonance frequency ɤres of a nanoparticle can be estimated by84:  

‫
‫

‭ȟ

ρ ὒ
ὒ ‭
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Here, ɤp and ɔ are the respective plasma and damping frequencies of the metal, Ům,Ð 

is the dielectric constant of the ion background, Ůh is the background permittivity, 

and Lj is the geometry-dependent depolarization factor of the nanoparticle along 

the j-th dimension (see Appendix B.2 for explicit calculation). For a thin, radially 

large nanodisk, increasing the disk radius relative to its thickness decreases the in-

plane depolarization factor Lradial, which redshifts the plasmonic resonance 

frequency, agreeing with the trend observed in Figure 4.2a. Once the disk radius 

and operating wavelength is chosen, the design can be fine-tuned to operate in the 

critical coupling regime by adjusting the period of the unit cell (Figure 4.2b). The 

disk periodicity primarily affects the dissipative losses of the plasmonic resonators 

by adjusting the coupling between neighboring nanoparticles. When the internal 

dissipative losses of the NPoM-BP resonator match the energy coupling into the 

system, critical coupling is achieved, which appears as a local minimum in Figure 

4.2b. 
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Figure 4.2: Disk radius, period, and voltage parameter sweeps for determining 

device design and performance. (a) Simulated reflectivity map as a function of 

disk radius, keeping period constant at 380 nm. Disk radius primarily affects the 

plasmonic resonance wavelength and is used to determine the operating wavelength 

of the patch. (b) Simulated reflectivity map as a function of disk period, given a 

disk radius of 120 nm. Disk periodicity is used as a fine-tuning parameter to achieve 

critical coupling. (c) Trajectory on the normalized Poincaré sphere as a function of 

input wavelength and operating voltage Vg for a 120 nm disk radius device designed 

to operate at 1550 nm. The change in wavelength from below the plasmonic 

resonance to above carves a circular trajectory, while the change in gating voltage 

(from black to peach white) tunes the degree of anisotropy in the BP. The maximum 

gating voltage is limited by the hBN dielectric breakdown limit (0.5 V/nm). A 

linearly polarized input, diagonally aligned 45° from both the armchair and zigzag 

axes of the underlying BP, was used in simulations. 

Once the nanodisk parameters were optimized, the polarization coverage on the 

normalized Poincaré sphere provided by passive spectral tuning and active gating 

was simulated, assuming a 45° linearly polarized input relative to the 3L-BPôs AC/ZZ 

axes. The reflection depth here was limited to 0.5% instead of the ideal -40 dB in 
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Figure 4.2b, to account for the finite size of the nanodisk patches in fabrication. In 

such a non-semi-infinite case, a small fraction of the incident gaussian beam power 

is expected to illuminate the area immediately outside the patch, with the plasmonic 

nanodisks at the edges of the patch experiencing edge effects. This spatially varies 

the coupling strength across the patch, effectively smearing the reflectivity curve over 

a broader range of wavelengths and limiting the reflection depth compared to the 

semi-infinite ideal case. However, even at 0.5% reflectivity coupling, a sizable 

circular trajectory is formed as input wavelength is varied from under the plasmonic 

resonance, to over the plasmonic resonance (Figure 4.2c). Active gating increases the 

radius of this circular trajectory by weakening the BP oscillator strength, thereby 

redshifting the plasmonic resonance along the AC-direction further away from the 

ZZ-direction resonance wavelength and increasing the anisotropy of the device. The 

full empirical model used to estimate the 3L-BP exciton oscillator strength in 

simulation can be found in reference [97]. 

4.3 S/C-band Plasmonic 2D Polarization Modulator 

Before fabrication of the finalized gold nanodisk on hBN-BP-hBN-gold device was 

performed, test runs of gold nanodisk on hBN-gold were done to optimize the 

nanodisk fabrication process, and to line up experimentally obtained reflectivity 

plots on such test devices against the simulation results. Further details of these 

comparisons, micrographs of the test devices, and the optical experimental setup 

used are shown in Appendix B.3. Parameters in the simulations such as the hBN 

refractive indices were tuned to match experimental data. This helped to fine-tune 

the nanodisk period, radius and thickness for the finalized hBN-BP-hBN device 

once the relevant flakes were characterized. 

A micrograph of the fabricated active device is shown in Figure 4.3a. Device 

fabrication was achieved by adopting the hot pickup method to sequentially build the 

heterostructure and drop it off on a set of pre-patterned gold contacts (full details in 

Appendix B.1). Two patches of plasmonic disks at 100 and 120 nm radii were 
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deposited via electron-beam lithography, ensuring the patch dimensions were 

sufficiently large to capture >99% of the incident light. Based on knife edge 

measurements performed in the optical characterization setup, the minimum patch 

length was determined to be 11 ɛm (see Appendix B.3), but 18 x 18 ɛm patches were 

deposited instead to maximally fill the lateral width of the underlying BP flake. This 

necessitated the use of moderately large-area hBN flakes, especially since the top 

hBN flake must fully encapsulate the underlying 3L-BP layer to prevent oxidation, 

while the bottom hBN flake must cover the central gold gate to prevent shorting. 

 

Figure 4.3: Fabrication and experimental results of the Plasmonic BP device 

in the S to C-band. (a) Optical image of the device, with 2 patches of 100 nm and 

120 nm radius gold nanodisks that operate at 1288 nm and 1520 nm respectively. 

Inset: Cartoon depiction of the plasmonic heterostructure cross-section for 

reference. (b) Polarization difference maps under gating. The change in azimuthal 

(ȹɣ) and ellipticity (ȹɢ) angles under 1500 and 1520 nm illumination when gated 

at 8 V is shown, with the 120 nm plasmonic disk radius patch outlined as visual 
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reference. The laser focus spot for results in (c) and (d) is marked with a yellow 

cross. (c) Passive spectral polarization tuning under different linear input 

polarizations ɣin. The region between the dotted lines correspond to <5% 

reflectance, where the plasmon is most strongly coupled to the exciton. (d) 

Normalized Poincaré sphere representation of polarization tuning from 1500 to 

1550 nm. Each black-to-peach colored streak corresponds to gating the device from 

0 to 8 V. 

The 120 nm radius patch, designed to work at the telecommunications C-band, was 

probed with a tunable laser to map changes in the reflected azimuth (ȹɣ) and 

ellipticity (ȹɢ) angles of the device between Vg = 0 V and Vg = 8 V (Figure 4.3b). 

Observed spatial variations across the patch can be attributed to two separate 

factors. Firstly, non-isotropic variations seen in the 1500 nm azimuth and 1520 nm 

ellipticity plots are likely due to inhomogeneities within the underlying 2D 

heterostructure. Secondly, the radially isotropic variations seen in the 1500 nm 

ellipticity and 1520 nm azimuth plots, with the local minima placed near the center 

of the patch, are most closely linked to the finite-size of the gaussian beam at focus. 

Away from the center, a greater proportion of the incident light falls outside the 

patch, leading to a reduction in active polarization tuning magnitude. 

The full device characterization was therefore performed with the laser focused near 

the center of the patch (marked with a yellow cross in Figure 4.3b). First, the input 

polarization azimuthal angle ɣin was adjusted to maximize passive spectral tuning 

(Figure 4.3c). The shape of the azimuth curves agreed with the circular trajectory 

simulated in Figure 4.2c and were maximized at a diagonal linear input of ɣin = 134° 

as expected. Using this input polarization, the device was gated up to 8 V (near the 

hBN dielectric breakdown limit) to find the polarization coverage on the normalized 

Poincaré sphere (Figure 4.3d). Here, a calibration step was applied to account for the 

ellipticity introduced by the beam splitters in the optical setup, which effectively 

realigns the linearly polarized input with the equator. Changing the input wavelength 

was found to carve a circular trajectory on the sphere, while the active gating 

generally increased the degree of anisotropy of the system as expected. 
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4.4 O-band Plasmonic 2D Polarization Modulator 

A similar experimental procedure was performed for the 100 nm radius nanodisk 

patch designed to operate about the telecommunications O-band. Upon finding the 

optimal laser focus spot near the center of the patch, ɣin was tuned to observe passive 

spectral tuning in azimuth, ellipticity and reflectance (Figure 4.4a-c). A reflectance 

minimum of 1% was observed at 1288 nm at an optimal ɣin = -53°. The device was 

then gated to determine the voltage-dependent change in Stokes parameters at each 

individual wavelength (Figure 4.4d-f). Most notably, we observe that the S1 

parameter increases with gating voltage below the resonance minima (marked with 

the dotted black lines), but decreases with gating voltage above the minima. This 

trend agrees with the simulation in Figure 4.2c, and together with similar trends for 

S2 and S3, indicate clear, voltage-dependent active polarization tuning. 

 

Figure 4.4: Experimental results of the Plasmonic BP device in the O-band, 

corresponding to the 100 nm disk radius patch. (a) Azimuthal and (b) Ellipticity 

plots showing passive spectral polarization tuning, under different linear input 

polarizations ɣin (matching the colorbar in (c)). (c) Reflectance curves of the patch, 

showing 1% reflectance minima at 1288 nm. (d-f) Change in Stokes parameters 

upon gating at each individual wavelength, showing active polarization tuning 
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solely due to applied voltage only. The dotted black line at 1288 nm corresponds to 

the reflectance minimum. 

We note that the smaller polarization tuning range observed on the 100 nm radius 

patch was likely due to operating below the exciton resonance wavelength, where 

continuum absorption contributes significantly to the optical conductivity85. This 

results in a diminished refractive index change when the exciton oscillator strength 

is weakened via gating, which reduces the active polarization tuning range. 

Nonetheless, employing differing BP layer thicknesses can be used to cover the 

650-4000 nm operating wavelength range while maintaining broad polarization 

tuning. By employing a 1D tight binding model, the transition energy between the 

first valence and conduction subbands of an N-layer BP film can be estimated 

as86,87:  

Ὁ Ὁ ς‎ ‎ ÃÏÓ
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where Eg is the 1L-BP band gap, and ɔc and ɔv are the respective nearest neighbor 

coupling for the conduction and valence bands. Using Eg = 1.9 eV, the band gap of 

1L to 5L-BP is estimated and summarized in Table 4.1, which provides an optimal 

operating wavelength range in each case. 

BP Layer 

Thickness 

Bandgap 

(eV) 

Optimal Operating 

Wavelength Range [nm] 

1 1.90 650 ï 1060 

2 1.17 1060 ï 1430 

3 0.87 1430 ï 1725 

4 0.72 1725 ï 1950 

5 0.64 1950 - 2120 

Table 4.1: Bandgaps and optimal operating wavelength ranges for 1L to 5L-

BP. 

Plasmonic BP devices spanning several wavelength ranges in Table 4.1 can 

therefore be fabricated by using appropriately exfoliated BP flakes with multiple 

step thicknesses (see Appendix B.4 for example), and depositing gold nanodisks of 
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the appropriate radii. For thicker BP with operating ranges approaching the mid-

infrared, mm to cm-area scale BP films have been grown using pulsed laser 

deposition or epitaxial nucleation techniques88,89. Such films can host multiple 

large-area plasmonic nanodisk patches that are agnostic to the laser beam spot size 

and experience minimal edge effects, enabling the device to reach coupling regimes 

below the 1% reflectance minima observed here. Consequently, we expect such 

large area devices to have an expanded polarization coverage over the Poincaré 

sphere, consistent with the -40 dB reflectance shown in simulations (see Appendix 

B.5).  

4.5 Conclusions 

In summary, we have shown an ultrathin, multispectral polarization modulator 

operating in both the O and S/C telecommunication bands. By employing plasmonic 

nanodisks as a means of maximizing the light-matter coupling to achieve sufficient 

anisotropic phase pickup, the total device thickness is kept below 150 nm, with full 

dynamic range tuning achieved within 8 V of gating. This is a marked improvement 

over previous Fabry-Perot type BP devices, which consume about 5 times more 

energy based on their operating voltages22. The device therefore suggests exciting 

prospects for integrating monolithic, energy-efficient 2D modulators into photonic 

circuits, and paves the way for near-to-mid-infrared polarization modulation over a 

wide wavelength range. 
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C h a p t e r  5  

POLARIZATION CONTROL WITH DOUBLE TRI-LAYER 

BLACK PHOSPHORUS HETEROSTRUCTURES 

Accessing diverse polarization states across the Poincaré sphere via electrical 

control is highly desirable in optical communications, bio-imaging and quantum 

information processing, where fast continuous switching, compactness, and ease of 

integration into photonic circuits are essential. Layered anisotropic 2D materials 

enable polarization modulation in a fast and compact manner, thereby overcoming 

the speed and size limitations of liquid-crystal based spatial light modulators and 

electro-optic Pockels cell modulators. Here, we report a Fabry-Perot cavity that 

integrates two cross-aligned black phosphorus layers, with each layer being 

independently gated to access the inherently two-dimensional range of polarization 

states across the Poincaré sphere surface. Our heterostructure design predicts 

electronic access to 86% of the Poincaré sphere at its S-band operating wavelength. 

We experimentally validate the design by fabricating and testing such a device in 

reflection, where we demonstrate independent, two-parameter electronic control of 

the output polarization. 

5.1 Introduction 

Polarization is an essential property of light that plays a vital role in the nature of 

light propagation in media. The ability to control polarization states on-demand has 

applications ranging from optical telecommunications, bio-imaging, and quantum 

information processing5-7. In these applications, multiplexing operations are used 

to efficiently encode information in the polarization basis, so there is a need for 

polarization modulators that can access the entire Poincaré sphere at high speeds, 

while maintaining a low form factor44,46,47,90. Conventional polarization modulators 

consist of either liquid-crystal based spatial light modulators that are limited to kHz 
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speeds, or electro-optic modulators based on the Pockels effect that are generally 

bulky or lack access to the full Poincaré sphere48-50,91.   

Tunable anisotropic 2D materials, such as MoO3, ReS2, and black phosphorus (BP) 

offer an alternative and highly promising platform to control polarization10,25-27. 

Their atomically thin nature along with a lack of lattice matching constraint due to 

its van der Waals nature allows for easy integration into photonic circuits, while 

their carrier-mediated tunable optical properties allow for electronic control of 

polarization at GHz speeds23,24,92. BP in particular possesses a thickness dependent 

bandgap (750 nm to 4 ɛm) that covers the near-infrared telecommunications band, 

making it an attractive candidate for polarization tuning applications79,104. 

However, existing polarization modulators exploiting BP have so far been limited 

to traversing a 1D trajectory along the Poincaré sphere as a function of gating 

voltage22. This limitation results from gating a single BP sheet, which offers only a 

single degree of freedom, whereas polarization states on the surface of a normalized 

Poincaré sphere require minimally two degrees of freedom to access an arbitrary 

state of polarization. BP devices to date cover a limited range of polarization states 

on the sphere, as the operating wavelength is shifted to change the degree of 

birefringence imparted by the BP. Further comparisons to past works are included 

in Appendices C.5 and C.6. 

For most applications however, monochromatic light at a fixed incident wavelength 

is preferred where the output polarization state depends solely on actuations applied 

to the device itself. This requires a second voltage control parameter to access a 

broader range of states on the Poincaré sphere. While this two-degrees-of-freedom 

approach to controlling a two-dimensional parameter output has been explored in 

metasurfaces and liquid-crystal devices93,94, active photonics devices with 2D 

materials have been limited to single controls and single active layers, limiting 

functionality. Unlike thicker materials like indium tin oxide or liquid-crystals, 

atomically thin 2D materials cannot possess a large charge carrier density 
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difference on its upper and lower interfaces without breaking down. This can be 

overcome by the use of two separate anisotropic 2D material layers separated by 

dielectrics, with two additional gating contacts sandwiching the 2D layers, to 

achieve a two-parameter control with wide dynamic tuning range. 

To this end, we have designed a dual-gated BP heterostructure composed of two 

orthogonally aligned BP layers, with each layer separately and independently gated. 

The heterostructure was incorporated into a Fabry-Perot cavity to maximize the light-

matter interaction of the exciton. Furthermore, the cavity was designed to be 

marginally over-coupled at the charge neutral point, with the prospect of accessing 

the critically coupled and under-coupled regimes through gating. This allowed for 

access of up to 86% of all possible polarization states on the Poincaré sphere. We 

fabricated a proof-of-concept device and tested it to validate our design, displaying a 

two-parameter electronic control over polarization on the Poincaré sphere. This 2D 

heterostructure dual-gating approach can be generalized to allow for active 

simultaneous modulation of multiple constitutive properties of light, and for 

generating higher dimensional structured light. 

5.2 Design and Simulation of Dual-gated BP Polarization Modulator 

Figure 5.1a illustrates the double tri-layer BP polarization modulator design. It 

consists of a Fabry-Perot cavity, with reflective gold mirrors, incorporating a pair of 

three-atom thick BP (3L-BP) layers that have their active armchair (AC) axes 

orthogonally aligned (twist angle = 90°). Hexagonal boron nitride (hBN) acts as a 

dielectric medium between the gold and 3L-BP layers, allowing the top and bottom 

BP layers to be capacitively gated, independently of each other. hBN is also the 

primary optical medium of the cavity, which is set to a thickness of ɚ/4n, where ɚ is 

the operating resonance wavelength within the telecommunication S-band, and n the 

refractive index of hBN. The relative thicknesses of the three hBN layers are tuned 

such that there is significant spectral overlap between the electric-field resonances 

along both principal axes (x, y) of the device (which the top and bottom BP layersô 
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AC axes are aligned to, respectively). The central hBN layer is also thicker than the 

sum of the two outer hBN layers to prevent electrical breakdown at the maximal top 

and bottom operating voltages. Finally, a top layer of PMMA is added to give some 

adjustability to the cavityôs resonant wavelength, and to also further encapsulate the 

oxygen-sensitive BP during fabrication (see Figure C.7). 

 

Figure 5.1: Schematic and performance of an ideal dual-gated 3L-BP device 

(not to scale). (a) Schematic for the dual-gated BP device incorporating two 

orthogonally aligned BP layers (twist angle = 90°) into a critically coupled Fabry-

Perot cavity. The crystallographic orientation of the active armchair axes of the BP 

layers is labelled by the white óACô arrows. Each BP layer is capacitively gated 

against its closest gold contact to control its doping density, allowing a two-

parameter control over the output polarization state. A PMMA layer is spun on top 

to give some adjustability to the cavityôs resonance wavelength during fabrication, 

and for additional encapsulation. The lab coordinate axes are in the bottom left 

corner, with the positive x-direction (aligned with the AC axis of the top 3L-BP 

layer) defining S1 = 1. (b and c) Calculated 1D trajectory across the normalized 

Poincaré sphere when the top (bottom) BP is gated while keeping the other BP layer 

grounded. (d) Combined normalized Poincaré sphere coverage when gating both 

BP layers in concert. The top (bottom) BP doping density (nBP-top(bot)) is represented 

in border (fill) color of the plot points (from black to peach). 
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The optical response of the device is modelled using the transfer matrix method 

(details of which Appendix A.1). We assume an illumination with 45° linearly 

polarized light at normal incidence and probe the device in reflection. At the 

operating wavelength of 1479 nm, when only the top or bottom 3L-BP layer is 

gated one at a time, two independent 1D trajectories across the Poincaré sphere are 

formed (Figure 5.1b, c). When gating both BP layers in concert, their respective 1D 

trajectories are multiplicatively combined, enabling a wide 2D range of output 

polarization states covering 86% of the Poincaré sphere (Figure 5.1d). 

The broad Poincaré sphere coverage can be understood by looking at the amplitude 

and phase spectra of the output electric field along the principal x and y directions 

(Figure 5.2a, b). The top gold mirror thickness was designed such that at low carrier 

densities (without any gating), the device is slightly overcoupled, as seen by the 

solid curves in Figure 5.2a and b. As the gating voltage is increased, the carrier 

density increases, which screens the excitons present in the BP, thereby weakening 

its oscillator strength. This results in a reduction in the intra-cavity absorption, 

which causes the device to pass the critically coupled point and enter the 

undercoupled regime at higher carrier densities. By judiciously choosing the 

operating wavelength (1479 nm), we can find some intermediate combination of 

the top and bottom carrier densities (nBP-top and nBP-bot) where the device is critically 

coupled. Figure 5.2c shows the S0 parameter map as a function of nBP-bot and nBP-

top. Since the S0 parameter maps the intensity of the reflected beam, the point where 

the BP layers are critically coupled to the cavity is determined from the minima of 

the plot. Around this point, both the phase and amplitude of the Ex and Ey fields 

become extremely sensitive to small changes in doping density. As a result, the 

azimuthal and ellipticity gating maps (Figure 5.2d, e) show large variations about 

this critically coupled point, accounting for the broad polarization state coverage 

seen earlier in Figure 5.1d. We also observe that the critically coupled point 

manifests as a saddle point in the azimuthal map, and as a zero in the ellipticity 
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map. This is a direct consequence of the optical phase singularity resulting from the 

critically coupled resonator95,96.  

 

Figure 5.2: Simulated performance of a critically coupled dual-gated BP 

device. (a and b) Reflected amplitude and phase response of the device. The solid 

blue (orange) lines represent the reflected amplitude/phase of the electric field 

along the armchair direction of the top (bottom) BP layer when no gating is applied. 

The dotted blue and orange lines are the same reflected amplitude/phase at 

maximum gating (limited by the dielectric breakdown of the hBN spacer layers).  

The operating wavelength of the device is indicated by the dotted black lines. Good 

spectral overlap between the Ex and Ey curves is obtained by carefully choosing the 

thicknesses of the top and bottom hBN layers. (c) S0 parameter map of the device 

at the operating wavelength, as a function of the top and bottom carrier densities. 

The S0 minima (marked with the white cross) corresponds to the critical coupling 

point where the device flips between the under-coupled and over-coupled regimes. 

(d and e) Respective azimuthal and elliptical gating maps as a function of top and 

bottom carrier densities. The critical coupling point, marked with the black cross, 

is visible as a saddle point in the azimuthal plot, and as a zero in the elliptical plot. 

Around this point, polarization tuning is maximized. 
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5.3 Demonstration of Electronic 2-Parameter Polarization Control 

The double 3L-BP polarization modulator was fabricated by performing the hot 

pick-up technique twice63, followed by electron beam lithography and evaporation 

for the top gold mirror (see Appendix C.1). An optical image of the fabricated 

device is shown in Figure 5.3a. The bottom 3L-BP layer was connected to a thicker 

auxiliary BP flake that electrically connects it to a gold finger contact. Similarly, 

the top 3L-BP layer was attached to a thin graphene ribbon to connect it to its 

nearest gold contact (see Figure C.2). After each heterostructure transfer step, 

Raman microscopy was performed on the BP flake to determine its crystallographic 

orientation (Figure 5.3b). By fitting a cosĮ ɗ function to the polarization sensitive 

Ag
2 Raman peak, the relative armchair separation angle between the two 3L-BP 

layers was found to be 84° (see Appendix C.1). After AFM determined the top gold 

mirror thickness to be 15.5nm, a thin 460 nm layer of PMMA was spun on top of 

the device. 

Passive optical characterization was performed on the device by first acquiring 

reflectance spectra at the center of the two overlapping 3L-BP flakes (Figure 5.3c). 

Multiple input polarization angles were used to probe the optimal input angle where 

reflectivity was minimized, which corresponds to the angle bisector of the top and 

bottom BP AC axes where the polarization modulation depths are maximized. It 

was observed that the input linear polarization angle had little effect on the 

reflectance minima (5.9% vs 6.6%). Since the BP exciton absorbs most strongly 

along the AC axis, this was further confirmation that the two 3L-BP flakes were 

indeed almost orthogonally aligned. Spectral reflectance data for a full polarization 

angle sweep is available in the Appendix C.2. We also note that the optical 

modulation efficiency reported here is fundamentally limited by the lossy gold 

mirrors of the Fabry-Perot cavity, but can be improved by replacing them with 

distributed Bragg reflector mirrors instead as reported in [97]. 
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After determining the optimal input linear polarization angle giving the lowest 

reflectance minimum, spectral polarization tuning maps were acquired by mapping 

the area of interest at wavelengths below and above the reflectance dip (1463 nm and 

1483 nm respectively), and taking the azimuthal angle differences (Figure 5.3d) and 

elliptical angle differences (Figure 5.3e) of these spatial maps at differing operating 

wavelengths. This allowed us to pinpoint areas of the device that were active along 

both the azimuthal and elliptical coordinates for gating (marked by the black square 

in Figure 5.3d, e). The non-uniformity of the maps vis-a-vis the 3L-BP flake locations 

come from blisters, bubbles and/or impurities between the flakes which occur during 

the stacking process. This was expected for the 5-stack heterostructure, as spatial 

polarization variations within a singular BP flake have been observed in less complex 

heterostructures22,98,99.  

 

Figure 5.3: Fabrication and experimental results of the dual-gated BP device. 

(a) Optical image of the device, with the top gold mirror, top BP layer and bottom 

BP layer outlined in purple, blue and orange respectively. Inset shows the cross-

sectional schematic. The top BP layer makes electrical contact with the north-
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western gold finger via a graphene ribbon (not shown), while the bottom BP layer 

is contacted by the western gold finger by an attached 6L-BP (not shown). 

Coordinate system for polarization basis is shown in the bottom right, with S1 = 1 

corresponding to the positive x-direction. White scale bar represents 20 ɛm. (b) 

Raman measurements to determine the AC axis of the two BP layers, aligned to fit 

the optical image in (a). Blue (orange) data points demarcate the Raman intensity 

of the Ag
2 peak of the top (bottom) BP layer, with solid lines used to fit the data 

points. The AC axis separation of the two BP layers was determined to be 84°. The 

black double headed arrow marks the input polarization angle of 17° used in 

subsequent measurements. (c) Normalized reflectance of the device at different 

input polarization angles, showing a minimum at 1470 nm. The small difference 

between the curves verify that the orientation of the two BP flakes was near-

orthogonal. (d and e) Spatial maps showing changes in azimuthal and elliptical 

coordinate when spectrally tuning the operating wavelength from 1463 nm to 1483 

nm. The black box marks the pixel where the device was found to be active along 

both coordinates, and was further investigated via dual-gating. White scale bar 

represents 5 ɛm. 

Next, active gating was performed on the device while optically probing the pixel 

of interest at an operating wavelength of 1470 nm. Voltage maps of the output 

azimuthal and ellipticity angles are shown in Figure 5.4a, b. The color gradient in 

both plots advance in nearly orthogonal directions, indicating the independent 

polarization control exerted by Vtop and Vbot; Vbot predominantly controls the 

azimuthal angle, while Vtop exerts more control over the ellipticity angle. Figure 

5.4c represents the output polarization data on the ellipse parameter plane as a 

function of doping density. Here, the same pattern of nBP-bot controlling the 

azimuthal angle, and nBP-top controlling the ellipticity angle, can be viewed as 

gradients of the border and fill color respectively. Further gating experiments were 

also performed to determine the presence of gating hysteresis, and to confirm the 

optimal operating wavelength for maximal polarization control (see Appendix C.2). 

An additional device was also fabricated to show reproducibility of the two-

parameter tuning results (see Appendix C.4). 
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Figure 5.4: Active polarization control across the Poincaré sphere. (a and b) 

Measured azimuthal and elliptical coordinate as a function of top and bottom gate 

voltage at an operating wavelength of 1470 nm. The color gradients advance in 

different directions, indicating a two-parameter degree of freedom in controlling 

output polarization. (c) Normalized Poincaré sphere plot showing 2D polarization 

coverage over Poincaré sphere. The top (bottom) BP doping density is represented 

in border (fill) color of the plot points (from black to peach). 

5.4 Evaluation of Dual-gated BP Device 

To evaluate the device performance against simulations, a black phosphorus model 

from ref. [97] was used to determine the expected reflectivity and Poincaré sphere 

coverage for the given device parameters. The exciton resonance for black 

phosphorus along the AC direction was modelled as a Lorentzian, parameterized 
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by an exciton resonance frequency ɤ0, resonance linewidth ũ, and oscillator 

strength f0, with an optical conductivity given by: 

„ ‫
τὭ„Ὢ‫

‫ ‫
Ὥɜ
ς

ρ 

where ů0 is the universal conductivity. The BP carrier density was calculated using 

a simple capacitance model: 

ὲ
‭‭ ὠ

ὩὨ
ς 

where e is the elementary charge value and dhBN is the thickness of the gate dielectric. 

Here, the maximum appliable potential difference V is limited by the dielectric 

breakdown of hBN100. Experimentally obtained values from ref. [22] were used to 

correlate calculated values of nBP to f0, ɤ0 and ũ.  The complex permittivity, 

dominated by interband absorptions, can then be calculated using the sheet 

conductivity via: 
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with the high-frequency limit permittivity Ů˿ being 12.5 in the AC direction and 

10.8 in the ZZ direction101, and dBP being the thickness of the BP used (0.53 nm per 

layer)31.  

Performing transfer matrix calculations with the modelled BP resulted in a 

reflectance minimum of 2.8%, compared to the experimentally measured 5.9% 

(Figure 5.5a). In this model, the only source of optical loss within the cavity 

stemmed from absorption losses in the BP, with no loss between interfaces or 

through the hBN dielectric. However, multi-layered heterostructures often exhibit 

stacking imperfections and contamination, visible as blisters or bubbles, that 

introduce additional loss102,103. Small variations in hBN thickness across the finite 
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illumination spot size is also expected to introduce a spectral broadening effect that 

increases both reflectance and linewidth. These structural imperfections were 

further incorporated into the model as an imaginary refractive index k of 0.006 in 

the hBN, simulating a distributed loss throughout the cavity. This resulted in a close 

reflectance spectrum fit between simulations and experiment. Consequently, at this 

degree of coupling, good agreement of Poincaré sphere coverage afforded by gating 

was also found (Figure 5.5b). The discrepancy between the simulated coverage and 

experimental data are attributed to device non-idealities, and are further expounded 

upon in Appendix C.3. 

 

Figure 5.5: Comparison of experimental results to simulations, with projected 

potential Poincaré sphere coverage. (a) Spectral reflectance comparison of 

experimental results (black) to simulations (colored). Additional small intracavity 

losses (corresponding to a k-value of 0.006 in the hBN) were introduced into the 

simulation model to match reflectance values (orange solid). Due to these losses, 

the optimal top gold mirror thickness to achieve critical coupling is considerably 

lower than initially anticipated (blue dashed). (b) Poincaré sphere coverage 

comparison, with experimental results represented by the peach/black plot points, 

and simulation coverage shown by the black borders. Simulations here assume 

small cavity losses with a 15.5 nm top gold mirror thickness (corresponding to the 

orange solid curve in (a)). (c) Projected Poincaré sphere coverage, assuming small 

cavity losses, with a 11.0 nm top gold mirror thickness (corresponding to blue 
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dashed curved in (a)). Operating under the critically coupled condition at 1506.8 

nm allows for electronic access of up to 70% of the Poincaré sphere. 

A consequence of the higher-than-expected optical loss was the degree of under-

coupling in the cavity. The deposited 15.5 nm of gold was aimed at achieving near 

critical coupling assuming no additional cavity losses, but simulations indicate that 

with these losses, a significantly thinner 11.0 nm layer was sufficient. At this 

optimal thickness, up to 70% of the Poincaré sphere is accessible through gating 

alone, even with the added intracavity loss (Figure 5.5c). Further analysis on the 

Poincare sphere coverage as a function of cavity loss is included in Appendix C.3. 

We note that these cavity losses are difficult to estimate a priori, and that the 

deposited gold thickness cannot be adjusted without redoing the 2D heterostructure. 

Nonetheless, the fit between simulations and experiment confirm the suitability of 

the BP parameters used in the model and suggests that the quality of the carrier 

contacts and 2D materials used were sufficient in potentially achieving 

comprehensive two-parameter polarization control. Further improvements to the 

deviceôs circuit design to minimize resistance and parasitic capacitance for high-

speed modulation are possible, but remain beyond the scope of this work (see [23, 

24, 92] for ns-scale rise and fall times in BP).  

5.5 Conclusions 

To summarize, a proof-of-concept, electronically-modulated polarization control 

device capable of accessing a range of states across the Poincaré sphere was 

fabricated and tested. This device improved over previous BP polarization 

modulators by achieving a 2D coverage over the Poincaré sphere through electronic 

gating alone without the need to change the operating wavelength. Our work is 

therefore the first to demonstrate independent, active two-parameter control via 

excitonic tuning in an optical cavity. While the small polarization tunability in the 

fabricated device is attributed to cavity under-coupling, simulations confirm that with 

an optimal top gold mirror thickness enabling critical coupling, up to 86% of the 

Poincaré sphere can be accessed with this design. More importantly, our results 
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underscore the potential of 2D heterostructures possessing multiple degrees of 

freedom imparted by independently controlled gates. To illustrate this further, a 

device design enabling complex amplitude/360° phase modulation is presented in 

Chapter 6.1. Spatial patterning of the gates can also confer an additional degree of 

control that enables beam steering and polarization beam splitting97, opening further 

prospects to structuring light with a fast and compact modulator. 
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C h a p t e r  6  

OUTLOOK AND CONCLUSIONS 

In this thesis, we demonstrated the versatility of incorporating BP into active 

metasurfaces for comprehensive polarization control over the Poincare sphere, and 

over several wavelength bands. The advantage of decoupling control over the Ex 

and Ey fields by exploiting BPôs tunable anisotropy was further exemplified 

through the dual-gated BP device. We proposed a means to enhance the optical 

efficiency of our fabricated structures, thereby providing a pathway for future 

photonic applications. Furthermore, we showcased the fabrication reproducibility 

of complex heterostructures extending up to 6 flakes within a single stack. This 

highlights the robustness of the fabrication process for large heterostructures and 

provides a basis for higher dimensional control with 2D materials.  

While the polarization parameter space was used to demonstrate multi-dimensional 

control with 2D materials, the arbitrary structuring of light remains the ultimate 

vision for this work. This can be achieved by controlling the spatiotemporal, 

amplitude, phase, frequency and polarization degrees of freedom of light105. Next, 

we build upon the work presented thus far to plot future directions for exciting new 

research opportunities. 

6.1 Multi -dimensional Parameter Control using 2D Heterostructures 

The work presented in Chapter 5 provides evidence for the experimental viability 

of two-parameter control via atomically thin heterostructures. We anticipate that 

such a scheme can be applied to any two-parameter space.  

To illustrate the 2D-parameter control result beyond polarization tuning, we show 

an additional example below where we cover the phase/amplitude parameter space 

by replacing one of the 3L-BP layers with graphene (Figure 6.1). Here, the 
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graphene refractive index model as a function of doping is extensively described in 

reference [97]. Since each of the active 2D materials have differing refractive index 

responses to doping, and their relative placements within the cavity result in 

differing interactions with the electric field, their respective 1D gating trajectories 

on the complex reflection plane are inherently different. Combined, this allows for 

a 2D patch to be accessible via the multiplication of their respective 1D trajectories, 

which in turn allows the coefficients around the origin to be accessible, implying 

fully independent amplitude and 360° phase control. Previous similar work 

achieving complex modulation was demonstrated by employing a thick layer of 

indium tin oxide that could build differing charge carrier densities along its top and 

bottom interfaces93. Using van der Waals materials allows for similar control, but 

at the atomic scale instead. 

 

Figure 6.1: Full independent amplitude and 360° phase modulation device 

design and simulation. (a) Schematic of device. A sheet of p-doped (0.4eV) 

graphene (gr) is gated against the top gold contact, while a 3L-BP sheet is gated 

against the gold back reflector. Linearly polarized light is launched parallel to the 

AC-axis of the BP layer. (b) Simulated complex reflectivity plot of the device at 

1502 nm, as a function of carrier densities in the graphene and 3L-BP. Independent 

control of the carrier densities generates reflection coefficients that pass through 

and around the origin, indicating independent 360° phase modulation and 

amplitude modulation. 
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The above scheme provides complex modulation about the origin for just the Ex field, 

but is easily adaptable by replacing the BP with monolayer transition metal 

dichalcogenides (TMDCs) instead. TMDCs also support exciton resonances with 

large binding energies at room temperature, with a large (1 ï 2 eV) direct bandgap at 

the monolayer limit106. Unlike BP, TMDCs possess in-plane optical isotropy, which 

makes them better suited for more generic complex modulation with any input 

polarization.  

Other forms of multi-dimensional parameter control can be achieved by introducing 

additional degrees of freedom. This may be realised by adding more independently 

gateable 2D layers, by introducing a temporal phase gradient using a periodic voltage 

signal for the gates107, or by patterning the structure to introduce a spatial phase 

gradient.  

6.2 Tunable Vortex Beam Generator for Encoding Qudits 

Qudits are generalized d-ary quantum digits based on a d-dimensional Hilbert 

space. Such representations of higher dimensional quantum units improve overall 

quantum error tolerance and provide a larger state space and information 

capacity108. This makes them highly useful for applications in complex quantum 

simulation problems, fault tolerant quantum computing, and in high-dimensional 

quantum cryptography protocols109-112. The state space of a qudit is spanned by d 

orthonormal basis vectors113: 

ȿ‌ἃ ‌ȿπἃ ‌ȿρἃ Ễ ‌ ȿὨ ρἃ 

As such, photonic representations of qudits, using both polarization and orbital 

angular momentum states as the orthonormal bases114, are attractive representations 

of d-dimensional quantum systems given their potential for long distance, low loss 

transmission without any decoherence115. However, the generation of such states 

often require multiple bulk optic elements that lack full electronic 

reconfigurability116,117. 
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Here, we propose a tunable vortex beam generator for encoding qudits based on 

azimuthally segmented BP layers encapsulated within a DBR cavity (Figure 6.2a). 

Each of the 6 monolayer BP layers are segmented into 24 sectors for generating the 

typical donut shaped intensity profile of the Laguerre-Gauss modes. They have 

their crystallographic axes orthogonally aligned in a manner so as to equalize the 

electric field interaction along both the x and y directions, and are gated pairwise to 

remove the need for additional lossy gates. Linearly polarized light is launched at 

a 45° angle relative to the BP layer orientations. The complex reflectivity 

trajectories as a function of gating is shown in Figure 6.2b. The trajectories are 

almost circular around the origin, indicating anisotropic phase modulation with 

minimal amplitude modulation. By gating the device in sets of 4 segments, the 

helical phase wraps a total of 6 times within a wavelength, resulting in a topological 

charge of n = 6 (Figure 6.2c). The resultant intensity profile is shown in Figure 

6.2d. 
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Figure 6.2: Tunable vortex beam generator design and simulations. (a) 

Schematic of tunable vortex beam generator consisting of 6 monolayer-BP layers 

within a DBR cavity. Each BP layer is azimuthally patterned into 24 slices to enable 

piece-wise gating of each sector of the vortex beam. (Inset) Orientation scheme of 

each of the BP monolayers. (b) Complex reflectivity trajectory of the device when 

gated, for each of the 4 repeating azimuthal segments. The arrows represent the 

gating scheme to obtain an LCP output, given a ɗ = 45° linearly polarized input. (c) 

Phase profile of the device, with each of the 4 repeating azimuthal segments 

labelled. In this gating scheme, with 24 azimuthal segments, the output topological 

charge is +6. (d) Intensity output showing the donut profile of the vortex beam. 
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The output polarization of the beam can also be electronically tuned by adjusting 

the phase lag between the x and y components of the reflected light. In Figure 6.2b, 

the yellow and purple arrows show the complex reflected coefficients rx and ry 

respectively. By choosing a 90° phase lag of rx relative to ry, the device outputs 

LCP light (Figure 6.3a). Due to the slight amplitude variation, the output 

polarization experiences some degree of spreading (shown in red arrows). We also 

show polarization output tunability covering the S2 = ±1 and S3 = ±1 points and 

various elliptical states in between, with further potential to cover all other states 

between S1 = ±1 by varying the input polarization (Figure 6.3b). Furthermore, by 

changing the repeat number of the segments, similar outputs may be attained with 

topological charges n = 4 and n = 8 by merely changing the gating configuration 

(Figure 6.3c, d). 

 

Figure 6.3: Poincare sphere representation of polarization output states from 

the tunable vortex beam generator. (a) Polarization outputs from the gating 

scheme shown in Figures 6.2b-d. While an LCP output was targeted, some 

polarization spreading is seen due to a non-perfectly circular complex gating 

trajectory. (b) Additional simulated polarization outputs for the n = 6 topological 

charge gating schemes. The colored circles show the degree of polarization 
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spreading for each output. (c) Intensity and phase profile for n = 4 gating scheme. 

(d) Intensity and phase profile for n = 8 gating scheme. 

While a simple azimuthal spatial pattern is developed here, we anticipate that 

further patterning down to the pixel level will unlock additional device 

functionality, as demonstrated in reference [118]. The added advantage of such a 

2D-material spatial light modulator includes its significantly thinner footprint and 

its capacity for fast modulation at GHz-speeds, compared to bulky liquid crystals 

limited to kHz switching speeds. This opens up prospects for developing high speed 

LiDARs, hologram generators and waveplates at the atomic-scale. 

6.3 Mid-IR Emission with BP Guided-Mode Resonance Structure 

Mid-infrared sources are vital for leveraging the distinct ñfingerprintò molecular 

absorption in the 3 to 20 ɛm range, with applications ranging from remote chemical 

sensing, hyperspectral imaging, to defense related IR countermeasures119,120. Bulk 

BP, with an excitonic bandgap at approximately 4 ɛm, is an attractive mid-IR 

source owing to its low Auger recombination rates and near unity 

photoluminescence quantum yield121. However, such sources to date possess full-

width half-maximum linewidths of approximately 650 nm30,122. 

A possible solution to realise narrow linewidth, coherent emission from a mid-IR 

BP source is to couple it to a guided-mode resonance (GMR) structure. The 

proposed BP GMR structure is shown in Figure 6.4a. BPôs high oscillator strength 

enables strong photoluminescence, while its high refractive index makes it suited 

as a waveguide. Encapsulation with a thin alumina layer prevents 

photooxidation21,29. The PMMA grating on top behaves as a spectral filter and 

couples light back into the BP layer as a guided mode123.  

Simulations were performed to assess the geometry of the BP GMR structure. First, 

the Kubo formula was employed to simulate the BP refractive index values at large 

thicknesses124. Then using finite element simulations, BP flakes thicker than about 

500 nm were found to sustain a guided mode propagating in-plane along its AC 
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axis. Figure 6.4b shows the transmission spectrum through the device under 4 ɛm 

plane wave broadband illumination, which is near the exciton emission wavelength 

for bulk BP. A GMR resonance dip with a Q of 1360 was found, which corresponds 

to a guided mode within the BP layer, as seen in Figure 6.4c.  

 

Figure 6.4: BP GMR device for mid-IR narrowband emission. (a) Design for 

BP GMR device. The BP acts as photoemitter and waveguide, while the PMMA 

grating provides outcoupling of emitted light, with the thin alumina layer 

encapsulating BP from photooxidation. (b) Transmission spectrum showing GMR 

resonance dip near 4 ɛm with a Q of ~1360. (c) Simulated electric field intensity of 

the device under 4 ɛm plane wave illumination, showing the guided mode within 

BP and the outcoupling from the grating. (d) Fabricated prototype of PMMA GMR 

grating on top of ~550 nm thick BP.  

Several prototypes of the BP GMR device have been fabricated, with the GMR 

grating aligned parallel to the ZZ axis of the underlying BP (Figure 6.4d). Efforts 
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are underway to fabricate a BP GMR device exhibiting a GMR dip, but the small 

expected transmission dip contrast, losses in the BP guiding layer, and 

imperfections in the fabricated PMMA grating compared to the design presents a 

challenge in realizing a workable device. Further characterization efforts are 

required to more closely align the BP refractive index obtained from measurements 

against the Kubo formula, and to also determine the accuracy of the fabricated 

PMMA gratings. Nonetheless, at the optimal grating parameters, we expect narrow 

linewidth, coherent mid-IR emission from the device when pumped at 632 nm86.  

6.4 Large Area BP Devices and Concluding Remarks 

While BP holds promise due to its novel excitonic properties and tunability, a key 

outstanding area of research in the field lies in the growth of crystalline, large-area 

BP flakes with high mobility and precise thickness control. Such technology would 

alleviate the need for labor intensive processes like exfoliation and transfer stacking 

which are unscalable and suited only for prototyping. Furthermore, large area 

material growth would enable additional device functionality, such as broader 

multispectral polarization control as suggested in Chapter 4.4.  

To date, some degree of success has been reported in thin BP films grown using 

pulsed laser deposition, chemical vapor deposition and epitaxial nucleation89,125,126. 

However, further improvements to film quality and uniformity are still required 

before BP can comfortably fulfil  commercial applications. Furthermore, the 

process for BP film growth should ideally also be compatible with the growth 

process of other 2D materials for scalable heterostructure fabrication. Roll printing 

methods for several 2D materials including BP have been shown, but poor thickness 

control limits its viability for practical applications127. Further improvements to 

large scale synthesis of BP and other 2D materials are also expected to revolutionize 

the electronics industry by forming the basis for sub-nm transistors, thereby 

pushing the next frontier of Mooreôs law128-131. This, combined with its exotic 

optoelectronic and excitonic properties, positions BP as a promising candidate 
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material for next generation nanodevices spanning applications in photonics, 

electronics and beyond. 
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A p p e n d i x  A 

EFFICIENT BLACK PHOSPHORUS POLARIZATION 

MODULATORS 

A.1 Numerical Model 

Black phosphorus model 

The exciton resonance for black phosphorus along the AC direction is modelled as 

a Lorentzian, parameterized by an exciton resonance frequency ɤ0, resonance 

linewidth ũ, and oscillator strength f0. The optical conductivity is modelled as: 

„ ‫
τὭ„Ὢ‫

‫ ‫
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where ů0 is the universal conductivity. The BP carrier density is calculated using a 

simple capacitance model: 

ὲ
‭‭ ὠ
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where e is the elementary charge value and dhBN is the thickness of the gate 

dielectric. Here, the maximum appliable potential difference V is limited by the 

dielectric breakdown of hBN, conservatively taken to be 0.53 V nm-1 100. The DC 

dielectric out-of-plane permittivity for hBN ŮhBN was taken from Pierret132. 

Experimentally obtained BP parameters were used in conjunction with the 

breakdown voltage limit of the dielectric hBN spacer22. As such, oscillator strengths 

between 1.0 to 2.6 meV were used, corresponding to doping densities of 1013 to 

1011 cm-2 respectively. This drop in BP oscillator strength when highly doped can 

be explained by the suppression of the excitons due to the induced free carriers that 



 

 

70 

screen the excitons22. The resonance wavelengths for 3L-BP22, 2L-BP85, and 1L-

BP62 were taken to be 1398 nm, 1100 nm and 738 nm respectively, with a linewidth 

of 40 meV. 

At longer wavelengths, intraband absorption also contributes to the conductivity of 

BP via the Drude response133: 
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where n1 is the carrier density of the first subband, m11
* is the effective carrier mass 

(taken to be 0.15me, the free electron mass), and ɖ is the phenomenological damping 

term (taken to be 0.1 meV)22,134. Only the first subband is considered since the next 

subbands are inaccessible for the given range of doping densities considered here.  

The complex permittivity can then be calculated using the sheet conductivity via: 

‭ǿ ‭
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with the high-frequency limit permittivity Ů˿ being 12.5 in the AC direction and 

10.8 in the ZZ direction101, and dBP being the thickness of the BP used (0.53 nm per 

layer)31. 

Graphene model 

The graphene optical conductivity as a function of frequency and doping was 

analytically evaluated within the local random phase approximation135,136. Both 

intraband and interband contributions to the conductivity as a function of frequency 

ɤ and chemical potential ɛ were taken into account: 

„ „ „  
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where ů0 is the universal conductivity constant, T the temperature, Ű the relaxation 

time, and ɛ the chemical potential, which is calculated via: 

‘ ᴐὺ “ὲ ɝὲ 

where v is the Fermi velocity of graphene, n0 = 1.18 × 1013 cmī2 is the initial carrier 

density of graphene that corresponds to a moderate137 doping level of ɛ0 = ī0.4 eV, 

and æn = ‭‭ V/ὩὨ  is the induced carrier density via electrostatic gating with 

applied gate potential V. The relaxation time Ű is calculated using the linearised 

Boltzmann approximation138 for mobility M, which is taken to be 1000 cm² V-1 s-1:  

†
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The complex permittivity is then calculated using the sheet conductivity dependent 

permittivity equation above, with values of Ů˿=5.5 and dgr=0.335 nm being 

used139,140. An example of the conductivity and refractive index simulations at 

300K is available in section A.6. 

Transfer matrix model 

For a N-layer vertical stack, the transfer matrix for each individual i th layer is given 

by141: 

ὐ
ρ

ς

Ὡ ρ
ή

ή
Ὡ ρ

ή

ή

Ὡ ρ
ή

ή
Ὡ ρ

ή

ή

 



 

 

72 

where q is the wavevector, and z is the layer thickness. The total transfer matrix 

relating the transmission and reflection coefficients is given by: 

ὐ ὐ
Ὦ Ὦ
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where the complex reflection and transmission coefficients can be calculated via: 
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For illumination at a polarization angle ɗ relative to the AC axis, the overall Jones 

matrix can be obtained by applying a rotational transform: 
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where rAC/ZZ and űAC/ZZ are the amplitude and phase pickup along the 

armchair/zigzag direction respectively, calculated via the transfer matrix method 

above. 

For Poincaré sphere plots, the Stokes parameters are calculated from the Jones 

matrices using 

Ὓ ȿὉȿ Ὁ , Ὓ ȿὉȿ Ὁ , Ὓ ςὙὩὉὉᶻ , Ὓ ςὍάὉὉᶻ  

where Ὁ ὃὩ , Ὁ ὃὩ . The Stokes parameters are further normalized 

by dividing each parameter by S0. 
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Ellipse parameters are evaluated from the Stokes parameters via the following 

relations: 
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where atan2 is the four-quadrant inverse tangent.  

Full wave simulations 

Numerical modelling of laterally structured metasurfaces in Figures 2.4 and 2.5 

were done using a commercial finite difference time domain software (Lumerical 

FDTD solutions). The complex refractive index for SiO2 and TiO2 were taken from 

Palik and Siefke respectively142,143. Periodic boundary conditions were applied 

along the sidewalls of the supercell and a perfectly matched layer along the z 

direction. A normally incident plane wave illumination at a 45° linearly polarized 

angle was applied. The smallest mesh refinement in the z-direction was 0.335 nm. 

The bottom 18-pair DBR was approximated using a perfect electrical conductor 

(PEC) layer. 

The near field EM data from the FDTD simulation is then decomposed into a set of 

plane waves propagating at different angles in order to retrieve the far field 

projection144. The projections are done onto a 1m radius hemisphere surrounding 

the device, with the number of device periods restricted such that the total device 

dimension is below 40 x 40 ɛm. This restriction assumes that the near field data of 

the periodic simulation remains unchanged in the non-infinite case. 

A.2 Design Considerations for BP Devices 

The typical refractive index profile for sufficiently thin BP (below the Thomas-

Femi screening length of 2-3 nm for charge densities accessed in this work) is 

dominated by the exciton absorption. The Lorentzian lineshape for 3L-BP is given 

as an example in Figure A.1a. When gated, the oscillator strength of the exciton 
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decreases in magnitude due to increased screening from the induced free carriers. 

Notably, the tail end of the real part of the refractive index at higher wavelengths 

decays noticeably slower compared to its imaginary counterpart (Figure A.1b).  

This forms the basis for incorporating BP with exciton resonances detuned 

significantly below the operating wavelength. Because the refractive index change 

effected during gating (ȹn) decays slower than loss k (Fig. A.1c), it is possible to 

reduce overall excitonic losses while maintaining sufficient phase pickup. 

Maximizing the ȹn/k metric helps in this respect. The upper bound for wavelength 

detuning is governed by free electron absorption at higher wavelengths, and also 

the maximum Q that a DBR cavity can reasonably achieve, since the overall 

reduction in ȹn must then be compensated by use of a high-Q cavity to ensure that 

the phase pickup is still sufficiently high. Given the vast applications of polarization 

control in the telecommunications wavelength, we chose the C-band as our 

operating wavelength while still maintaining a ȹn/k of 40. 

For the devices incorporating graphene presented in Figures 2.3 & 2.4, we make a 

direct comparison of material related losses in Fig. A.1d. Here, loss is defined as 

absorptive loss for a single pass in the case of BP and graphene, and as the fraction 

of non-reflected power in the case of 300nm thick gold and an 18-pair TiO2/SiO2 

DBR back reflector. The significant advantage of using non-lossy DBRs compared 

to gold is apparent. Furthermore, when graphene is introduced into the cavity, it 

dominates overall loss compared to 1-2L BP. This motivates the change in switching 

to 3L-BP for graphene incorporated devices, since the exciton resonance for 3L-BP 

is much closer to the C-band, allowing stronger exciton interactions within these 

relatively low Q devices. 
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Figure A.1: Design considerations for high efficiency anisotropic phase and 

amplitude modulation devices. (a) Modelled values for the real and imaginary 

parts of the refractive index for 3L-BP, as a function of gating. The Lorentzian 

lineshape from the excitonic absorption at 1398nm, continuum absorption at lower 
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wavelengths, and relatively slow decay of n at higher wavelengths are all 

observable here. (b) Imaginary component of refractive index for monolayer and 

trilayer BP. (c) Phase modulation metric plot for monolayer BP. Refractive index 

change effected during gating (ȹn) ideally must be maximized per unit loss (k) 

through the material. The C-band, as well as the wavelength ranges where free-

electron absorption is significant, is highlighted. (d) Sources of loss for BP 

modulation devices. Loss is defined as the absorptive loss for a single pass through 

a 2D material, or as (1 ï Reflected Power) in the case for 300nm Au and an 18-pair 

TiO2/SiO2 DBR mirrors. (e) Normalized electric field intensity as a function of 

stack height for the amplitude modulation device in Fig. A.1d, showing electric 

field maximum at the top of the central cavity where the active tuning material is 

placed. 

Other design considerations not mentioned in the main text also include: 

1. Placement of BP near the top of the cavity. This was done in order to 

maximize the interaction between the incident electric field and BP, since the 

electric field is maximum at the top of the cavity (Fig. A.1e). 

2. Free carrier tunnelling through hBN. Each hBN spacer layer separating any 

two 2D layer is kept to be minimally 2nm, since this ensures that the interlayer 

tunnelling resistance exceeds 1011 ɋ ɛm² 145. 

3. Achieving critical coupling. The number of DBR top layers act as an output 

coupler that controls the average number of roundtrips within the cavity. After 

choosing the number of top layers, the bottom hBN thickness is adjusted to 

attain a cavity resonance that is around the C-band. The thickness is then further 

fine-tuned towards or away from the exciton resonance as a means of adjusting 

the intra-cavity loss in order to achieve the critical coupling condition. The 

overall Q of the DBR cavity is restricted to a maximum of 11000, in line with 

current state-of-the-art DBR fabrication schemes. Furthermore, the device 

designs are found to be robust to bottom hBN layer thickness fluctuations 

(discussed in section A.5). 
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4. Doping density limitations. The upper and lower bounds of the BP carrier 

density is restricted primarily by the dielectric breakdown of hBN. Data for this 

was derived from reference [22], and the corresponding charge density 

calculated using a capacitance model to be between 1011 and 1013 cm-2. 

A.3 Additional Device Designs 

Two control parameter polarization tuning device with no graphene contacts 

While the device shown in Figure 2.3 uses graphene contacts that can be further 

patterned to achieve a polarization beam splitting effect, we note that it is possible 

to make the device more efficient for the sole purpose of dynamic polarization 

conversion. This can be done by removing the graphene contacts. Since intracavity 

loss is no longer graphene-dominated, the BP can be detuned to 2 layers. This 

allows both phase and amplitude modulation to be simultaneously achieved, which 

is an important factor for covering different polarization states on the Poincare 

sphere. Increasing the number of top DBR pairs to 8 allows critical coupling to be 

achieved. 

The device design and results are shown in Figure A.2. In this design, 95% of 

amplitude modulation and 282° of phase modulation along both the x and y 

directions can be achieved. With 45° linearly polarized light incident on the device, 

the output polarization states span >90% of the Poincare sphere surface. 
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Figure A.2: Schematic of a BP device with two degrees of freedom, without 

lossy graphene contacts. (a) Illustration of the twisted-BP device. The top 

(bottom) two BP layers are aligned with its armchair (AC) axis parallel to the x-

direction (y-direction). Mutual gating of the co-aligned BP layers pairwise gives 

independent control in both principal axes. 8 top TiO2/SiO2 DBR top pairs are 

required to achieve critical coupling. 3nm thick hBN spacer layers are employed 

between layers, with the bottom hBN spacer being 190nm. (b) Amplitude and phase 

for the x & y-components of reflected light as a function of gating voltage. (b) 

Complex reflectivity plot for the same data as in (b). (d) Normalized Poincare 

sphere coverage of device based on Vx and Vy tuning, with Vx tuning represented in 

color (black to peach). (e) Sampled polarization coverage of device as in (d), shown 

as a function of elliptical and azimuthal angles. 

Broad bandwidth, lower Q design of phase modulator device 

While the phase modulation device demonstrated in Figure 2.1a achieves 210° of 

dynamic tuning range at high optical efficiencies exceeding 87%, we note that the 

operating bandwidth is relatively small due to the high-Q factor of the structure. An 

alternative structure is proposed here which incorporates 2L-BP (as in Figure 2.1d), 

but with a 260nm-thick bottom hBN layer. This allows the device to operate in the 
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undercoupled regime to maintain 210° of dynamic tuning range over a 0.5nm 

bandwidth, but at the cost of the optical efficiency dipping to 35-98% (Figure A.3). 

This is due to the lower cavity Q-factor of 5800.  

 

Figure A.3: Performance of an undercoupled, broadband 2L-BP device for 

phase modulation. (a) Amplitude fluctuates between 35% and 98% for this design. 

(b) A dynamic phase modulation range of 210° (indicated by the dotted black lines) 

is achieved over a 0.5nm bandwidth. 

Amplitude modulation device with minimal phase fluctuation 

The amplitude modulator device presented in Figure 2.1d was optimized for optical 

efficiency rather than suppressing phase modulation. Here, we present a more 

conventional scheme focused on reducing unwanted phase fluctuations during 

amplitude modulation. For aggressive amplitude modulation, it is more desirable 

to use thicker 3L-BP, with gold mirrors instead of DBRs to maximize loss in the 

system per roundtrip (Figure A.4a). By operating at a wavelength slightly red-

shifted from the critical coupling condition, 19 dB of amplitude tuning is achieved 

with only 0.2 radians of phase change (Figure A.4b, c). However, this approach is 

optically inefficient, with peak optical efficiencies reaching only 23%, as opposed 

to the 99% efficiencies shown in Figure 2.1d. 
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Figure A.4: Schematic for an amplitude modulation device using co-aligned 

3L-BP and gold mirrors. (a) An amplitude modulation of up to 19dB is possible, 

with a peak optical efficiency of 23%. (b) Phase fluctuation of 0.2 radians occurs 

at the operating wavelength. 

A.4 Alternative Methods of Tuning  

Using input polarization angle and input wavelength as control parameters 

For the anisotropic phase modulation device, tuning the input polarization angle 

shifts the voltage trajectory along the S1 axis of the Poincare sphere (Figure A.5a). 

This can be understood by considering that the input polarization states rotate 

around the equator of the Poincare sphere as the polarization angle increases. For 

an input polarization angle between 0 and 90 degrees, 60% of the Poincare sphere 

surface is covered, while for an input polarization angle range between 0 and 180 

degrees, all polarization states on the Poincare sphere can be accessed.  

Changing the input wavelength on the other hand rotates the voltage trajectory 

along the S2/S3 plane (Figure A.5b). This occurs because as the operating 

wavelength shifts away from the critical coupling condition, the phase shift 

between the x and y components of the incident light decreases. The total tunable 

phase range also decreases, causing the trajectory to shrink. 
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Figure A.5: Additional Poincare sphere voltage trajectory plots for the phase 

modulation device shown in Fig. 2.1a as a function of: (a) Input linear polarization 

angle, ranging from 0 to 90 degrees (in increments of 15 degrees), with input 

wavelength kept at 1539.3nm. (b) Input wavelength, in increments of 0.1nm, with 

input polarization angle kept at 43°. Critical coupling occurs at 1539.3nm (green 

plot, same as Figure 2.2a). 

Changing polarization beam splitting diffraction angle 

FDTD simulations were performed for an 8-cell device where the repeat number of 

the sub-cells shown in Figure 2.4b is 2 (Figure A.6). Far field projections performed 

calculated the diffraction angle at 5.4°, which is half of the angle show in Figure 

2.5c.  The total device dimensions used for the far-field projection is 32 ɛm (along 

the patterning direction), by 32 ɛm (along the length of the ribbons). The 

polarization purity of the LCP/RCP light was found to be |S3| > 0.86. 
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Figure A.6: Hemispherical far-field projections for 8-cell device with a repeat 

number of 2. (a) Normalized electric field intensity output of 8-cell device. Each 

radial segment demarcates 10° angular separation. (b) Hemispherical far-field 

projection of S3 parameter, showing polarization beam splitting at 5.4°. 

Additional functionalities of polarization beam splitting device 

We note that while polarization beam splitting is possible with the device presented 

in Figure 2.5, other functions can be performed by the device as well. For example, 

regular diffraction beam splitting conventionally achieved using isotropic materials 

can be emulated by gating the top and bottom layers with identical voltages, while 

creating an alternating voltage grating across the row of the device (Figure A.7a). 

Similarly, if LCP/RCP light is incident on the device, its handedness can be flipped 

by inducing a 180° phase shift between the x and y components. Beam splitting can 

then be added by inducing a 180° phase difference between adjacent subcells 

(Figure A.7b). These examples demonstrate the versatility of the device in 

achieving a variety of polarization control effects in conjunction with tunable 

diffraction beam splitting. 
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Figure A.7: Cross-section of the device supercell with gating configurations for 

(a) Diffraction beam splitting and (b) Beam splitting of circularly polarized light 

while flipping the handedness 

A.5 Sensitivity of Devices to hBN Thickness 

While the 2D materials presented in Figure 2.1 are of fixed thicknesses, such 

precise material thicknesses are difficult to achieve in fabrication. Here, modulation 

results for differing bottom hBN thicknesses are presented (Figure A.8). For the 

phase modulator device in Figure 2.1a, changes in the hBN layer by ±5nm still 

result in >209° phase tuning range with 87-97% efficiency. For the amplitude 

modulator in Figure 2.1d, a ±5nm difference in hBN thickness results in an 87-97% 

amplitude modulation range with a 1.5 radian phase modulation. 

We note that for the amplitude modulator device, decreasing the bottom hBN 

thickness increases the overall loss in the device, but this can be compensated for 

by operating at a higher minimum carrier density, resulting in a smaller impact in 

amplitude modulation range. Conversely, increasing the hBN thickness results in 

undercoupling at all carrier densities up to the hBN breakdown limit, and it is this 
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inability to achieve critical coupling that results in a steeper drop in amplitude 

modulation range. 

 

Figure A.8: Sensitivity of Devices to hBN Thickness. (a and b) Amplitude and 

phase modulation ranges for the phase modulator device presented in Figure 2.1a, 

as a function of bottom hBN thickness. The black dotted lines show the optimal 

hBN thickness of 195nm. (c) Amplitude modulation range for the amplitude 

modulator device presented in Figure 2.1d, as a function of bottom hBN thickness. 

Here, the amplitude modulation range is taken at the wavelength where overall 

phase modulation is less than 1.5 radians. The black dotted lines show the optimal 

hBN thickness of 225nm. 

A.6 Graphene Conductivity and Refractive Index Plots 

The intraband and interband contributions to overall graphene conductivity are 

plotted here for comparison (Figure A.9). A moderate p-doping value of -0.4eV is 

used to shift the interband transition towards shorter wavelengths, thereby 

minimizing the optical loss due to both interband and intraband absorption within 

the operating wavelength for all gating voltages considered. 
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Figure A.9: Graphene conductivity model plots for p-doped (-0.4eV) graphene. 

(a) Real (solid) and imaginary (dotted) intraband contributions to optical 

conductivity in units of e²/  at high (red) and low (blue) doping concentrations. The 

dotted black line demarcates the operating frequency for the device in Fig. 2.4. (b) 

Interband contributions to optical conductivity. (c) Total conductivity of modelled 

graphene. (d) Calculated real and imaginary parts of refractive index. The graphene 

has been pre-doped such that when half-gated, the interband absorption is equal to 

the intraband absorption when maximally gated. 

A.7 Gating Trajectories for Phase and Amplitude Modulators 

 

Figure A.10: Amplitude and phase trajectories as a function of gating voltage 

for the (a) Phase modulation device (Figure 2.1a). (b) Amplitude modulation device 

(Figure 2.1d). 
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A.8 Spectral Reflected Intensity and Phase of 2-Parameter Device 

 

Figure A.11: Intensity and phase plots as a function of doping densities for the 

(a) Electric field intensity plot corresponding to the 2-parameter device shown in 

Figure 2.3a. Solid lines represent the Ex-field intensity, while dotted lines represent 

the Ey- field intensities. The different colors represent different doping densities. 

(b) Phase modulation plot for the 2-parameter device. 
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A p p e n d i x  B 

PLASMONIC BLACK PHOSPHORUS METASURFACES 

B.1 Device Fabrication Method 

hBN flakes were exfoliated onto SiO2/Si chips that were pre-cleaned via sonication 

in acetone and IPA beforehand, then characterized via AFM and FTIR. BP flakes 

were exfoliated onto polydimethylsiloxane (PDMS) stamps in an inert N2 glovebox 

environment (<0.1 ppm O2 & H2O levels), and the number of layers identified via 

contrast microscopy (3.7% contrast per BP layer). Raman microscopy (512 nm 

laser, Renishaw inVia Raman) was then performed on the BP layer to determine its 

AC/ZZ axes for orientation against the patch edge later. 

A set of pre-patterned gold contacts was made by electron-beam lithography (EBL) 

followed by electron-beam deposition (5 nm Ti, 100 nm Au, at 1 Å/s, <10-7 Torr) 

and overnight lift off in remover PG. The hBN/BP/hBN flakes were then picked up 

sequentially with a PDMS/Polycarbonate (PC) stamp using the hot transfer 

technique at temperatures ranging from 70-120°C, before being dropped off at 

180°C onto the gold contacts. The residual PC was washed off by soaking in 

chloroform for 3 hours, followed by an IPA rinse. Bilayer PMMA (PMMA in A4, 

followed by PMMA in EL6) was spun onto the sample to ensure that the deposited 

nanodisk edges were smooth. The nanodisk patches were drawn using EBL (0.1 

nA, 1000 ɛC/cm2), and development was performed using cold Methyl isobutyl 

ketone (MIBK):IPA 1:3 for forming higher resolution, rounded holes146. Finally, 

electron-beam deposition (1 nm Ti, 15 nm Au, at 1 Å/s, <10-7 Torr) and overnight 

lift off in remover PG was performed, before wire bonding the device. 

B.2 Estimating Plasmonic Resonance Frequency 

The plasmonic resonance frequency ɤres of an ellipsoidal nanoparticle can be 

estimated by147:  
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where ɤp and ɔ are the respective plasma and damping frequencies of the metal, 

Ům,Ð is the dielectric constant of the ion background, Ůh is the background 

permittivity, and Lj is the geometry-dependent depolarization factor of the 

nanoparticle along the j-th dimension148:  
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where ax,y,z are the semi-axes along the x, y, z-directions. The constant values ɤp, ɔ 

and Ům,Ð for gold were taken from table 1 of reference [147]. Setting az = 7.5 nm 

and noting that Lx = Ly = Lrad, we can plot the plasmonic resonance wavelength as 

a function of Lrad and arad (Figure B.1). 

 

Figure B.1: Estimating plasmonic resonance frequency. (a) Evaluated 

plasmonic resonance wavelength ɚres as a function of in-plane depolarization factor 

Lrad of a thin, large radius ellipsoidal plasmonic nanoparticle. (b) Evaluated ɚres as 

a function of nanodisk radius arad. 

We note here that this estimate approximates the nanodisk as an ellipsoid, with the 

background permittivity set entirely to that of ŮhBN
 = 2.1. Furthermore, the coupling 




































































